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Abstract

Switched Dynamical Systems:
Transition Model, Qualitative Theory, and
Advanced Control

Thanh-Trung Han
National University of Singapore

2009

This thesis presents a qualitative theory for switched systems and control methods for
uncertain switched systems. A transition model of dynamical systems is introduced
to obtain a framework for developing qualitative theories. Deriving from the general
rule of transition, we obtain a transition model for switched systems carrying the na-
ture of a collection of continuous signals whose evolutions undergo effects of discrete
events. The transition mappings are introduced as mathematical description of the
continuous motion under interaction with discrete dynamics. Accordingly, results are
obtained in terms of the timing properties of discrete advents instead of dynamical
properties of the discrete dynamics.

Through the formulation of limiting switching sequences and the quasi-invariance
properties of limit sets of trajectories of continuous states, invariance principles are
presented for locating attractors in continuous spaces of switched non-autonomous,
switched autonomous and switched time-delay systems. The principle of small-
variation small-state is introduced for removal of certain limitations of the approach
using Lyapunov functions in hybrid space of both continuous and discrete states
and the approach imposing the switching decreasing condition on multiple Lyapunov
functions on continuous space. The basic observation is that the dwell-time switching
events drive the converging behavior and the boundedness of the periods of persis-
tence ensures the boundedness of the diverging behavior of the overall trajectory.

Compactness and attractivity properties of limit sets of trajectories are estab-
lished for a qualitative theory of switched time-delay systems. It turns out that delay
time and time intervals between two dwell-time switching events play the same role
of causing instability; furthermore, the Razumikhin condition at switching times is
equivalent to the usual switching condition in the sense that they provide the same
information on diverging behavior. Accordingly, an invariance principle is obtained
for switched time-delay systems and, at the same time, a time-delay approach to
stability of delay-free switched systems is introduced.

The gauge design method is introduced for control of a class of switched systems



with unmeasured state and unknown time-varying parameters. The control objec-
tive is achieved uniformly with respect to the class of persistent dwell-time switching
sequences. Considering the unmeasured dynamics and the controlled dynamics as
gauges of each others, we design an adaptive control making the closed-loop system
interchangeably driven by the stable modes of these dynamics. In this approach, the
unknown time-varying parameter is considered as disturbance whose effect is atten-
uated through an asymptotic gain. Introducing a condition in terms of observer’s
poles and gain variations, the gauge design framework is further presented for adap-
tive output feedback control of the same class of uncertain switched systems.

Adaptive neural control is introduced for a class of uncertain switched nonlinear
systems in which the sources of discontinuities making neural networks approximation
difficult are uncontrolled switching jumps and the discrepancy between control gains
of constituent systems. Neural networks approximations are presented for dealing
with unknown functions and a parameter adaptive paradigm is presented for deal-
ing with unknown constant bounds of approximation errors. A condition in terms
of design parameters and timing properties of switching sequences is considered for
verifying stability conditions.

Thesis’ Supervisors: Professor Shuzhi Sam Ge

Professor Tong Heng Lee
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Chapter 1

Introduction

Dynamical system is a collection of signals evolving under a fixed rule. Signals in real
systems are typically of either discrete or continuous nature. Labeling the behavior
of the system by the behavior of different groups of signals leads to different classes
of systems. Treating discrete signals and continuous signals of a system on an equal
footing, we have the concept of hybrid dynamical system [3,6]. Taking the behavior
of continuous signals as system behavior and passing the role of event-driving input
to discrete signals, we arrive at the notion of switched dynamical system [95,142].

In this thesis, we studies dynamical properties and control of continuous dynamics
in dynamical systems consisting of both discrete and continuous signals. The driving
question is to make conclusion on ultimate behavior of continuous signals using dwell-
time properties [62] of discrete signals. It turns out that richer results can be achieved
in the framework of switched dynamical systems.

The presentation is sketched as follows. Looking toward a theory amenable to
studying dynamical properties of switched systems under relaxed conditions, we in-
troduce transition models for dynamical systems from which switched systems arise
naturally as a special realization of rule of transition. We then present various sta-

bility theories based on which advanced controls are further developed.
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1.1 Motivating Study

At a glance, switched systems are usually described by equations of the form

.T(t) = fcf(t)(tvxt)a (11)

where t is the time variable, x(t) is the state at time ¢ of the system, z; is the function
determined by a trace attached to ¢ of the system trajectory x(t), o : Rt — Q, given
the discrete set Q, is the signal describing the dynamics of the discrete state and is
usually termed the switching signal, and f,, ¢ € Q are functionals. The discontinuities
of o are termed switching times [95,142].

We have few notations for discussion. In (1.1), z; means that the system is delay-
dependent. If for all time ¢, x; is determined by the single point z(¢) of the system
trajectory, we then write z(t) instead of z; to clarify that the system is delay-free.
An equation (1.1) with o(t) replaced by a fixed ¢ € Q is said to be a switching-free
system of (1.1). Given a Lyapunov function V, for each vector field f,, the switching
decreasing condition is: for every ¢ € Q,V,(x(t)) is decreasing on the sequence of
switching times at which ¢ either turns to or jumps away ¢ [120,22]. Dynamical
systems described by ordinary differential equations, i.e., equations of the form (1.1)
with subscript o(t) dropped, are temporarily called ordinary dynamical systems.

To draw the primary source of the explosion of the area and the current limitation
in switched systems, let us consider the simple case of delay-free systems. At the first
place, it is worth mentioning that during the long history of the field of ordinary
dynamical systems, the celebrated Lyapunov stability theory and LaSalle’s invari-
ance principle have always played the principal roles in studying asymptotic behavior
of switching-free dynamical systems, i.e., converging properties of the paths of the
system state in the state-space. While applications of LaSalle’s invariance principle

range over a variety of control problems [132,18,77], invariant motion is primitive in
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(a)

Figure 1.1: Trajectory and Lyapunov functions in switched systems

contemporary control and communication systems [140, 15].

Taking the point of view that evolutions of switched systems and switching-free
systems equally draw paths in the state space, it turns out that asymptotic behavior of
switched systems can be studied using the framework of ordinary dynamical systems.
To this end, we need to establish counterparts in switched systems of well-behaved
elements in ordinary dynamical systems such as semi-group property and decreasing
condition on Lyapunov function. However, the elegant semi-group property of trajec-
tories of ordinary dynamical systems is lost in switched systems. The behind rationale
is: trajectories of switched systems are concatenations of short pieces of trajectories
of ordinary dynamical systems, which means that the behaviors of switched systems
are merely determined by transient behaviors of ordinary dynamical systems. This
lays the primary obstacle makes a principal distinction of switched systems.

On the contrary, the mild decreasing condition on Lyapunov function in ordinary
dynamical systems has a direct counterpart in switched systems, that is the switching
decreasing condition. As witnessed over decades, the switching decreasing condition
provides a great convenience in developing stability theories for switched systems
following the classical framework dynamical systems [120, 22, 13,63, 107]. However,
unlike the case of ordinary dynamical systems, the switching decreasing condition

appears to be restrictive when impose on switched systems.
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We have Figure 1.1 to illustrate the loss of the semi-group property and the
restrictiveness of the switching decreasing condition in switched systems. There, the
set Qis {1,2} and 7, ..., 7y, 2 are switching times, V; and V5 are Lyapunov functions
of ordinary dynamical systems whose vector fields are f; and fy, and z(t) is the
trajectory of the overall system. While the semi-group property states that from the
state at a time, we can determine the state at any other time by merely the time
interval between these times, Figure 1.1(a) shows that it is impossible to determine
the state at a time after 7; from a state at a time before 7; without involving the time
7; at which the vector field of the system is changed. The semi-group property is thus
broken in switched systems. Furthermore, in view of Figure 1.1(b), the switching
decreasing condition might be desired for convergence. Unfortunately, as the vector
fields f; and f5 are independent of each other, the Lyapunov functions are short-time
cross-independent along vector fields as well, i.e., in short time periods, behaviors
of Lyapunov functions along different vector fields are independent of each other.
Thus, in short time periods, decreasing in a Lyapunov function does not prevent the
remaining one from increasing. As illustrated in Figure 1.1(b), this may result in
diverging behaviors of all Lyapunov functions.

In another consideration, the achieved results in qualitative theory of hybrid sys-
tems, which of course applicable to switched systems, usually impose an appropri-
ate semi-group property on system trajectories by either combining the discrete and
continuous states into a hybrid state in a merged space or directly making an as-
sumption so that the results can be carried out using the framework of classical
theory [154, 30,102, 126]. It was pointed out that discrete dynamics represented by
switching signals have time-varying and hence nonautonomous nature [62,80]. Ac-
cording to [9], imposing semi-group property in nonautonomous systems leads to
conservative results. In light of [58,9,62,80], improvements to qualitative theories for

general hybrid systems [154, 30,102, 126] are well motivated.
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Under closer scrutiny, it turns out that models of ordinary differential equations
are often only first approximations to the far complex models of the real systems which
would include some of the past states [59]. In many applications, time-delay is a source
of destabilizing and cannot be ignored [59,81,113]. This couples with the important
role of switching and delay effect in contemporary systems [5] well motivates studies
on switched systems in which the ordinary dynamical systems are delay-dependent.
In this merit, a stability theory for this class of switched systems, which can be
appropriately termed switched time-delay systems, is not only of theoretical advance
but also of practical importance.

In light of the above considerations, a comprehensive stability theory for switched
systems might address the destabilizing behavior made by either switching events or
time-delay. Nevertheless, while the switching decreasing condition has still played an
important role in contemporary stability theories of both (delay-free) hybrid automata
and switched systems, stability theory for switched time-delay systems remains open.

By virtue of the vast achievements in control of ordinary dynamical systems
[111,128,115,148,103,85,127,49,77,19,25, 12|, well-studied control constraints such
as underactuated, unmodeled dynamics, unmeasurable state, and uncertain system
models are of either practical or theoretical interests for control of switched systems.
However, these constraints often make the widely imposed switching decreasing con-
dition unsatisfiable. Firstly, while this condition requires large decreasing rates, clas-
sical adaptive control for handling parameter uncertainties typically exhibits slow
parameter convergence rates — an undesired performance in classical adaptive control
as well [12]. Though this contradiction can be overcome by means of logic-based
switching [65], the problem remains unsolved for systems in which switching signal is
not the control variable. Secondly, even if switching logic can be used for control, the
unmeasured dynamics makes computation of switching variables based on verifica-

tion of Lyapunov functions unfeasible. Finally, when only system output is available
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for control design, state observer is then naturally involved. However, designing an
observer fulfilling switching decreasing condition seems to be impossible under fast
switching.

Thus, it is not surprising that despite rich achievements in stability analysis,

advanced control of switched systems remains in its early stage.

1.2 Early Achievements in the Area

1.2.1 Qualitative Theory

Stability theory of dynamical systems emerged from the foundation works of H.
Poincaré, A. M. Lyapunov, and G. D. Birkhoff [17,56,131]. In correspondence with
significant achievements in the qualitative theory of dynamical systems in Euclidean
spaces [83,90], general dynamical systems in Banach spaces came to interest [58].
It turned out that elegant qualitative properties of dynamical systems in Euclidean
spaces such as compactness, invariance, and attractability of limit-sets of trajecto-
ries become expensive and are much topology-dependent in the general setting of
dynamical systems in Banach spaces [58].

The early efforts to bring out the field of hybrid systems were made through the
series of Lecture Notes in Computer Science on Hybrid Systems started with [52, 3,
2]. Since the special issue [4], rich results on qualitative theory of switched /hybrid
systems have been actively carried out [22,154,102,30,13,63,107,126]. Under the
primitive assumption on invariant motions of constituent systems/agents, high level
control of hybrid systems with operational goals has been addressed [140,150,46,45,
105, 15].

Using hybrid state combined from the discrete and continuous signals to define
generalized dynamical systems in merged spaces with axiomatic semi-group property,

qualitative theories have been developed for hybrid systems in the framework of clas-
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sical theory of dynamical systems [108,102,126|. It is observed that the topology for
convergence in discrete subspace were not appropriately considered.

In [13], a notion of weak invariance in the continuous space was introduced for
an invariance principle of switched systems without imposing semi-group property on
discrete dynamics. The achieved result is therefore non-conservative. Due to the use
of arcs cut-off of one single trajectory, the result gives loose estimates of attractors and
is limited to dwell-time switching signals. In [107], another notion of weak invariance
is defined via the space of translates of switching signals for a further improvement
of LaSalle’s invariance principle for switched systems. Though improved estimates of
attractors were obtained for the larger class of average dwell-time switched systems,
refinement of invariant sets in terms of level sets and hence the structure of attractors
has not been studied in [107|. Considering nonlinear norm-observability properties
for deriving convergence of a trajectory from its converging segments, LaSalle-like
theorems were obtained for asymptotic stability of a more general class of switched

systems undergoing regular switching signals [63].

1.2.2 Nonlinear Control

The introduction of the differential geometric approach to nonlinear control made a
theoretical clearance for formulating control problems in terms of systems in trian-
gular forms [69]. The emerged facts include: i) under an appropriate transformation,
the original model of the interested system can be transformed into a triangular
form [69,70,28,34]; and ii) control of systems in triangular forms can be designed in a
systematic manner [70,85]. Moreover, if a local transformation was made, then control
performance can be specified for preserving the validation of the transformation.

A seminal achievement in control of systems in triangular forms is the backstepping
design method undergoing the principle of propagating a desired property through a

sequence of augmentations [85]. Stability in backstepping designs is built upon the
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notion of input-to-state stability and its Lyapunov characterization [133,136].

During the formulation progress of the notion of input-to-state stability (ISS)
as a unification of the notions of Lyapunov stability [56] and input-output stability
[159,38], it has turned out that a variety of control problems can be formulated in the
framework of input-to-state stability [133,136,135,139]. Particularly, viewing a system
in triangular forms with appended dynamics as an interconnection of two separated
systems, the superposition property of ISS-Lyapunov functions can be exploited to
design a control stabilizing the overall system without measuring the state as well as
the Lyapunov function of the appended dynamics |74,7,84,32,48|.

Efforts in dealing with situations of which the control depends on functions whose
existence is guaranteed but whose determination is failed gave rise to the field of
adaptive neural control [112,132,96,49,44]. The primary principle is to bring out
linear forms of estimation errors amenable to the use of traditional Lyapunov-based
adaptive control. Then, parameter estimates can be updated on-line based on the
measured regulation error [94,49]. Though the effectiveness of either adaptive control
and adaptive neural control ranges over a variety of classes of systems, the parameter
update laws usually suffer from discontinuities which switching tends to introduce.

The observation problem arises when there is a need for internal information
but only external measurements are available. In nonlinear systems, the notions
of controllability and observability were formulated in [60]. Existence of observers
for nonlinear systems was studied in [147| through the introduction of the notion
of detectability. For nonlinear systems containing a linear part, high-gain observers
combined with Lipschitzian condition and singular perturbation were proposed for
output feedback controls of nonlinear systems in [20] and [42], respectively.

In summary, the feasibility of nonlinear control is strongly dependent on the prob-
lem context. Under certain practical constraints such as unmodelled dynamics, de-

sired information for making switching-logic is not available. In the reversed direction,
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switching events tend to break feasibility of the control obtained by nonlinear con-
trol methods. Control under the combined effects of switching events and practical

restrictions therefore deserves study.

1.3 Contribution of the Thesis

The main contributions of the thesis are:

Transition model for dynamical systems. By introducing the notion of rule of
transition, we provide a model of dynamical systems amenable to developing qualita-
tive theories. The model generalizes the classical description of dynamical systems as
evolution mappings [131| by dropping the particular time transition properties and
topological structure of the state space. The behind rationale is to follow the fun-
damental principle of classical qualitative theory of dynamical systems which states
that long-term behavior of a dynamical system is governed by the time transition
properties of its motion rather than the specific mechanism generating such motion.
In this manner, we expose the facts that i) in order to develop a non-conservative
qualitative theory for a dynamical system, the primary step is to identify the defining
time transition property of the system; and ii) developing a semi-group property to
study long-term behavior shall specialize the class of systems and might give rise to
conservative results. For example, in switched systems, including discrete states as
part of the limit sets is not meaningful since the discrete parts of these limit sets are

usually the whole discrete space.

The notions of switching sequence, transition indicator, and transition
mappings for switched systems. With the goal of exposing timing properties of
the transition mappings of switched systems, we consider the notion of switching se-
quence to quantize the evolution of switched systems into running times of constituent

dynamical systems. The underlying observation is that though the whole motion of
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switched systems does not enjoy the semi-group property, the property holds on finite
running times of constituent dynamical systems, and hence the transition mapping
can be fully determined by the switching sequence, transition indicator, and transi-
tion mappings of constituent dynamical systems. The corresponding transition model
of switched systems is therefore amenable to the utilization of the achieved results
in switched systems and to the development of qualitative theory. By switching se-
quences, it reflects the observation that stability in switched systems is governed by
the timing properties of switching advents rather than the specific mechanism tailor-
ing the advents of switching events [62]. In addition, by switching sequences, there is
no preclusion for switching events of zero running times which may occur in limiting

behaviors — the main interest in qualitative theories.

A qualitative theory for switched systems. We address the problem of locating
attractors of switched systems using auxiliary functions. Instead of merging spaces
to bring out a switched autonomous system, we study primitive groups of trajectories
generated under fixed switching sequences and develop an invariance principle for the
class of switched non-autonomous systems to which switched autonomous systems
belong. From these primitives, stronger results can be obtained in terms of uniformity.
The results hold over a class of persistent dwell-time switching sequences to which
dwell-time and average dwell-time switching sequences are special cases.

We follow the spirit of the original LaSalle’s invariance principle that uses de-
creasing properties of Lyapunov functions to derive the first estimates of attractors,
and then uses the characterizing properties of limit sets of trajectories to refine these
first estimates. In this spirit, it reveals the fact that the invariance property of limit
sets of trajectories of classical dynamical systems is one of the properties amenable
to refining the first estimates of attractors, and hence it is more natural to make
refinement using typical property of the interested system rather than boiling down

to the semi-group and invariance property of classical dynamical systems.
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The quasi-invariance property of limit sets of trajectories of switched systems

are then revealed through limiting switching sequences. Using this property, we in-
troduce the principle of small-variation small-attractor for an invariance principe of
general switched non-autonomous systems without imposing the usual switching de-
creasing condition. We present the observation that bounded variations are possible
via bounded periods of persistence and their compensations can be made in dwell-
time intervals. Further invariance principles for switched autonomous systems are
then obtained as consequences.
A qualitative theory for switched time-delay systems. We introduce a tran-
sition model of switched time-delay systems. Converging behavior of trajectories of
switched time-delay systems is studied on the Banach space of continuous functions.
We show that bounded trajectories in the Euclidean space give rise to compact and
attractive limit sets in the function space. The notion of limiting switching sequence
is further utilized to characterize the quasi-invariance property of limit sets.

Treating the delay time and the period of persistence on an equal footing, we show
that the decreasing condition on composite Lyapunov function also provides estimates
of increments on periods of persistence. Then, we develop a further relaxed invariance
principle for switched time-delay systems removing switching decreasing condition.

A time-delay approach to delay-free switched systems is presented accordingly.

Small-variation small-state principle for asymptotic gains of switched sys-
tems. Looking towards tools for control design of switched systems, we study positive
Lyapunov functions for asymptotic gains in switched systems. The principle of small-
variation small-state is further studied for relaxed results that do not impose the usual
switching decreasing condition. Again, the behind rationale is that small state can be
observed from small ultimate variations of auxiliary functions, which can be achieved
with dwell-time switching events, while small variations of continuous functions do

not impose consistent decrements. For switched time-delay systems, we derive the
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asymptotic gain via Lyapunov-Razumikhin approach. Upon satisfaction of Razu-
mikhin condition, estimates of past states in terms of current state are available and

hence delay-free control is possible.

Gauge design method for uniform-switching adaptive control of switched
nonlinear systems. We address the problem of achieving a control objective uni-
formly with respect to the class of persistent dwell-time switching sequences. Con-
stituent systems whose models contain unknown time-varying parameters and un-
measured dynamics are interested. It is observed that due to unmeasured states,
verifying switching conditions using full state feedback is impossible. To overcome
this obstacle, we examine the stability characterizations of the appended dynamics
such as growth rate, decreasing rate and the timing characterizations of switching
sequences such as persistent dwell-time and period of persistence. It turns out that
whenever the state of the controlled dynamics is dominated by the unmeasured state,
then the desired behavior of the overall system is guaranteed by the stabilizing mode
of the unmeasured dynamics, and in the remaining case, i.e., the unmeasured state
is dominated by the measured state, estimates of functions of the unmeasured state
in terms of the measured state are available and a measured-state dependent con-
trol can be designed to make the controlled dynamics the driving dynamics of the
overall system. Thus, the gauge design method is introduced undergoing the princi-
ple of making the unmeasured dynamics and the controlled dynamics act as gauging
dynamics of each others. An important advantage of this method is the allowance
of considering unknown time-varying parameters as input disturbance to address the
disturbance attenuation problem for switched systems without considering parameter
estimates as part of system state and hence increasing difficulty in verifying switching

conditions is avoided.

Switching-uniform adaptive output feedback control for switched nonlin-
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ear systems. We address the problem of stabilizing the continuous state of uncertain
switched systems using only output measurements. The primary difficulty lies in the
discrepancy between control gains of constituent systems. The gauge design frame-
work is thus called for an adaptive high-gain observer, in which the dynamics of
the whole system is interchangeably driven by the stable modes of the unmeasured
dynamics and the coupled dynamics of error variables and state estimates. The re-
sulting output feedback cotnrol scheme is hence of non-separation-principle. It turns
out that the observer’s poles are no longer arbitrarily assigned as in nonlinear con-
trol of continuous dynamical systems and destabilizing terms raised by non-identical
control gains might be addressed for non-conservative results. Considering variations

in control gains, full-state dependent control gains are allowed.

Switching-uniform adaptive neural control. Adaptive neural control is pre-
sented for a class of switched nonlinear systems in which the sources of discontinu-
ities making neural networks approximation difficult are uncontrolled switching jumps
and the discrepancy between control gains of constituent systems. Due to switching
jumps, neural networks approximations are presented for dealing with unknown func-
tions and a parameter adaptive paradigm is called for dealing with unknown constant
bounds of approximation errors. In this way, the orders of functions of signals with
discontinuity do not increase as in classical use of adaptive neural control. To deal
with discrepancy between control gains, we introduce a discontinuous adaptive neural
control and then present its smooth approximation for recursive design. A condition
in terms of design parameters and timing properties of switching sequences is con-
sidered for verifying stability conditions on the resulting closed-loop system. It is
observed that when there is no switching jump, the obtained control achieves the

control objective under arbitrary switching.
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Chapter 2

Transition Model of Dynamical

Systems

The main purpose of this chapter is to bring out a model of switched systems from
the transition model of general dynamical systems. Among the existing models of
switched systems which often involve differential equations for describing subsystems,
the transition model of switched systems in this chapter intends to quantize the
transition in the continuous space into switching events for studying limiting behavior
of switched systems. Due to the fact that zero running time switching events are
precluded in the usual description of the discrete dynamics of the underlying hybrid
system using piecewise constant right continuous functions, the notions of sequence

of switching events and transition indicator are presented for improvement.

2.1 Basic Notations

The notations N, R and R* denote the sets of nonnegative integers, real numbers, and
nonnegative real numbers, respectively. For a n € N, R" is the usual n—dimensional

Euclidean space. The notation |- | is used for absolute value of scalars and essential

15



2.2. Dynamical Systems 16

supremum norm of scalar valued functions. We use || - || for the Euclidean norm
of vectors and essential supremum Euclidean norm of vector valued functions. The
notation || - || is the usual Frobenius norm of matrices. For a subset A of R, the
distance between a point x € R™ and A is ||z||4 o inf{||z —yl[ : y € A}.

We often use {s;}, to denote infinite sequences {e, }3°,. The central dot - represents
arguments of functions. For a product set A = A; x ... x A, x ..., Pr,: A — A, is
the i-th coordinate projection mapping, i.e., Vi € N\{0}, Pr;((a1,...,a,,...)) = a;.
By a time sequence, we means a divergent infinite sequence in RT,

We shall use the standard notions of comparison functions in [56,133,88]. Consider
the continuous functions v : R™ — Rt and §: RT x Rt — R*. The function « is
said to be of class-KC if it is strictly increasing and is zero at zero. It is of class—K if
it is of class—/C and unbounded. The function [ is said to be of class—/CL if for each
fixed ¢, the function (-, %) is of class—K and for each fixed r, G(r,t) — 0 as t — oo.

Finally, the function ( is said to be of class—/C/C if for each fixed r, both functions

B(-,r) and B(r,-) are of class—K.

2.2 Dynamical Systems

The concept of dynamical system has its origin in Newtonian mechanics through the
foundation works of H. Poincaré, A. M. Lyapunov, and G. D. Birkhoff [131]. Tt is a
primitive concept whose understanding should be left intuitive in general and precise
descriptions of the dynamical system can be postulated in specific applications.

In systems and control, the qualitative properties of dynamical systems are of
primary concern and hence models accessible for determining all possible behaviors
of the interested dynamical system are of primitive interest.

For the time being, collections of time diagrams of system state and mechanisms

for generating such collections are usually called for modeling dynamical systems [151].
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In this thesis, we are interested in the transition model of dynamical systems which

basically consists of a space and a rule of change of position.

2.2.1 Transition Model

Definition 2.2.1 (dynamical system) The transition model of dynamical systems

18 the triple
Y = (T, W,R), (2.1)

where T s a set of real numbers termed time space, W is a set termed the signal

space, and R is the rule of transition that is a map from T x (T x W) to W.

Throughout this thesis, a state of the system is an instant of the signals involved
in the system. We shall use the terms system variables, variables in/of the system,
and state variables equally in indicating the variables representing instants in time of
the signals involved in the system.

Intuitively, by an action of the rule of transition on a point (¢, (s, w)) € Tx (TxW),
it means a guided movement in W from the location w attached to some time s in a
time t. We would clarify that s needs not to carry the meaning of the initial time as
usual. In the coming model of switched system in Section 2.4.3, it is the time interval
since starting for which the system has run to reach the state x.

The above transition model of dynamical systems is equivalent to the behavior
model of dynamical systems ¥ = (T, W, B), where T and W are as above and B
is the behavior which is a subset of the set of all maps from T to W [151]. In
fact, given a rule of transition fR, the set B = {R(-,t,w) : (t,w) € T x W} is a
behavior. Conversely, given a behavior B, it is a rule of transition the map R defined
by R(t, s, w) = B(t+s,w),Vt € T,t+s € T if there is some [ € B such that 5(s) = w
and, for a t € T, R(t, s,w) = w if either ¢t + s € T or no such [ exists.

Though the transition and behavior models are equivalent, we are interested in
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the former one as the rule of transition naturally describes the time transition prop-
erty along the trajectory of the system which is necessary for accessing the invariance
properties of limit sets of trajectories in making conclusions on the long-term be-
haviors of the systems. This observation has its well root in the classical qualitative
theory of dynamical systems [56,130,91,137,8,108,29|.

Finally, it is worth mentioning that the above notion of rule of transition does not
impose MR(t,t,w) = w as in the classical notion of motion [56]. As will be annotated

in the next sections, this makes (2.1) capable of modeling a large class of real systems.

2.2.2 Equivalence in Classical Models

As well analyzed in [151], the behavior model of dynamical systems respects the nature
and hence gives a closer description of the real system. As a result, any model of
dynamical system introduced so far including hybrid automata and switched systems
ought to have an equivalent behavior model and hence an equivalent transition model.
Here, we make manifest the realization of the rule of transition in the classical models

of autonomous and non-autonomous dynamical systems.

Definition 2.2.2 ( [129]) Let X be a topological space, a dynamical system on X is

a continuous mapping 7 : R x X — X that satisfies the following properties:
i) m(0,2) = z,Vo € X; and
ZZ) 7T(t2, ’/T(tl, .T)) = 7T(t1 + tQ, :L’),th, t2 € R.

Definition 2.2.3 ( [29]) Let X and W be topological spaces. A non-autonomous

dynamical system on X with base space W is a couple (7, @) in which
i) 7 is a dynamical system on W in the sense of Definition 2.2.2; and

ii) ¢ - RT x X x W — X is a cocycle mapping on X, i.e., ¢ is continuous,

0(0,z,w) =x,Yr € X,w €W, and for all t;,t, € RT,x € X, w € W, we have
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QO(tl + t2ax7w) = QO(t2,Q0(t1,.T,U)),7T(t1,w>>-

The mappings m and ¢ in the above definitions are usually called the evolu-
tion/transition mappings. We shall alternatively call ¢ the non-autonomous dynam-
ical system without embarrassment. In the context of the general dynamical system
in Definition 2.2.1, we call the systems in Definitions 2.2.2 and 2.2.3 the ordinary au-
tonomous dynamical system (OADS) and ordinary non-autonomous dynamical sys-
tem (ONADS), respectively.

The immediate equivalent transition model of the OADS is the one whose time
and signal spaces are T = R, W = X', and whose rule of transition is JR(¢, s, z) =
w(t,z),Vt,s € T,Vr € W. Also, an equivalent transition model of the ONADS is
the one whose time and signal spaces are T = RT, W = W x X, and whose rule of

transition is R(t, s, (w,x)) = (7(t,w), p(t, z,w)), Vs, t € T,V(w,z) € W.

2.2.3 'Trajectory, Motion, Attractor, and Limit Set

The transition model in Definition 2.2.1 tends to a model applicable to all possible
dynamical systems by calling for three basic elements any dynamical system ought
to have. To classify dynamical systems, more properties on the rule of transition are
considered. The qualitative theory of dynamical systems classifies the systems by
their limiting behavior such as stability, instability, periodicity, and chaos. In this
aspect, the primitive element is trajectory and the primitive qualitative notions are
motion, attractor, and limit set |56, 130].

Likewise, as W models all signals involved in the system, it is natural to divide W
into subspaces when classification of signals is desired. By virtue of the behavioral
theory of dynamical systems [151], the variables representing instants of signals in a
system can be classified into manifest and latent variables. Continuing this idea, we

shall use W, x W, to denote W when it is desired the clarification between the space
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of manifest variables W, and the space of latent variables W,. Let us begin with

the primitive notion of trajectory for systems described by the transition models.

Definition 2.2.4 (trajectory) Let ¥ = (T, W, x W, ,R) be a dynamical system.
Let (za,2.) € Wy, x W, and s € T fived. The (s, x.)-interacting trajectory through
the point x,c € W, in the manifest space of the system is the set Oy, (Ta) = {yn €
W 3(ty) € T X We, (Yar, ye) € R(E 8, (Tar, ) }-

Let tr = inf{t : t € T} and t* = sup{t : t € T}. Adopting the classical notion
of motion [129], we have the following notions of motion, attractor, and limit set for

dynamical systems described by transition models.

Definition 2.2.5 (motion) Let ¥ = (T,W,, x W, . R) be a dynamical system, in
which W, is a topological space. Let (xa,x,.) € Wy, x W, and s € T fized. For each
t €T, the (t,s,x.)-motion through x,, € W, is the set Rz, (Ta)(t) = {yar € W,

EIyL S WL7 (y.‘Ma yL) € %(t7 87 (x.’Ma xL))}

Definition 2.2.6 (attractor) Let ¥ = (T, W, x W, R) be a dynamical system, in
which W, is a topological space. Let A C D C W, and x, € W, fized. Then, the
set A is said to be an (s,x,)—interacting attractor of 3 with basin of attraction D if

for all z, € D, the motion R4, (24)(t) topologically converges to D ast — tT.

Definition 2.2.7 (limit set) Let ¥ = (T, W,, x W, ,R) be a dynamical system, in
which W, is a topological space. Let (xa,x.) € Wy, x W, and s € T fized. The

w-limit set of the (s,x.)—interacting trajectory O, () is the set

Ws,z, (Tar) = ﬂ U R (@) (1) (2.2)

T>tr t>T

We would mention that the above notions of attractor and limit set have their

very primary root in the theory of pullback attractor of ordinary non-autonomous
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dynamical systems [79,29]. This theory carried out the fact that though the limit
sets of trajectories of non-autonomous dynamical systems are not invariant in gen-
eral, their non-autonomous limit sets — defined in terms of the interaction with the
backward motion of the time-varying parameters — are invariant. Inspired by this
fact, we introduce (2.2) with the following observation.

The invariance property of trajectories of ordinary autonomous systems is due
to the semi-group property of their transition mappings. As for the general model
(2.2.1), there is no restriction on the transition mapping R, there is no conclusion
on invariance of the limit sets can be made. However, by dividing the signal space
W into manifest and latent spaces to bring out the role of the latent variables in
tailoring the trajectory of the manifest variables, it suggests that the dynamics of
the latent variables can drive the limit sets for invariance. In this thesis, attaching
switching sequences to the backward motion of the time-varying parameters for a rule
of transition of latent variables consisting of switching sequences and the time-varying
parameters, an invariance property is proven for the corresponding non-autonomous
w-limit sets of switched non-autonomous systems.

Finally, when the manifest space W, is the whole space W, the prefix “(s, z,)-

interacting” in the above definitions shall be dropped accordingly.

2.3 Hybrid Systems

The transition model of dynamical systems (2.2.1) at a high level of generality calls for
the basic elements that a dynamical system ought to have. While the time and signal
spaces usually available from the designation of the interested variables, specification
of the rule of transition commits an important role to analyzing mutual effects between
signals in the systems.

In most applications, there are two types of signals: discrete signals taking val-
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ues in discrete sets and continuous signals taking values in continuums. While the
rule of transition of the continuous variables and the influence of discrete variables
on their dynamics can be sufficiently described by a set of transition mappings of
ordinary dynamical systems labeled by discrete values of the discrete variables, rule
of transition of the discrete variables are usually of logical description which may be
far more complicate for treatability. For the purpose of studying switched systems,
we introduce in this section the notion of sequence of switching events for describing

the discrete dynamics at the lowered level of abstraction.

2.3.1 Hybrid Transition Model

In the following, Q is the usual discrete set and E = Q x Q. In the formal language

of hybrid automata, we call elements of E the edges.

Definition 2.3.1 A transition in the discrete set Q is a sequence o = {(e;, A1)},
C ExRT satisfying Pri(eg) = Pra(eg) and Pri(e;) = Pra(e;—1),i > 1. For eachi € N,

the pair (Pry(e;), At;) is called the i-th switching event of o.

Definition 2.3.2 A rule of transition in the discrete set Q is a collection Rq = {0, :

v € I} of transitions in Q, where Z is an index set.

Intuitively, the discrete dynamics in Q can be described as follows. The discrete
state is initiated at gy = Pry(eg) at some time ¢5. Then, at the time t; = to + Ay, it
is transferred to ¢; = Pry(eq) at which the process continues. We have the following

notion of hybrid system.

Definition 2.3.3 (hybrid system) A hybrid dynamical system is a hexad

S = (RY,Q, X, {g }gen. Ras ), (2.3)

where Q is a discrete set which is the space of the discrete signals, X is a topological
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space which is the space of the continuous signals, 1, : RT x X — X q € Q are
OADS on'X, :R™ xQ x X — X is the transition map of the continuous state, and
Ro = {0, : v € I} is the rule of transition in Q in which each switching events of
any transition o, is a map from RT x Q x X to Q x R*, and the first coordinate of

the first switching event of any transition is a constant function.

The evolution of the hybrid system (2.3.3) can be logically described as follows.
Given a transition o € R whose sequence of switching events is {(e, ;(-), A7, ;(-))};-
Let ¢,; = Pri(ey;). The continuous state of the system evolves from the initial state
Ts0 € X at the initial time ¢, under the transition mapping v, , until the time
te1 = to0 + AT 0(to0, 450, Lo0). At the time t,; the continuous state is transferred
from o7 = ¥g, ,(ATs0(+), To0) t0 To1 = (to1, 400, 7, ;) according to the map , and
the discrete state is transferred to g1 = Pra(es,1(to,1, 0,0, 7,1)), and a new running
time A7,1 = A7,1(t01, 40,0, 7,1 ) is computed. Then, the process continues.

We now specify for the hybrid system 3, its basic elements in the general frame-
work of the transition model of dynamical systems. The time and signal spaces are
T =R" and W = E x X. In hybrid systems, all variables are manifest. To specify
the rule of transition, it is observed that the rule of transition include two parts:
rule for transition of continuous variables determined by {1, },c0 and , and rule for
transition of discrete variables determined by Rg.

From the above analysis, for each o, the sequences {t,;}, and {z,}, are well-
defined. For a time t € R, let iy(t) the largest integer satisfying ¢,;, ¢ < t.
Let  be a fictitious element of E, and define the map , : R™ — [E defined by

o(toi) = ey and  ,(t) = fort & {t,;}. Let R, be the map R, : T — W de-
fined by Ry (t: t0.0, €00, T00) = ( o(£), Y, (t —tis @), Tis ). Then, R(t, s, (e, 7)) =

{R,(t;s,e,x) : 0 € R} is the rule of transition of X,,.
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2.3.2 A Comparison

To make manifest the right of the above transition model of hybrid systems, let us
consider the following well-known model of hybrid systems reformulated in terms of

the above notions.

Definition 2.3.4 ( [23]) A hybrid dynamical system is a hezad

Z}[,B - (R+7 Q7 X? {¢q}q€Qa A-7 G)7 (24>

where Q 1s the space of the discrete state, X is a topological space which is the space
of the continuous state, 1, : RT x X — X q € Q are OADSs, A = {A,;}4e0. 4, C X
is the set of the jump sets, and G = {G,}4eq, G4 : Ay — Q x X is the set of the jump

transition maps.

According to [21], the dynamics of 3, p is as follows. Starting from a hybrid state
(g0, w0) € Qx X at a time ¢y, the system evolves according to z(t) = 9y, (t —to, z0),t €
RT until z(t) enters (if ever) A4,, at the point x7 = 1, (t1 —to, o) at a time ¢;. At the
time ¢, the transfer (¢i,21) = Gy (27 ) is made. Then, from the hybrid state (g1, 1)
at time t;, the process continues.

From the above analysis, the time sequence {t,}, is well-defined. A time t;,i €
N, ¢ > 0 is determined by the event “z(t) enters the set A, ,.” As for each i € N\{0}
the autonomous system 1),, , is deterministic, the set A, , is given a prior:, and the
state x;_1 was determined from the previous transition event, the time ¢; at which x(t)
enters A,, , is computable from x;_;. Assuch, foreach? € N,z > 1, A7, def ti—ti_1isa
function of ¢;_; and z;_;. Hence, the transition o = {((¢;,_;,q;), AT;) }; is well-defined
and is an element of the rule of transition Sg. Furthermore, let (¢, z) = Pra(G,(2))

if + € A, and (q,z) = z, otherwise. Thus, the transition is well defined, and

hence X, g well induces X,,.
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Finally, it is worth mentioning that the rule of transition with the last two argu-
ments fixed is a motion defined in [108]. As such, in some aspect, the hybrid transition
model in Definition 2.3.3 and the motion-based hybrid model in [108] are equivalent.
However, it is a trade-off for its very high level of abstraction the interacting dynamics
is hidden in the motion-based hybrid model in [108]|. This leads to the fact that the
general results achieved in [108] implicitly impose the switching decreasing condition
when realizing to switched systems. As the model of hybrid systems in Definition
2.3.3 separates the rule of transition of continuous dynamics and the rule of tran-
sition of discrete dynamics, the theory in thesis accepts more relaxed condition, in
particular, the switching decreasing condition is no longer used. On the other hand,
the model in Definition 2.3.3 is capable of modeling hybrid systems in which discrete
variable may exhibit random dynamics, i.e., a transition of both continuous and dis-
crete states can come on the scene at any time. While systems of this property are of
normal interest in studying switched systems, the model in [21| does not describe this
class of systems. As such, in the context of switched systems, the model in Definition

2.3.3 can be considered as an improvement of the models in [108] and [21].

2.4 Switched Systems

2.4.1 Transition Model

Classifying the continuous and discrete dynamics of hybrid systems into manifest
and latent dynamics, respectively, and then studying the continuous dynamics under
the influence of the discrete dynamics gives rise to another model of hybrid systems
termed switched system. It turns out that the converging behavior of the continuous
state is usually governed by the time properties, particularly the dwell-time property,
of the rule of discrete transition rather than the specific model of the discrete dynamics

[62]. Thus, it is convenience to describe the rule of discrete transition as behaviors
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in a timing space. In this way, either state-dependent discrete transition or state-
independent discrete transition can be dealt with, and hence, in some aspect, the
resulting model of switched systems might be more general than the existing models
of hybrid systems. In light of this merit, the rule of transition of the discrete (latent)

variables can be formulated in terms of the following notion of switching sequence.

Definition 2.4.1 Let Q be a discrete set. A switching sequence in Q is a sequence
o = {(¢g;,A7;)}; € Q x RT. For each i € N, the pair (q;, At;) is called the i-th
switching event of o, and the number At; is called the i-th running time of o and the

running time of the i-th switching event of o.

We have the following notion of switched system.

Definition 2.4.2 (switched autonomous system) A switched autonomous sys-

tem is a hexad

S.=RY QX {¢g}eensS, ), (2.5)

where Q s a discrete set which is the space of the discrete signals, X is a topological
space which is the space of the continuous signals, 1, : Rt x X — X, ¢ € Q are OADS
on X, S is a collection of switching sequences, and : RT x Qx X — X is the discrete

transition map of the continuous state.

In comparison to the transition model of hybrid systems in Definition 2.3.3, the
influence of the continuous variables on the dynamics of the discrete variable has been
hidden in the set of switching sequences S. The manifest space is now W, = X and
the latent space is W, = S. In switched systems, the rule of transition R is referred
to the transition in the space X of manifest continuous variables.

In the following, we shall call ¥, ¢ € Q the constituent systems or subsystems of
3, and the variable ¢ taking values in QQ the switching index. For a ¢ € S and for
the i-th switching event of o, (¢, AT,;), the number A7, ; is also called a running

time of the respective component system 1, ,.
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Similar to hybrid systems, the evolution of switched system >3, is as follows. Given
a switching sequence o € S whose sequence of switching events is {(q, ;, A7, ;) };. From
an initial state xg € X at some initial time ¢y, the system evolves under the transition
mapping 1,,, until the time ¢; = ty + A7, is reached. At the time ¢; the system
state is transferred from 7 = ¢, ,(A750,70) to 21 = (%1, 400, ,1) according to the
map , and the transition mapping is switched to 1,,,. Then, the process continues.

At this place, it is worth comparing the notion of switched systems in Definition
2.4.2 to the usual yet simple way for modeling switched systems, i.e., using piecewise
constant right-continuous signals ¢ to model switched systems by equations of the
from (1.1) (see Chapter 1) [95,142]. In the following, by a change of switching index
from ¢; to go, it means the change of the transition mapping from v, to 1,,.

In hybrid and switched systems ¥, and Y., a switching interval of the length
zero is meaningful either logically or physically. Let [t, ;,¢;] be a such interval, i.e.,
t,_y = t;. The simple description of the dynamics on this interval is: right at the time
t, = t,_, the continuous state of the system and the switching index are transferred
to x;_1 and ¢;_1, respectively, they are transferred further to another state x; and
another index ¢;, respectively. Furthermore, if we consider ¢; — t;_; as the running
time of the system, then a zero running time of the system physically can be: we
lock the system and switch its structure around before starting the system again.
Unfortunately, the right-continuous convention on switching signals do not describe
this important behavior as the mathematical object [¢,¢) is undefined. Furthermore,
as shall be clear, though it can be assumed that the switching intervals are all non-
zero, the limiting behavior may exhibit zero length switching intervals. As such, the
above notion of switching sequences gives an obvious improvement.

Though the mechanism of evolution of switched systems has described, we need
some further following notations for specifying the rule of transition in the transition

model of switched systems .
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2.4.2 Notations on Switching Sequences

In this subsection, we make some notations on switching sequences that will be used
throughout the thesis.

The set of all switching sequences is denoted by S. For a switching sequence o € S,
the notations e, ;, ¢r;, and A7,; express that e,; = (¢, AT,;) is the i-th switching
event of 0. For ¢ € N, the number 7,; =0if ¢ =0 and 7,; = Z;;B AT, j, otherwise,
is called the starting time of the i-th switching event of o. We shall call A7,; both
the -th running time of ¢ and the running time of the i-th switching event.

Associated to each switching sequence o € S, we have the following useful operator
i (+) which shall be used throughout the thesis. Let ¢ € RT be a nonnegative number,
i, (t) is the largest integer satisfying 7, .-, < ¢, e, i;(t) = max{i € N: 7,; < t}.

We shall call i the transition indicator.

Definition 2.4.3 A switching sequence is said to be non-blocking at a time t € RT
if the number of its switching events of zero running time at t is finite. It is said to

be non-blocking if it is non-blocking at every time t € Rt

According to [62], switching sequences can be further classified based on dwell-time

properties as follows.
Definition 2.4.4 A switching sequence o € S s said to have

i) a dwell-time 74 > 0 if A1,; > 14, Vi € N;

i) a persistent dwell-time 1, with chatter bound of persistence Ny, if it has an infi-
nite number of running times of the length no smaller than 1, and the number of
switching events between every two consecutive switching events of the running

times no smaller than 1, is bounded by N,; and

iii) a persistent dwell-time 1, with period of persistence T}, if it has an infinite

number of switching events whose running times are not smaller than 7, and
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for every two consecutive switching events e,; and e, ; of this property, we have

Toj — Tojit+1 < Tp;

We shall denote by S,, [74] the set of all switching sequences having the same dwell-
time 74, by Sa[7p, Np] the set of all switching sequences having the same persistent
dwell-time 7, with the same chatter bound of persistence N,, and by S, [, T},] the
set of all switching sequences having the same persistent dwell-time 7, with the same
period of persistence T5,.

To close this subsection, let us mention that the purpose of introducing S, [7,, Ny
is to include switching sequence possessing zero running times. While the notions of
dwell-time and persistent dwell-time with a period of persistence switching sequences
have been well-recognized [95,62,142|, the notion of persistent dwell-time with chatter
bound of persistence switching sequence is a modification of the notion of average
dwell-time switching signal in the literature [62]. It can be verified that the switching
sequences in S, [7,, Np] with no zero running time are equivalent to switching signals

of average dwell-time 7, = 7,/(N, + 2) and chatter bound N, = N,,.

2.4.3 Continuous Transition Mappings

In this subsection, we introduce the notions of continuous transition mappings for
realizing the rule of transition of switched systems in terms of transition mappings of
the component systems. In this merit, the continuous transition mappings of switched
systems play the important role of carrying semi-group properties of the component

systems in their respective running times.

Autonomous Mappings

Consider the general switched system >, in Definition 2.4.2. We first consider the
case that the discrete dynamics causes no jump in continuous state, i.e., the following

condition holds.
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Figure 2.1: Trajectory of switched system: ¢y — the real starting time, ¢, — the time
elapsed from ty to the real time ¢y + t; at which the system state was read as x, t —
the time elapsed from #o+1, to the current real time (to+ts) +7, 7, -, 44 — the time
elapsed from ¢ty to the real time at which the most recent switch occurred, and At —
the time elapsed from ¢y + Tz (tott) 1O the current real time.

Assumption 2.4.1 There is no jump in system state, i.e., the discrete transition

mapping s the identity mapping in its third argument:

(t,q,z) = z,Y(t,q,z) e RT x Q x X. (2.6)

For a switching sequence o € S and for a number ¢, let (¢,)2 be the largest number
greater than ¢, to which there is no blocking time of ¢ in the interval [t,, (t5)%). Let x
be a fictitious element for X. We have the mappings 7, , : Rt xR xX o € S, t, € RT

defined as 7, 4(t,t5,x) = x,Vt > (t,)% — ts, ts € RT, 2z € X, and

wqi;(is)<t7x) if t €0, Toviz (ts)+1 ]
Toaltsts, 1) = Y ot (ts + 1 = Toiz vty Tot Tz () — b s 7)) (2.7)
if t > Tovig (ts)+1 — ts,

for all t € [0, (t,)% —t,),x € X,

g

Though the mappings .7, ,,0 € S defined above are a bit mysterious, they actu-

ally play a role no less important than the evolution mappings 7 and ¢ in ordinary
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dynamical systems defined in Definitions 2.2.2 and 2.2.3. The mappings specify the
transition in the space X of the continuous variables under the influence of the dynam-
ics of switching sequence in the space S. With the help of Figure 2.1, this can be made
manifest as follows. The problem in question is to determine the future state in the
course of time from a visited state x. Like ordinary non-autonomous systems which
involve the time at which the system state visited x for determination, in switched
systems, the desired additional information is the time ¢, elapsed from the time ¢, at
which the system started running. The time ¢, in fact carries the information on the
rule of transition for the determination.

Let us consider a number ¢ € [0, (t)% —t,). As illustrated by Figure 2.1, if at the
time instant ¢y + t; at which the system state visited x, it is known that the system
had run for a time of amount t,, then the component system driving the dynamics
is wqi;(ts). Then, it is also determined that %; o, Was driving the system until the
time to + 7, ,— ;)41 at which the driving component system is changed to 1,

iy (ts)+1

Note that the switching event associated with ¢;-, )., may has zero running time.

ts)+

However, for 7 def Tori (£s)+17 by definition of i_ (-) and by non-blocking property of o,

e ) 18 the first non-zero running time switching event at o + 7, ;- )41 Thus, it

iy (7
is ready to evolve further since ¢ + 7, ;- (t)+1 under @in;(ﬂ.

At a time instant, apart from ¢ty + ¢, by an amount of ¢, exceeding the running
time 7, ;- ;)1 — s (since to+¢;) of wqi;(ts), the component system taking the control
is ¢qi;(ts+t)' However, in order to determine the state at ty + t, via this transition
mapping, it is necessary to know the state x(to + 7, -, 44)) at which wqi;(ts-&-t) started
running. Fortunately, as shown in Figure 2.1, this desired state is .7, ﬂ(Tg’i; (tatt) Uss )
which can be determined by recursively applying (2.7) from t,.

We shall call the family .7, = {7, 1}ses defined by (2.7) the autonomous contin-
uous transition mapping (ACTM) of 3,. The following property of this mapping is

straightforward.
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Proposition 2.4.1 Under Assumption 2.4.1, the autonomous continuous transition

mapping I, defined by (2.7) is continuous and satisfies
Toa(ts +to,ts, 1) = Toalta, ts + 1, Toa(t, ts, 7)), (2.8)

for allti,ty e RT 1 + 1ty < (t,)0 —t,,x €X, and o € S.

We now indicate the basic elements of the transition model of ¥,. As we are
interested in the dynamics of the continuous variables, the manifest space is W, = X
and the latent space is W, = S. It is observed that at the time ¢, the discrete variable
has run for a time amount of #,, which means that the switching sequence is at the
state oy, — the ts-translate of 0. Thus, an obvious choice of rule of transition R, of

def

the latent variable is (¢, ts,0) = 01,4+ — the (fs +t)-translate of 0. Accordingly, the

rule of transition of ¥, can be specified as
R(t, ts, (x,0)) = (Toa(t, ts, ), 00, 11). (2.9)

In light of the above consideration, a similar mapping .7, for the case of non-
identity discrete transition mapping can be defined by a similar manner. In this case,
though the driving component system at any time apart from t, by an amount of ¢
is directly determined as wqi;(t5+t), determining the state at the time this component
system started running involves the transition mapping as follows.

For each 0 € S, let ,:R" x X — X be the mapping defined as

olt,x) = (tgon(t), ... (tgon(t), (£ qoo(t),2))...), (2.10)

in which, for each ¢t € [tg, (¢5)% — t5), (¢o,1(¢),0), ..., (don),0) is the sequence of

consecutive switching events of zero running time of o at ¢, and ¢, () be the index

of the switching event right before (¢,1(t),0).
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Let Z,, : RT x RT x X — X be the mapping defined as 7, ,(t,ts,z) = x for

t>(t)b —t,,t, e RY z € X, and, for t € [0, (¢,)° — t,), 7 € X,

[

( Vo, (E2) I EE (0,750, — 1),
U(TN-; (to)+10 Doiz (t)41> ¢qi;(t5) (Ta,i;(ts)-H —t5,x)) ift = Tojiy (ts)+1
Tya(t,ts, ) = 3 Yo s (ts 8 = 7o iz 1000 Toa(Toiz ) — b bs: @)
i 4 € (T, -1 — tsr To — )t > i (b + Ty im0y 41)
. <Tgﬂ., Goris Va0 (AT, izt 41y Toa (T iz 141y — Lss Ly x)))
\ i £ = o5 — o, > 07 (s + T (1))
(2.11)

The family 7, = {7, 4}oes defined by (2.11) is also called the autonomous con-
tinuous transition mapping of the switched system ¥,. Without repeating the above

argument, we have the following property of this mapping.
Proposition 2.4.2 [f the transition mapping  of the switched system ¥, is deter-
ministic, then the mapping 7, defined by (2.11) is right-continuous and satisfies

%,ﬂ(tl + t27t8)x) - %,ﬂ(t27 ts + tlu %,ﬂ(tl)tsu ‘7“))7 (212>

for all ty,to € RY t) +ty < (t,)% —ts, 2 € X, and o € S.

Likewise, the rule of transition in the signal space W, x W, X x S of the tran-

sition model of ¥, with .7, , defined by (2.11) is R(¢, ts, (z,0)) = (Toalt, ts, ), 01, 41)-

Non-autonomous mappings

The transition model of switched systems introduced in Definition 2.4.2 treats all the
continuous variables on an equal footing in the interaction with the discrete state.
In applications, there is also a large class of systems in which part of the continuous

variables plays the role of either driving input or disturbance whose influence on the

- tm
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remaining continuous variables needs to be suppressed. Motivated by this considera-

tion, we introduce the following notion of switched non-autonomous systems.

Definition 2.4.5 A switched non-autonomous system is an octuple

EW[ = (R+7Q7X’W’ {Spq}quaSﬂTa )7 (2.13)

where Q s a discrete set which is the space of the discrete signals, X and VW are
topological spaces which are the space of the continuous signals and the space of the
continuous disturbance signals, respectively, o, : Rt x X x W — X,q € Q are
ONADS, S is a collection of switching sequences, © is an OADS on W, and

Rt x Q x X x W — X is the discrete transition map of the continuous state in X .

To specify the continuous transition mappings for system >,.,, we suppose that
is the identity mapping in its third argument and also use x as a fictitious element
of X. The time (t,)} is as defined in Page 30. We have the mappings F, .. :

(e

Rt xRt x X x W — X,0 €S defined as follows.

Pq (t,z,w) if t € [0, Tojig (ts)+1 — ts),

o,ig (ts)

‘%,Nﬂ(tat&maw) = Pq.

iy (ts+t)

(ts T = Toim (a4t T (Ta,i;(ts—i-t) — s, T, w),

T(To iz (toty — Lo w)) ift>7, ) —ts
(2.14)

for all t € [0, (t,)% —t,),x € X,w € W, and T, aa(t, ts, x,w) = x,Vt > (,)2 — ts.

It is obvious that the mappings 7, .. play the same role as the mapping .7, ,
in the autonomous case. The mapping specifies the transition in the space X under
the influence of the combined dynamics of switching sequence and the autonomous
dynamics in W of the time-varying parameter w.

As we are interested in the dynamics in &, the manifest space is W,, = & and
the latent space is now W, = S x W. Based on 7, 44, the rule of transition for

a transition model of X,, can be specified once the rule of transition in the latent
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space — denoted as SR, — is specified. Inheriting from theory of pullback attractor of
ordinary non-autonomous dynamical systems [79,29|, we have two specifications for

R, according to the motion of w: the rule of forward transition

i)_%L (t,ts, (o, w)) def (04,11, T(t, w)), (2.15)

and the rule of pullback transition
Re (L Ly, (0,0)) Z (01,00, 7(—t,w)). (2.16)

Accordingly, for the transition model of X,,, we have the rule of transition

R (e, (2, (0,1))) E (Toaeall ey 2, 0), (01,42, w(1, ), (2.17)
which is appropriately termed rule of forward transition, and the rule of pullback

transition

—_—

— def

R (tv ls, (ZE, (07 w))) - (‘Z,Nﬂ(tv ls, T, w)? (Jts+t7 W(_t’ w>>>’ (218>

which is appropriately termed rule of pullback transition.
We shall call the family Zy, = {7, xa}oes the non-autonomous continuous tran-
sition mapping (NACTM) of the switched non-autonomous system 3,,. From the

transition mechanism (2.14), the following property of 7, is straightforward.

Proposition 2.4.3 Under Assumption 2.4.1, the non-autonomous continuous tran-

sition mapping Jaa defined by (2.14) is continuous and satisfies
%,Nﬂ(tl + t27 tsa €, ’UJ) - ‘%’,Nﬂ(t% ts + tla ’%,Nﬂ(tlv t87 x, U)), ﬂ-(th ’UJ)) (219>

for all tg, ty,ty € RT 1) + 1ty < (ts)’;—ts,xe X,weW, and o € S.
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In the case of non-identity but deterministic , a similar mapping .7, 4, and hence
the rules of forward and pullback transition, for X,, can be specified by the same
manner. The specification is straightforward though a bit lengthy and is omitted.

To close this preliminary chapter, we would mention that, in comparison to the
cocycle property — second property in ii), Definition 2.2.3 — of the ONADS ¢ [8,29],
the properties (2.8), (2.12), and (2.19) of the mappings .7, , and 7, 4, defined by
(2.7), (2.11), and (2.14), respectively, preserves the cocycle property of ¢. In light of
this merit, the mappings .7, . and .7, ,, can be termed switched cocycle processes.



Chapter 3

Invariance Theory

The purpose of this chapter is to introduce a qualitative theory for switched systems.
Further notions of limiting switching sequence, autonomous and non-autonomous
attractors, autonomous and non-autonomous w-limit sets, and quasi-invariance prop-
erty are introduced. The principle of small-variation small-attractor is introduced
for invariance principles of switched systems. Instead of imposing the usual switch-
ing decreasing condition, boundedness of ultimate variations of auxiliary functions is

considered for convergence.

3.1 Motivation

In systems and control, the foundation of the qualitative theory — the theory makes
conclusions on long-time behavior of a dynamical system without solving for the tra-
jectories — is built on the Lyapunov’s second method and its generalization — the
LaSalle’s invariance principle, in which the central notion is the Lyapunov function.
Due to its energy embrace, Lyapunov function is not limited in ordinary dynami-
cal systems. Making no exception, LaSalle’s invariance principle framework for at-

tractability and stability of sets in switched systems is of natural interest.

37
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The practical motivation for invariance theory of switched systems lies in the use of
invariant motions of constituent systems/agents in contemporary control and commu-
nication systems [18,140,5,46,45,105,15,160]. Nevertheless, while invariance theories
of switched /hybrid systems often impose the semi-group property on system trajecto-
ries and the switching decreasing condition which are practically restrictive [108,30],
advanced designs of highly complex systems suppose that invariance control of con-
stituent systems has been done a priori [140,15|. This obviously lays a significant
gap in the field of hybrid systems.

Invariance principles for switched systems have been actively investigated using
both differential equations model and hybrid systems’ framework [108, 102,62, 13,
107, 126]. Similar to non-autonomous systems, due to the loss of the semi-group
property, the w-limit sets of trajectories of switched systems are generally not invari-
ant. The common approach to overcome this obstacle is to embed the state space
into a topological space on which a generalized dynamical system is defined. Then,
asymptotic behavior of the original system is investigated through the generalized
system [129,9,108,107,80].

In ordinary non-autonomous systems, using the functional space of translates and
examining limiting equations, it was shown that the w-limit set of trajectories of
the original system is semi-quasi-invariant and a LaSalle-like invariance principle
was obtained [9]. Considering switching variables as part of the hybrid state and
then imposing a semi-group property on system trajectories, invariance in hybrid
spaces and invariance principles for general hybrid systems have been studied [108,
102,126]. Examining the convergence of a sequence of arcs cut off of one single
trajectory, a notion of weak invariance and an invariance principle was presented for
switched systems with dwell-time [13]. Introducing a novel notion of w-limit set in
the product space, another notion of weak invariance property was considered and

an invariance principle were obtained for a class of switched systems with average
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dwell-time [107]. In [63], the elegant notions of nonlinear norm-observability were
introduced and invariance principle for uniform stability of switched nonlinear systems
was carried out.

In summary, the aforementioned results applying to the switched autonomous
systems either directly or implicitly make use of the switching decreasing condition.
As a result, their applicability does not agree with the generality of the systems.
Invariance theory without imposing switching decreasing condition and semi-group

property remains open for switched non-autonomous systems and switched systems.

3.2 Limiting Switched Systems

Switched system returns, for each single switching sequence, a non-autonomous sys-
tem [80]. Therefore, the asymptotic behavior of switched systems can be investigated
through the behavior of their limiting systems [9]. The purpose of this section is to
bring out such useful limiting systems. For this purpose, we have the following notion
of limiting switching sequence.

Throughout this chapter, we suppose that all switching sequences in S is non-Zeno

and nontrivial, i.e., the following assumption holds.

Assumption 3.2.1 In any finite interval, the number of switching events of any
switching sequence in S is finite. There are infinitely many switching events in each

switching sequence and the running times of switching events are all bounded by Ar.

3.2.1 Limiting Switching Sequence

Definition 3.2.1 Let 0 € S be a switching sequence and let t € RT be a positive
number. The t-translate of o is the switching sequence o, € S whose switching events

ori = (Qo,i, ATs,4) are determined by

Z) Qo = qo—’z‘;(t)_ﬂ'?Vi S N,’ and
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ZZ) ATO},O - TU,i;(t)+1 - t, and ATO’z,i - ATO’,i;(t)—i-i’v,i € N\{O}

It is worth noting that by translating in index variable ¢ instead of translating in
time variable ¢ as in [107], the t-translate of a switching sequence preserves the zero

running times of o as well.

Definition 3.2.2 Let {0,}, be a sequence of switching sequences in' S and let o € S.
Then, {0,}, is said to converge to o asn goes to infinity, denoted as o, — o,n — 0,

if the following properties hold:
i) imy, o0 G0, i = Q04> Vi € N, and
i) limy, oo AT, i = ATy, Vi € N

Definition 3.2.3 (limiting switching sequence) Let 0 € S be a switching se-
quence. A switching sequence o* € S is said to be a limiting switching sequence

of o if there is a time sequence {t,}, such that oy, — o*,n — 0.

Hereafter, for each switching sequence o € S, we shall denote by S} the set of all

limiting switching sequences of o.

3.2.2 Existence and Properties
The following proposition asserts the existence of limiting switching sequence.

Proposition 3.2.1 Let 0 € S be a switching sequence. Suppose that all the running

times of o are bounded by £ > 0. Then, the set S is nonempty.

Proof: Let {t,}, be a time sequence. We shall show that there is a subsequence
{tn, tm of {t,}, such that {o, 1}, converges.
Let us equip the interval [0, /] the usual Euclidean metric d, defined as dy(x,y) =

|z — y|,Vz,y € [0,¢] and equip the discrete set Q the usual discrete metric defined

as do(q1,q2) = 01if ¢ = q2 and do(q1,q2) = 1 if 1 # ¢, for every g1, € Q.
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Obviously, the space of switching events Q = @ X [0, /] and the countable product
QY = @ x...xQ x...are metrizable topological spaces with the usual product metric
[1, Theorem 3.24, page 84]. Furthermore, as Q and [0, ¢] are compact with respect to
their respective metrics, Q is sequentially compact [72, Definition 10.15, page 170].
Since Q" is a metrizable topological space and Q is sequentially compact, applying
[72, Proposition 10.18, page 171|, we conclude that Q" is sequentially compact.
Consider the sequence of switching sequences {o, },. For each n € N, we have

the point n,, € Q" defined by

n, = (egtmo, s oy e ), (3.1)

where e,, ;,% € N are switching events of oy,. Since QN is sequentially compact,
there is * € Q" and a subsequence {nn. Y of {n,}, such that {n, } — n*,m — oo.
Equivalently, oy, ~— o*,m — oo, where 0* € S is the switching sequence whose

switching events e,«;,7 € N are defined by
¢oi = Pri(Pr;(n")), and A7, ; = Pro(Pr;(n")), (3.2)

where Pr, is the usual ¢-th coordinate projection mapping. Therefore, the set of
limiting switching sequence of ¢ is nonempty. |

It is important to examine the dwell-time properties of limiting switching se-
quences. In the following, we show that for certain classes of switching sequences,
their limiting switching sequences preserve their dwell-time properties. Note that, by

Assumption 3.2.1, we have assumed that the switching sequences are non-Zeno.

Proposition 3.2.2 Let 0 € S be a switching sequence whose running times are all
bounded and let o* € S’ be a limiting switching sequence of o. Then, the following

assertions hold:
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i) if 0 € Sy [14], then so is o* except the first switching event of o*;
ii) if 0 € Sa [Ty, Np), then so is o*; and
iii) if o € Sy |1, Tp] and o is non-Zeno, then o* € S, 1y, T},

Proof: By Proposition 3.2.1, the set of limiting switching sequences of ¢ is nonempty.
Let o* be a limiting switching sequence of 0. By Definition 3.2.3, there is a time
sequence {t,}, such that o;, — o*,n — 0o. Since, for each n, oy, is the ¢,~translate
of o, for each n € N, 0, have the same dwell-time properties as o.

The first assertion is obvious as, for each i € N, {A7,, ;}, is lower bounded by
Ta. We prove the second assertion by contradiction. Suppose that ii) is not true, i.e.,
o* & S, |1y, Np). From definition of S, [, N, this implies that ¢* has a sequence
of N, + 1 consecutive switching events whose running times are all strictly less than
Tp, 1.e., there is 7 € N such that A7, ;; < 7,,Vj € & o {0,1,...,N,}. Since N,
is finite, this implies that there is a € > 0 such that A7, 4, < 7, — €,Vj € 4.

On the other hand, as 0;, — o*,n — o0, for each j € a(, there is a N; such that

ATy, ivj — AToeip| < €/2,¥n > N;. This implies that

ATy it S ATpe i +€/2 <1 —€/2,¥n > max{N; : j € A },Vj € AL (3.3)

However, (3.3) implies that, for sufficiently large n, the ¢,~translate of o, that is oy,
has a sequence of N, 4+ 1 consecutive switching events of the running times strictly
less than 7,. This contradicts to the dwell-time properties of oy, .

We also prove the third assertion by contradiction. Suppose that this assertion is
not true. Then, o* has two switching events e,« ; and e,- j to which 7« j — T« 141 > T
and the running times of all switching events of ¢* between e,«; and e,~ ; are strictly
less than 7,. Let € > 0 be the positive number satistfying (j—i—1)e < T+ j—To= i1 =1}

and A7y« <71, —€,Vk =141,...j5 — 1. Such € exists due to the finiteness of 7 and j
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and the contradiction assumption. Since 0y, — ¢*,n — 0o and i and j are finite, there
is a number Ny € N such that |[A7,,  — A7, <€/2,Vk=i+1,...,5—1,Vn > N,.

Therefore, for all n > Ny, we have A7, 1 < AT« +¢€/2 <1, — €/2, and

Jj—1 j—1
Totnd = Toty,itl = E : ATGtmk > E (ATU*,k - 6/2)

k=i+1 k=i+1

> Tor j—1 — —(j—i—1)e/2>T,. (3.4)

This means that for every n > Ny, the translate oy, has two switching events e, ;
and eg, ; to which 75, ;— 75, i+1 > T}, and the running times of all switching events
between e,, ; and e,, ; are all larger than 7,,. This is a contradiction since all

ot,,n € N belong to S, [1,, T}, |
Proposition 3.2.3 Consider a switching sequence o € S and its limiting switching
sequence o* € S}. Let {t,}, be the sequence to which oy, — c*,n — oco. Then,

lim ( 0'7,0 (tn)+j —1 ) = To-*’j,Vj S N\{O}, (35)

n—oo

and

Oy 44 — 0 ,n — 00,Vt € RT. 3.6
n t

Proof: We prove (3.5) by contradiction. Suppose that the converse holds, i.e., there
are jo € N\{0} and € > 0, such that for every M € N, there is ny; > M such that

—thy — Torjo| > € (3.7)

|T07i; (t”l]\{)—"_jo M

Since oy, ’s are translates of o, by Definition 3.2.1, we have

Jo—1 Jo—1

def
Toty.do — Z ATUt k= o‘za (tn)+ t + Z AT, azg (tn) = ozg (tn)+jo t"‘ (38)
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In addition, as A7, i — ATk, n — 00, we have |A7,,  — ATy,

< 056/(]0 +
1),Vk =0,...,jo— 1 for sufficiently large n. This coupled with (3.8) yields
Jo—1

D (ATg k= ATpei)| < €/2, (3.9)

k=0

’TU’Z;(tn)JF]O - tn - TO’*,jo‘ =

for sufficiently large n, which obviously contradicts to (3.7).
To prove (3.6), let us consider the number i_.(t), and for each n € N, let N,[t,,,t] =

i (t, +1t) —i;(t,). By definition of (-),.

o*

(see Page 28), we have

- i *(t)
t> Toein,(t) = Z ATpe jp = 'r}l—{go Z ATy, K

i (t)—l

o

- nh—>HC}O <To,i; (tn)+1 N tn + Z ATUJ; (tn)+k) <310>
k=1
On the other hand, by Definition 3.2.1, we have
iy (tntt) No[tn,t]—1
O'Zg tn—l—t) - Z ATUk aza (tn)+1 + Z Ar, O"Lo- (tn)+ (311>

AS T, i~ — (tn +1) <t,Vn € N by definition, (3.11) implies that

No[tn,t]—1
t Z To,i;(thrt) - (tn + t) +t= i (tn)+1 t + Z AT, 0'20— (tn)+k" (312)

Taking limits of both sides of (3.12) as n — oo, we have

Ng[tn,t]—1
t=2 lim (T‘M‘E ORELE DY ATo,z‘;(thk) (3.13)
k=1

Comparing (3.10) and (3.13) and noting that 7,. .- ;. > ¢ by definition, we obtain
limy, 00 No[tn, t] =i,.(t) from which (3.6) follows. [
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3.2.3 Limiting Switched Systems

In this subsection, we introduce the notion of limiting switched systems for defining
quasi-invariance of trajectories of switched systems. Let ¥4 be a switched system
defined by either Definition 2.4.2 or Definition 2.4.5, and let S; be a subset of S.

Then, we use X #[S1] to denote the switched system

T[S ¥ (RY, Q, X, {¢g}er S1, ), (3.14)

if ¥ & is autonomous, and the system
Lo[81] € (RY,Q, X, W, {pg}eea: S1,7, ), (3.15)

if ¥ is non-autonomous. When S; = {0} is a single element set, we then write

Y. #[o] for simplicity.

Definition 3.2.4 Let ¥ o be a switched system defined by either Definition 2.4.2 or
Definition 2.4.5. Then, for each o € S, the switched system ¥.»[S%] is said to be the

limiting switched system of the switched system ¥ o[o].

3.3 Qualitative Notions and Quasi-Invariance

The basic problem in studying asymptotic behavior of dynamical system is to locate
attractors of trajectories without solving the system equations. In ordinary dynamical
systems, an efficient approach to solve this problem is to combine invariance properties
of the limit sets of trajectories and the convergence of auxiliary functions [56,59|. As
shown in Section 2.4.3, when there is no jump in the continuous state, the transition
mappings 7, 41(t,ts, ) and T, 44 (1, ts, z, w) are continuous functions of the transition
time t. Hence, the limit sets of trajectories of switched systems are well-defined in

the classical setting. However, due to the dependence on varying quantities o, t,, and
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w, these limit sets are no longer invariant. As such, a primary step is to bring out
another qualitative property for limit sets of trajectories of switched systems.

In this section, using limiting switching signals, we introduce the notion of quasi-
invariance for switched systems. For this purpose, let us realize the notions of attrac-
tor and limit set from the general framework of dynamical systems in Section 2.2.3

in switched systems as follows.

3.3.1 Qualitative Notions

Autonomous

Let 7, = {Z,.a}oes be the transition mapping of the switched autonomous system
Y, = (R, Q, X, {t;}4e0,S, ) with X = R". The latent variable is o. From the rule
of transition (2.9) and Definitions 2.2.4-2.2.7, the following realization of the notions

in Section 2.2.3 are obvious.

Definition 3.3.1 (trajectory) Let x € R", t, € RT and o € S fized. The (ts,0)-

interacting trajectory through the point © is the set Oy, ,(v) = { T5a(t,ts,x) : t € RT}.

Definition 3.3.2 (motion) Let x € R". The (t,ts,0)-motion through x of ¥, is

R, o (2)(t) = T,a(t ts, x).

Definition 3.3.3 (attractor) Let A and D be closed sets in R™. The set A is said

to be the (ts,o)—forward attractor of ¥, with basin of attraction D if
tlim | T5.a(t,ts, z)||4a = 0,Vz € D. (3.16)

In addition, if this property holds for all o € S, then A is said to be the switching-

uniform forward attractor with basin of attraction D of X2,.
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Definition 3.3.4 (w-limit set) Let © € R™ and t; € Rt fized. The w-limit set of

the (ts, o) —interacting trajectory O, »(x) through x of the system ¥, is the set

wio@) = [ | Zoalt.ts ). (3.17)

T>ts t>T

Non-autonomous

As discussed in Section 2.4.3 — Page 33, switched non-autonomous systems arise
when we are interested in the interaction between the dynamics of a part of continu-
ous variables and the combined dynamics of the discrete variables and the remaining
continuous variables. From the general framework presented in Section 2.2.3 and the
definition of switched non-autonomous systems in Definition 2.4.5, realizing the no-
tions in Section 2.2.3 in terms of the non-autonomous continuous transition mapping
Ty a gives rise to trajectories, attractors, and limit sets parameterized by part of the
continuous variables and switching sequences as follows.

Let Jya = {5 na }oes be the continuous transition mapping of the switched non-
autonomous system Yy, = (RT, Q, X, W, {¢,}4e0,S, 7, ) with X = R" and W = R%.
From the rules of forward transition (2.15) and pullback transition (2.16), we have

the following realizations in switched non-autonomous systems.

Definition 3.3.5 (forward trajectory) Letz € R", t, € RT, w € R?, and o € S
fixred. The (ts,w,o)—forward trajectory through the point x is the set Z}S,W (x) =
{Zoaa(t,ts,z,w) « t € RY}. In addition, the family 5%,0: {g’t&wﬁ: w € W} is

termed the non-autonomous forward trajectory through x of ¥y..

Definition 3.3.6 (pullback trajectory) Let z € R*, t, € RT, w € R?, and o € S
fized. The (ts, w,o)—pullback trajectory through the point x is the set Etsﬂw (x) =
{Tsoa(t, ts,x,m(—t,w)) : t € RT}. In addition, the family Etsyaz {%ts’wvgz w e W}

15 termed the non-autonomous pullback trajectory through x of ¥a..
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Definition 3.3.7 (forward motion) Letx € R", t, € RY, w € RY, and o € S fized.

The (t,ts, o)—forward motion through x of ¥, is Sﬁts,a,w (2)(t) = Tpna(t, ts, z,w).

Definition 3.3.8 (pullback motion) Let + € R", t, € RT, w € R, and o € S
fized. The (t,ts,0)—pullback motion through x of Xy, is g:{ts,a,w ()(t) = Tpnal(t, ts, 2,

m(—t,w)).

Definition 3.3.9 (forward attractor) Let A and D be closed sets in R"™. The set

A is said to be the (ts, o, w)—forward attractor of Y., with basin of attraction D if
1tlim | Tonat, ts, x,w)||a = 0,Vx € D. (3.18)

In addition, if this property holds for all o € S, then A is said to be the switching-

uniform forward attractor with basin of attraction D of ¥y..

Definition 3.3.10 (pullback attractor) Let A and D be closed sets in R™. The

set A is said to be the (ts, o, w)-pullback attractor of X, with basin of attraction D
if
tlirn | Toaa(t, ts, x, m(—t,w))|| 4 = 0,Vz € D. (3.19)

In addition, if this property holds for all o € S, then A is said to be the switching-

uniform pullback attractor with basin of attraction D of Yy..

Definition 3.3.11 (w-limit set) Letxz € R" fized. The w-limit set of the (ts,w, o)

forward trajectory 5ts,w,g through x of the system X, is the set

wt37w70'<x> = ﬂ U %,Nﬂ<t7 ts; xy w) (320)

T>ts t>T

In addition, the family 4, »(v) = {wi, wo(T) : w € W} is termed the non-autonomous

forward w-limit set of the non-autonomous trajectory O, ..
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Definition 3.3.12 (pullback w-limit set) Let xz € R™ fized. The pullback w—limit

set of the (ts, w,o)—pullback trajectory %tsﬂ,w through x of the system ¥, is the set

Wrwe(@) = [ U Zomalt,ts, 2, 7(—t,w)). (3.21)

T>ts t>T

In addition, the family 4, »(x) = {wi, wo(T) 1 w € W} is termed the non-autonomous

pullback w-limit set of the non-autonomous trajectory %M.

3.3.2 Quasi-invariance

As analyzed in Section 1.1 and Section 2.4.3, the semi-group property is lost in the
transition mappings of switched systems. Thus, the invariance of limit sets of trajec-
tories is lost in switched systems as well. However, as in the framework of LaSalle’s
invariance principle, invariance property is for refining first estimate of attractors of
the system, it is possible to consider other properties of the limit sets for refinement.

In the next section, we shall show that, for a switched system X » and a switching
sequence o € S, the limit set of any trajectory of the switched system ¥ »[o] is forward
invariant under the rule of transition of the limiting switched systems > »[S;]. For
this reason, we have the following notion of quasi-invariance.

For a set A and a motion R, let R(A)(f) be the set {MR(x)(t) : x € A}.

Definition 3.3.13 Let X, be a switched autonomous system. For a fived switching

sequence o € S, a set A C R" is said to be o-quasi-invariant if there is a 0* € S,

such that Ro o (A)(t) C AVt > 0.

Definition 3.3.14 Let Y, be a switched non-autonomous system. For a fized switch-
ing sequence o € S, a family of sets { Ay }wew in R™ is said to be o-quasi-invariant if

if there is a 0* € S; such that 97{0,0»«@ (Aw)(t) C Ar(pu), Vt > 0,w € W.
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3.4 Limit Sets: Existence and Quasi-invariance

The main purpose of this section is to prove that when there is no switching jump,
i.e., Assumption 2.4.1 holds, the limit sets of trajectories of switched system exist
and are quasi-invariant. In the following we use w_; to denote 7(—t,w) without

embarrassment.

3.4.1 Continuity of Transition Mappings

Lemma 3.4.1 Let Y, be a switched non-autonomous system without switching jump,
i.e., Assumption 2.4.1 hold. Suppose that Q is finite and, for each switching sequence
c€S,zeRweR! and ty, >0, the mapping Ty a(t,ts, v, w_¢) is bounded. Then,

Fna(tyts, T, w_y) is continuous with respect to t.

Proof: Since t; and x are fixed, in this proof, we shall suppose that t, = 0 without
loss of generality and use .7, . (t, w) to denote 7, 44(t,0, z, w) for short.

Since T, na(t, ts, x,w_;) is bounded, there is a constant H > 0 such that
| Toneat s,z woy) || < H,VE € RT. (3.22)

Let By = {¢ € R": ||¢|| < H}. We prove the theorem by contradiction. Suppose
that .7, aa(t, w_;) is not continuous, i.e., there is t* > ¢, = 0 such that J, . (t,w_;) is
not continuous at t*. Without loss of generality, suppose that t* > 7, ;. Then, there

is a number €* > 0 such that for every o > 0, there is t5 > 0 such that

ts — ] < 6 and || Tpalts, w_1,) — Tyaa 0 1)

| > €. (3.23)

By definition of the transition indicator i, (-) in Section 2.4.2; i_ (t*) is the largest

. . . . . def . . .
number satisfying 7, ;- ) < t*, and since ¢ is non-Zeno, * = i, (t*) is finite and

o
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t* € [Tos+—1, Toi+). From definition of 7, ., in (2.14) (see Page 34), we have

'%,Nﬂl (t*7 W _y= f§> = qumi* (t* - To,i*a ’%,7\[2 (Tcr,i* ) 07 Zz, wft*fg)v W(To,i*u W ,<))

def

= 90%,1'* (t* — To,i*, %,Nﬂ (TU,Z'* y W —€)> W g~ =S+ T 4% )7 (324>
and, for each i € K {0,...,7* — 1} and for every ¢, we have
T (To i1, Wy ) = Po,i (AToiy Toxa(Tois Ty W), w(—t*—q+ra,i))‘ (3.25)

Let ¢; > 0,7 € a be arbitrary numbers. From Assumption 3.2.1, the running times
of all switching events are bounded by Ar. Since ¢, ,’s are transition mappings of
ONADS, they are uniformly continuous on the compact set Ar x By x W. Thus, for

each i € a(, there is r; = r;(¢;) > 0 such that

=]+l = 2| + flw =] <7

(t,z,w), (' 2", w') €0, Ar] x By x W

= [|pg,., (8, 2, w) = @q,, (', 2", w)|| < €. (3.26)

Also, since W is compact, 7 is uniformly continuous on W. As such, for each i € a(,

there is a number §,, > 0 such that the following inequality holds for all ¢ € [—0,,, ,,]:
x x Ti
|wotrir, s = Weprmr, | = I (=8 4 7o, w) — (=" — ¢+ 7o, w)|| < 5 (3.27)

Based on the continuity of the transition mappings ¢y, ¢ € Q, combining (3.26)
and (3.27), it follows that for each i € a¢ and for every ¢; > 0, there are r; > 0 and

dr, > 0 such that, for all ¢t € [0, Ar], z, 2" € By, and < € [—§,,,d,,], we have

T
H(ﬂ - 513'/” < §Z = ”(IO(IO',Z' (t? $7w7t*+7'o',i> - SOQU,i(t7x/7w*t**§+To-,i> < €& (328)
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Let r;« be a design constant to be specified later. For each ¢ € a(, let ¢; > 0 and
ri(€;) be successively defined in such a way that €; < 1;11/2. Let Oy = min{d,, : ¢ €

« }. Note that 7, = 0. Using (3.27) with ¢ = 0, we have

T
|AT,0 — Aol + ||z — 2| + |w—pr — w_pe || < Eo,vg € [=Oumins Omin. (3.29)

Thus, applying (3.26) yields

||<7079\M(7-0,17 w—t*) - %,9\[2(7-0,17 w—t*—§) || = ||90qa,0 (ATU,()? T, w—t*)

T
- @qa,o(ATa,Oaxa w—t*—g)” S €0 S EI,VC S [_5min7 5min]- (330)

This coupled with (3.27) applying for i = 1 implies that

|Tcr,1 - TO‘,1| + Hf%,?\(ﬂ(TU,lawft*) - Z’,.’?\[ﬂ(T(f,l? wft*fc)”

+ wat*ﬂ'a,l - w*t**C‘FTU,IH < 71,6 € [~Omin; Omin)- (3.31)

Then, applying (3.25) for i = 1, we obtain

|| %77\62 (70,2? w—t*> - ‘%,Nﬂ (T0,27 w—t*—<> H = ||90qa,1 (ATUJ? %,Nﬂ (TG,lv w—t*>> w—t*+ATa,1)

- SOqg,l(ATa,b %,Nﬁ(Ta,la w—t*—g)a w—t*—<+AT(,,1)|| <€,V € [_5min7 5min]- (3.32)
Since €; < 1;41/2,Vi € a, continuing this procedure, we arrive at
||<%,7\[ﬂ(7—0',i*7w—t*) - %,Nﬂ(Ta,i*a w—t*—g)” S €ix—1, V§ S [_5min7 5min]- (333>

Due to the continuity of ¢, .., there is a number r;« such that in the compact set

[0, Ar] x By x W, we have

[t =t + [l =2 +[lw—w'l| <rie = [l@g, . (7, w) =g, . (¢, 2, 0)]| < €/2. (3.34)
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As €1 < 1 /2 by construction, combining (3.24), (3.33), and (3.34), we have

||f%r,7\(ﬂ(t*7 wft*) - %,Nﬂ(t*awft*fg)u S 6*/27v§ € [_6min7 5min]- (335>

Furthermore, as Q is finite and ¢,, ¢ € Q is continuous, there is a 7. such that in

the compact set [0, Ar] x By x W, we have

[t+t' |+ o+ ||+ lw—w'|| <re = |log(t, z,w)—p,(t, 2, w')|| < €/2,Vq € Q. (3.36)

This coupled with the condition that there is no switching jump leads to

| Topa(t” + 6w ) = Toa(t', Wy )[| < €/2 (3.37)

for sufficiently small ¢. Combining (3.37) and (3.35), we obtain

| Toaa(t™ + S w_pe ) — Toa(t™, W)

| <€ (3.38)

for all sufficiently small ¢. This contradicts to (3.23). Thus, we conclude that

Ty na(t,w_y) is continuous with respect to ¢. [

3.4.2 Existence and Quasi-invariance

Theorem 3.4.1 Let ¥,, be a switched non-autonomous system satisfying condition
of Lemma 3.4.1. For each o €S, v € X CR", and t; > 0, suppose that the pullback
trajectories Zts’w,a () are bounded for all w € W. Then, for every w € W, the
pullback w-limit set wy, 4 - () is nonempty and compact. In addition, T a(t,ts, x, W)

approaches wy_ ., 5 () ast — oo.

Proof: In this proof, we also use .7, 1 (t, w) to denote 7, ya(t, ts, x,w) for short.



3.4. Limit Sets: Existence and Quasi-invariance 54

Since ;ts%a () € R™ are bounded for all w € W,t, € R*, for every time
sequence {t,},. the sequence {7, xa(t,, w_¢,)}, C R" is bounded. By the Bolzano-
Weierstrass’s lemma there exists a subsequence {n,, },, of {n}, such that the sequence
{Tona(tn,,, w_s, )}, converges to some point z* € R™ which obviously belongs to
Wi, wo(x) by Definition 3.3.12. Thus, wy, 4 () is non-empty for all w € W.

As wy, o (x) C R™, we shall prove its compactness by showing that it is bounded
and closed. Firstly, since wy, 4, () consists of limits of points in bounded trajectories
Ztawﬁ (x),w € W,ts € RT, it is bounded. We proceed to prove the closedness of
Wi, w0 () by considering a limit point y of wy, ., »(z). By definition, there is a sequence
{yn}, C Wi, wo(x) such that y, — y,n — oo.

Let 7 > 0 be any finite number and let {¢,},, be any sequence satisfying ¢, —
0,n — oo. For each n € N, let k, € N be the integer such that |lyx, — y|| < en/2.
Such an integer exists as y, — y,n — oco. For an index k,,n € N, as yx, € wi, wo(2),

there is a time sequence {tgf”) }., such that
Tooin (L, w_tgfm) = Yk, M — OO0, (3.39)

From the sequences {tw’f”)}m, n € N, let us define the time sequence {t, },
as follows. Applying (3.39) for n = 0, there is a time #, € {tgi(’)}m such that
| T aia (tgs Wtyy,) — Ynoll < €0/2. From ty,, applying (3.39) for each n € N\{0}, we

obtain the times t;, € {tg,’f”)}m that satisfies || T xa(tr,, Wty ) = Yk

< &,/2 and
tkn > tkn,1 +T.
Obviously, {tx, }, is a time sequence as its elements are separated by 7. Thus, by

construction, we have

||<%7N/q(tkn7 w_tkn) - y” S ||‘%'79\[ﬂ(tkn7w_tkn) - yk'n” + ||ykn - y” < €n7vn 6 N (340>
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As &, — 0,n — o0, (3.40) implies that 5 a(tw,, w—y, ) — y,n — o0, ie,
Y € Wy, wo(r). Thus, wy, () is closed and hence, with its boundedness, is compact.

We prove the last assertion of the theorem by a standard contradiction argu-
ment. Suppose that the converse holds, i.e., there is a time sequence {t,}, and
a number € > 0 such that || T, xa(tn,ts,z,w) — y|| > €,Vn € Ny € wy, 4o(2).
Since { T, xa(tn, ts, x,w)},, is bounded, it has a subsequence converging to some point
x* € R™ which is obviously an element of wy, 4 () by definition. This is a contra-

diction and hence the assertion holds. [ |

Theorem 3.4.2 (quasi-invariance) Let X, be a switched non-autonomous system
in which the discrete set Q is finite and there is no switching jump. Lett, € Rt x €
X C R", and 0 € S fixed. Suppose that the non-autonomous pullback w-limit set
O, o () exists and all limiting switching sequences of o are non-Zeno. Then, 4, ,(x)

18 O-quasi-1nvariant.
Proof: We provide a constructive proof of the theorem. Consider a point y €
Wi, wo(x). By Definition 3.3.11, there is a time sequence {¢, }, such that

y= lm T, ya(tn,0,2,w_4,). (3.41)

n—oo

It follows from Proposition 3.2.1 that there is a subsequence {t,,, },, of {t,},, such
that o, — 0™ as m — oo. Thus, Proposition 3.2.3 implies that oy, 4 — o0;,Vt €

R*. Hence, by virtue of Definition 3.2.1, we have

def def
Yo,iz (ta+t)+i = Dotng+ts 7 ot = Yoz, (t)+5

vVt € RT,Vj € N. (3.42)

By definition of the transition indicator (-),. (see Page 28), i_.(0) is the last index

o*

satisfying Tomina(0) < 0,1ie, T« ; =0,¥5=0,...,i,.(0) and Toeim (041 > Tov i (0)" In
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view of Definition 3.2.1, this also implies that

v AT, Arp =0,m — 00,¥j = 1,...,i5.(0) — 1, and

AT

O,ig (tnm

m

def
Toiz(tn )41 — bnm = ATy 0= ATge g =0,m — o0. (3.43)

Let Tym,,(0) = 0. By virtue of (3.43), for each k = 1,...,i.(0), the following

number converges to zero as m — oQ:

k—1
Fomnm(k) =Y A, . (3.44)
7=0

Using Definition 3.2.1, it is computed that i_ (t,,, +7s.n,. (k) = i, (tn,, ) +k. Hence,
as 0y, — o and the functions ¢,,¢ € Q are continuous, we obtain the following

equality for k =1i_.(0):

llm %7Nﬂ (tn'm + ;f-o-vn"L (k)7 O’ l‘? w_tnm)

=t ooy BT k-t Toa(tnn + Ton, (k= 1),0,2,0-,,),w)
= lm Fyua(tn,, + Fom (b —1),0,2,0_;, ). (3.45)

As i,+(0) is finite, repeating the above equality for £ = i_.(0) — 1 until £ = 1, we

eventually obtain

1lm %79\&1 (tnm + %U7nm (Z;* (0))7 07 x? w_tnm) = y (346)

m—00

)—{—AT

Since ATatn Tty i (0)

m ,i;* (0) - A7—(7"'< ,7:;* (O) we have t+ Tgvi(r,a'* (t”m) S Tgvi(r,a'* (tnm

for sufficiently large m, and hence i, (t + T, _.(t..) = Go,0* (tnn) = iy (tn,,) + ig+(0)

oo

for sufficiently large m. In addition, by virtue of (3.44), we have i, o= (t,,,) o i (tn,, +

Tonm (1g+(0))) = i5 (tn,,) + 15:(0) and t,,, + Ton,, (i5+(0)) = Toi, . (t,,)- Hence, for a

time t € [7,. Torim. o)1) = [0, ATU*J;*(O)], applying (3.42) for t = j = 0 and

o i (0)7 Toi,
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using the construction (2.14), we obtain

Treaalt,0.9,0) = 9y (6 im Tyalla, + T (i (0)), 0,20, ), w)

«(0)

- mh—l’;%o gpqa* ,i;* (0) (t’ %’Nﬂ <Ta’io’d* (tnm) ’ 0’ .T, w_t”m _%Uynm (z;* (0)) )7 w)
= m e, (trim )i 70 (0) (t, To1(Tasig g () 0 Wiy o ) ), w)

)

- TT]L.E%O %77\[2 (t + Tavio,a* (tnm)> 07 Z, w_Ta i

g, (tnm,)

)+t)- (3.47)

- lim %,Nﬂ (t + Ta,igyo* (tnym )2 07 x, U}—(t-i-'r(,,i(r o

m—00 tnm)

Ast+7,; — 00, m — 00, the last equality of (3.47) shows that 7, .. (t,0,y,w) €

0% (tnm)
Wi, r(tw),o- Lherefore, () is o-quasi-invariant on [0, A7, o]. Repeating the above
argument for subsequent time stages of o*, the conclusion of the theorem follows. W
By virtue of Theorem 3.4.2, the quasi-invariance property is independent of the
“past time” t, of the switching sequence. Since autonomous systems are non-autonomous

systems with constant transition mappings. The following results are straightforward

from Theorems 3.4.1 and 3.4.2.

Corollary 3.4.1 Let ¥, be a switched autonomous system in which the discrete set
Q is finite and there is no switching jump. For each o € S, x € X C R", and
ts > 0, suppose that the trajectory Oy, ,(x) is bounded. Then, the w-limit set wy, ,(x)

1s nonempty and compact.

Corollary 3.4.2 Let ¥, be a switched autonomous system in which the discrete set
Q is finite and there is no switching jump. Lett, € RT, x € X CR", and o € S fized.
Suppose that the w-limit set wy, ,(x) exists and all limiting switching sequences of o

are non-Zeno. Then, wy, ,(x) is o-quasi-invariant.

To close this section, let us mention that except non-Zeno requirement, Theorem
3.4.2 applies to switching sequences possessing zero running times. In switched sys-

tems without dwell-time, arbitrarily short running times are possible and hence the
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limiting switching sequences tend to exhibit switching events of zero running times.

As such, the generality of Theorem 3.4.2 is obvious.

3.5 Invariance Principles for Switched Systems

Since the work [90], the invariance principle has taken a central role in the quali-
tative theories of dynamical systems. Though the most lucid result is dedicated to
autonomous dynamical systems and the invariance property of the limit sets of system
trajectories is normally lost in more general classes of dynamical systems, the frame-
work of [90] remains of increasing impact [58,9,10,11,55,101,26,62,63,13,107, 126].
This is due to the fact that, in locating attractors of the system, the invariance of
limit sets plays the role of refining the first estimate of the attractor obtained from
examining behavior of the auxiliary Lyapunov function. Therefore, though invari-
ance is the defining property of attractors, there is no restriction in choosing other
properties of the limit sets for refinement.

In this section, from the quasi-invariance property of trajectory of switched sys-
tems proven in the previous section, we develop further invariance principles for
switched systems. The main improvement in comparison to the existing results lies
in the relaxation of the switching decreasing condition. We first prove the result for
switched non-autonomous systems, and then present the results for switched non-

autonomous systems as consequences.

3.5.1 General Result

Notations

In the following ¥,, is the switched non-autonomous system defined in Definition
2.4.5, where the discrete set Q = {1,...,q¢"} is finite, X C R™ and W C R? are

topological spaces, and is the identity mapping with respect to its third argument,
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i.e., there is no switching jump. In this merit, we shall drop the discrete transition
mapping  and denote the switched non-autonomous system by the hexad X,, =
{RT,Q, X, W, {¥;}4eq, S, ) without embarrassment.

We shall use the term non-autonomous set to refer to a mapping & : W —
P(X) taking values in the set (X)) of subsets of X' [53]. For convenience, we also
denote the non-autonomous sets as a family of subsets of X parameterized by W,
ie., @y = {A, : w € W}. For two non-autonomous sets 4y = {A,twey and
By = {By}wew and a w € W, the set 24y is said to be contained in %)y at w and
denoted @y C, Py if A, C B,. If A, C B,,Yw € W, then .44, is said to be
contained in %) and denoted @4y C Byy.

For each w € W, we shall call R, (-)(t) : X — X the w-motion in X" of the
ordinary non-autonomous dynamical system with transition mapping ¢ described in
Definition 2.2.3. As usual R, ,(D)(t) = {R,w(2)(t),z € D}, and R, o {Roww e
W} is called a non-autonomous motion.

The non-autonomous set 2y = { Dy, fwew, Dy C X is said to be forward invariant
under the non-autonomous motion R, if Ry, (Dw)(t) C Drgw), VEt € RT,Vw € W.
The set %)y is said to be a common forward invariant set for the switched non-
autonomous system X, if it is forward invariant under the motions of all constituent
systems ¢4, q € Q. If p is a property of sets, then the non-autonomous set @y =
{Ay }wew is said to have the property g if all A, w € W has this property. We say
that the set o is the largest set satisfying property g contained in the set %, at
w € W if for every set o), satisfying g contained in %)y at w, we have &7’y C,, Fy.
If for each w € W, C,, is the largest set satisfying g contained in A,,, then the set
Gy {Cy }wew is said to be the largest set satisfying g contained in <#y.

When o and t; are fixed a priori, we shall use the notations w; and 7,(t, z)

to denote 7(t,w) and I, ya(t,ts,x, w_;), respectively. In the context of the modern

theory of non-autonomous systems |[8,29], 7, can be interpreted as the pullback



3.5. Invariance Principles for Switched Systems 60

motion toward the limit set at w.
Let V7 and V5 be functions from R™ to R, the relative variation between 1} and

V, at t; and ¢ along the pullback motion 7, (t, z) is

Var[Vi, V) (Z, @) = [Vi( T (tr, 7)) — Va( T (t2, ). (3.48)

Finally, a switching sequence o € S is said to have a persistent dwell-time 7, if it
has infinitely many switching events of running times no less than 7,,. Such switching

events are called dwell-time switching events of o.

General Invariance Principle

Theorem 3.5.1 Let X, be a switched non-autonomous system in which every switch-
ing sequence in S has a persistent dwell-time. Suppose that Dy = { Dy twew, Dw C
X is a common forward invariant compact non-autonomous set of Yy, and D =
N D #0.

Let GIX,R; W] = {guw}twew and V(X , R;W] = {V,  }wew,q € Q be families of
functions in which gy, Vyuw,w € W,q € Q are continuous functions from D,, to R.
For each q € Q, letrq,, = sup{Vyw(z) : 2 € D, gy(z) <0} if {x € D : gy,(x) <0} #0
and rq,, = —00, otherwise.

Suppose further that there are nonnegative constants 61 and 0o such that for any
fized initial state x € D, any fived time t, and any fized switching sequence o € S,

the following properties hold along the trajectory T, (t,x),t € RT:

i) in any switching event (qyi, AT,;),1 € N, if ¢, € [0,A7,;] are such that

G > < and gy( T (7o +5,2)) > 0,5 = 1,2, then

Vi i0(Tw(Toi +1,2)) 2 Vi (T (7o + <2, )5 (3.49)
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ii) for the sequence of dwell-time switching events {(qm?, ATg’i?)} of o satisfying

J

Gu( T (1,2,2)) > 0, we have

o,
>3

lim sup supVarT:iE Vi s Ve o wl (T, x) < 01,and (3.50)

j—oo  k>j B Tk

lim sup max Varl H[VZI s Vg ‘7(>7w](%,x) <dy.  (3.51)
o',z._l 077«-71 g,ig (T

j—o00 te[Ta,i@ 1+1’Ta,i(1.)]
J— J

Let 1y, = max{r,, : ¢ € Q}, &, = {Lu~}twew,7 € R be the non-autonomous level
sets defined as Ly, = {C € Dy, 3q € QV,u(C) < 1y + 250+ 61 or V(¢) €
[y = 02,7 + 61 + 6]}, and A, o {M,, . }wew be the largest (t,, 0)-quasi-invariant set
contained in L, at w.

Then, F,(t,x) converges to the set M, o U, er M,y ast — oo.

Proof: Let us first prove the boundedness of the pullback trajectories Z’tw ().

Consider a time ¢ € [0,7, ;- )1 — ts]. As Dy is forward invariant for all g4,q € Q

) o,

and D C D,,,Yw € W, from the construction (2.14) (Page 34), we have

(t,z,w_y) =R w (T)(t)

iy (ts) Py i (s

6 m@q W—t (Dw—t)(t) C D’UHVt G [07 Td,i;(ts)+1 - ts] (352)

%,Nﬂ (ta tsa x, w—t) = qu
oy (ts)]

To continue, let 4;; denote the number i, (7, ;- ;). We note that 7, =

T

0—77;;

(t.)+1 but 051 # i (ts) + 1 in general due to possible zero running time switching

events at 7 1- As o is non-Zeno, Ton (41 > Tojiz, by definition.

o (ts)+
We now consider a time ¢ € [Tgvi;l — s, Tois 41— ts] = [T, (t)+1 — bss Toiz  +1 — ts).

Clearly, i  (t — t,) = 4 ,. From the construction (2.14), we have

t%,?\[ﬂl(t7 tS) x, w—t) - SOCT,i:_’l (ts + t— Ta,i;’ly %,Nﬂ(To,iéyl - ts; x, w—t), w—t—&-’rg’i; 1—ts)-
(3.53)

By expressing w_; = Wy s —to)—(tott=Tp s ) and using (3.52), we have %Jm(ﬂ,’i;’l —
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bo, @, W_pr . —,) € D This coupled with (3.53) and the forward in-
Vo,l

’LU_(ts—Q—t—TG i 1) .
iy,

variance property of %y shows that for all ¢ € [7, ()1 — s, Toiz +1 — ts], we have

%,Nﬂ (t, tsa x, wft) € 900,1';71 (ts +t— Ta,i;la Dw,(tertf-,— . )7w7t+7'a’i* 17ts) € Dw' (354>
g o,

From 77,

Dy, ¥t > 771 In summary, J;a(t,ts,v,w_) € Dy, Vt > 0. Thus, ag,wc D,

repeating the above procedure, we conclude that 7, .. (¢, ts, v, w_;) €

and hence is bounded. Applying Theorems 3.4.1 and 3.4.2, the pullback w limit set
4, »(2) is nonempty, compact, and o-quasi-invariant.
We proceed to show that if there is a sequence {Vq o w(Tw(To40 )}y satistying
in in

Vi o w(T(Tep ,x)) > 1 , w,Vn €N, then there is a number v € R such that
T, in o',ljn

Vin

v+ 6 > hmsup\/z] p 7w(%<7'072-? ,x)) and hmlanq - 7w(yw(7'a7i;> ,x)) > . (3.55)

n—oo n—0oo

Indeed, from (3.50), there is a number N € N such that

Ty iD

VarT im [Vq P ,V}la (T, ) < 61,¥m > N, (3.56)
Yin N “im
which implies that
o M(%(T”? x)) >V, M(%(TM? ,x)) — d1,Vm > N. (3.57)
O-’ij Iim o,sz YiN

As N and z are fixed, (3.57) shows that the sequence {Vq a M(ﬁ (1, i L T))

is lower bounded. Thus,

v =liminfV; 7w(%(7},7i? ,)) (3.58)

exists and hence the last inequality in (3.55) holds true.

To prove the first inequality in (3.55), we suppose that its converse holds, i.e.,
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there is € > 0 and a sequence {7/}, satisfying

Vi o w(T(Topm ,x)) 27+ 01 +6Vn €N (3.59)

In n

On the other hand, by definition of 7 in (3.58), there is a sequence {j/},, satisfying

Jn>gn.¥n € N and

Vi, (FaTois, @) < 7+ 5,50 €N. (3.60)

oi?,
’Jn
n

Combining (3.59) and (3.60) yields,

Ta,iz.7 €
sup Varr [V, o w, Ve o wl(Tw,x) > 61 + = (3.61)
Jm > i 7 m 2

Taking limit of the left hand side of (3.61) as j/, — 0o, we obtain a contradiction
to (3.50). Thus the first inequality in (3.55) also holds true.

We now estimate the converging region of the following composite function

Ve

O W

)=V, _

o,ig (

o Tu(t,x)),t = 0. (3.62)

For t > 0, let j7(t) = max{j € N : Toin < t}, ie., @], is the index of the
switching even closest and before ¢. Let { jl,n},]yzo be the sequence of all indices j € N

o,
>

satisfying Vi, w( (7540, 7)) <71y, w- We have the following cases.
’Zj cr,zj

Case 1: N = oo. In this case, we initially show that, for each n € N, we have

jl,n 7jl,n

‘/;I(7 D fLU(yw(t?x)) S Tq .» ,wvvzf € [Tcri” y Toi? +1]‘ (363>
it oﬂjl,n ?

ln

Suppose that the converse holds, i.e., there is a time ¢ € [r,;» ,7,» 4] and a
7Jl,n 7]l,n

number € > 0 such that V, . (Z(t,z)) > 1y , w+e Then, as Vj,q € Q and

Ii,n Il,n

T, are continuous (proven in Lemma 3.4.1), the time tq = inf{t € [7,;» ,7,» 1]
iln Il
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Vo, w(Tu(t,x)) 271, w+ €} exists and satisfies to > Toir - By condition ii),
l,n

Jin Jin

we have V, 4 (TM-?M) >Vy ., w(to) >ry , w which is a contradiction.
Jl n ’ Jl n Jl n

Using the above proven property, we have the following expression

.Z‘)) _VZJMD 7w<9(7-01” +17$))

) g, )
Tl 7t in Jin

oV, wlr, f"“(%,x). (3.64)

+1

<V y ,w(g(’roi'ﬂ ))+Var[V i

q, ;0
]l n L, L Jl n Uyljl,n“’l ]l sn

Taking limits of both sides of (3.64) and using (3.51) yields

Hminf Ve o w(Tu(Toi ,2)) <limsupVy ,  w(Tu(7s

> D
1 .
n—00 il et n—00 T+ Vit

l')) < 7Tyt (52.

41’

(3.65)

Let {jun}n be the sequence of all indices j € N such that V;  .,(Z (7, ) x)) >

gm0 Clearly, {jin + 1} C {Jun}n- Combining (3.55) and (3.65), we arrive at

hmsuqu o~ w( T (TUzD7[E)) <max{7’w,hm1nf‘/;1 - ’U,(%(Ta’i? ,x))+ 01}

]—>OO ]u n u,n

< max{r,, hm mf Voo w(Tu(Toin @)+ 01} Sy +02+ 61 (3.66)
R

J[ ntl

From condition i) and definition of r,,, we have

Veal) = Ve, ol Zolth ) = Vol Tl 12,7))

+ V;l i w(%(tvx)) - ‘/qv,if_’ (),w(%(Ta,i?’_( )+1? 33’))
i T

Vo - wl(Tw,z). (3.67)

. ,w 3
SE[T, » » ] 7=t Goit_ V"7 iz o)
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Taking limits of both sides of (3.67) and using (3.66) and (3.51), we obtain

limsup Vi, (t) < 7y + 202 + 01 (3.68)

t—o00
Case 2: N < oo. In this case, there is a number M such that Vi, o T (T, i) x)) >
45
Tq, ws VJ = M. Thus, according to (3.55), there is a number + such that
,’Lj

v+ 01 > limsup Vg p w( T (Tmp,x)) and liminf Vo (7 (ijm,x)) > . (3.69)

j—o0 Jj—00

Using (3.51), (3.67), and the first inequality of (3.69), we have

limsup Vi, (t) <+ 61 + o (3.70)

t—o0

In addition, from the first equality of (3.67), it follows that

w Ve (T 1), (3.71)

— max Var? V.
[ q D +17 qo’,i;(s)’

o, To,i? o i ()
RN RO EaCH ’

from which, using (3.51) and the last inequality of (3.69), we have

liminf Vi, () > v — . (3.72)

t—o00

We now consider a limit point of the trajectory y € wy, 5., (). By definition, there
is a time sequence {t, }, such that

= lim T, ja(tn, ts, x, w_y,,). (3.73)

n—oo

Since Q is finite, there is an index ¢* and a subsequence {t,, },, of {t,}, such that

iz (1, ) = ¢ Vm € N. Since the function V- is continuous, using (3.68) in the case
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N = 00, we obtain

m—oo  lojiy (tnm)

(F(tng, ) € (Voo T + 202 + d1], (3.74)
and using (3.70) and (3.70) in the case N < oo, we have

Vir(y) = lim V,

m—oo g (tnm)

(%(tnm, I)) € [’}/ — (52,’}/ + (51 + 52] (375)

for some v € R, where V_.,,, = inf{V, () : ¢ € D,,q € Q}.

Let us define the following level sets

Luy={C € Dy:3q€Q,Vyu(() <ruy+ 2054 61 or Vy(C) € [y — 02,7 + 61 + b2}
(3.76)

From (3.74) and (3.75), we have y € L, ,,,Vy € wi, ou(), L., U, o(2) Ty L.
Since €, »(z) is o-quasi-invariant, we also have € ,(x) C #,. Therefore, wy, 5. C
M,,. Since wy, 5., () is compact, we have 7, (t,x) — wy, ,.(2) and hence the conclu-

sion of the theorem follows. [ |

Discussion

Invariance principles in qualitative theories of dynamical systems aim at locating
attractors of the systems by firstly estimating region of attraction achieved through
convergence of Lyapunov functions and then further refining this estimate in terms
of invariance properties of limit sets. In this framework, the smaller the convergence
region of Lyapunov functions is, the more precise estimate of attractor is.

As discussed in Chapter 1, the existing results on invariance principles for switched
systems impose the switching decreasing condition on Lyapunov functions, i.e., the

Lyapunov functions are decreasing along the active time of their respective constituent
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systems [63,13,107]. Exploiting this condition, the Lyapunov functions are all uni-
formly decreasing and hence good first estimates of attractors are guaranteed. How-
ever, as discussed, the trade-off for the theoretical interest of the switching decreasing
condition is expensive: applicability of the corresponding results is considerably re-
stricted.

Under the above practical consideration, the general result in Theorem 3.5.1 makes
no decreasing requirement on periods of persistence. As presented, the natural ap-
proach for dealing with the respective difficulty is to estimate the diverging behavior
in terms of the converging behavior achievable on dwell-time intervals. The underly-
ing observation in developing the principle is: as Lyapunov functions are continuous
functions of state variables, their variations on bounded time intervals are bounded
if systems have no finite escape time. As shown in Figure 3.1, at the starting time
of a dwell-time switching event, it is always possible to determine the decrements
needed for maintaining convergence. For persistent dwell-time switching sequences,
as the desired minimum length of the running time of dwell-time switching events is
guaranteed by 7, it is possible to estimate the growth in persistent periods and then
design an appropriate control for achieving the desired decrements as long as diverg-
ing periods remain bounded. Without involving control design, this observation is
formulated in terms of bounded ultimate variations in condition ii) of Theorem 3.5.1.
The generality of condition ii) lies in the fact that in the setting of classical dynamical
systems, i.e., V., are identical with respect to ¢ € Q, g,,(z) = 0, and i) is satisfied,
this condition automatically holds with d; = d5 = 0.

We note that, similar to the notion of small-time norm observability of switched
autonomous systems [63] stated for norms of system state and output, we study
convergence in terms of small-variations small state to which condition ii) of Theorem
3.5.1 is presented. In general, if a trajectory converges to some region (neighborhood

of origin in [63]), then the limit of diverging segments of the trajectory must stay
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Figure 3.1: Composite Lyapunov function

around this region. The consideration on ultimate variations in condition ii) is to
reflect the fact that this desired detectability property is satisfiable for systems without
finite escape time plus with bounded destabilizing periods.

We note that the condition (3.50) is also of practical relevance. This condition
seems to be necessary for converging behavior of any continuous dynamical systems.
It is obvious that this condition automatically holds for §; = 0 for ordinary dynamical
systems possessing Lyapunov functions and switched systems satisfying the switching
decreasing condition which guaranteeing the convergence of all Lyapunov functions.
On the other hand, at its high level of generality, this condition seems to be difficult
to verify. However, as it is imposed on dwell-time intervals, it is satisfiable by control
design. This shall be illustrated in Part II of the thesis - Advanced Control. Also, the
consideration of the functions g,,w € W is of practical interest. In control systems
with inherent uncertainties, converging to small neighborhoods of an equilibrium —
described by g, w € W — is more realistic than achieving asymptotic convergence to
this single equilibrium.

The expense for the generality and the relaxation in Theorem 3.5.1 is the set
estimate of attractor (3.76). Due to the allowance of destabilizing behavior on persis-

tent periods, set estimates were achieved instead of single curves/manifolds as in the
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classical qualitative theories of ordinary dynamical systems [56,90]. However, rich
information on the structure of the attractor is carried on the level sets (3.76). As
shall be presented in the next subsection, under less general conditions, (3.76) can be
exploited to obtain stronger results.

To close the presentation of the general invariance principle, let us mention that
the function Vg, in the above proof of Theorem 3.5.1 is a function of time. As
the trajectory of Vi, (t) is the concatenation of the Lyapunov functions V,,’s of
constituent systems, we appropriately call Vi, the composite Lyapunov function for

the ease of reference.

3.5.2 Case Studies

In this subsection, we demonstrate that using further properties in specific situations,
stronger results can be obtained from Theorem 3.5.1. As switched autonomous sys-
tems are switched non-autonomous systems with one-element base space W = {w},
the first result is a direct application of Theorem 3.5.1 for a version of invariance
principle of switched autonomous systems. The last two results are to show that once
the dwell-time property of limiting switching sequence gives stronger results while

preserving applicability to general switching sequences.

Theorem 3.5.2 Let Y, be a switched autonomous system in which every switching
sequence in'S has a persistent dwell-time. Suppose that D C X is a nonempty common
forward invariant compact set of X,. Consider the continuous functions V;, : D —
R,qeQ and g: D — R. Let r, be sup{Vy(z) : x € D,g(z) <0} if {r € D : g(x) <
0} # 0 and be —o0, otherwise.

Suppose further that there are nonnegative constants 9, and do such that for any
fized initial state x € D, any fived time ts, and any fized switching sequence o € S,

the following properties hold along the trajectory x(t) o Fpalt ts,x),t € RT:

i) in any switching event (qyi, AT,;),i € N, if ¢, € [0,A7,;] are such that
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G > ¢ and g(x(75: +;)) > 0,7 = 1,2, then

Vi (2(Toi +61)) = Vo, (2(704 + 62)); (3.77)

ii) for the sequence of dwell-time switching events {(qm-;v, ATg,i?)} of o satisfying

J

g(x(To—,i;?)) > 0,Vj € N, we have

limsupsup |V, (2(75,2)) = Vo, (@(752))| < d1,and (3.78)
j—ooo k>4 M T S ’
lim sup max Vo o (@(To50 41)) =V - )(x(t))‘ < 0y. (3.79)
i1 -1 g,ig (T

j—00 te[To,ig?_l-o—l’T 7.?]

Let r = max{r, : ¢ € Q}, L,,v € R be the level sets defined as L., = {C eD:
dg € Q,Vy(¢) <7 +25 461 or Vy(C) € [y — 02,7 + 01 + 02]}, and M, be the largest
(ts, 0)-quasi-invariant set contained in L.,

Then, x(t) = I, 4(t,ts, x) converges to the set M def M, ast — oo.

Proof: As ¥, is a switched non-autonomous system with one-element base space
W = {w} in which the rule of autonomous transition is m(t,w) = w,Vt € R. It
is obvious that under conditions i) and ii), this non-autonomous system satisfies
conditions of Theorem 3.5.1. Thus, the result is obvious. [

In the following invariance principle, dwell-time property of the limiting switching

sequences gives stronger results.

Theorem 3.5.3 Let ¥, be a switched autonomous system satisfying conditions of
Theorem 3.5.2. In addition, suppose that the set' S}, of limiting switching sequences of
o is contained in S,[r,). Let r = max,sup{V,(z) : x € D,g(z) < 0}, and L,,v € R
be the level sets defined as L, = {C € D :dqg e QV,(C) <r+dorV,(Q) €

[y = 02,7+ 61]} }, and M, be the largest (ts, o)-quasi-invariant set contained in L..

def

Then, T, 4(t,ts,x) converges to the set M = | g M, ast — oo.

yER
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Proof: Let us consider a limit point y € wy, ,(x). By Definition 3.3.4, there is a
sequence {t,}, such that

y = lim ,(t,,1,, ). (3.80)

n—oo

As known from the proof of Proposition 3.2.1, there is a subsequence {t,,, },, of
{t,}, and a limiting switching signal ¢* of ¢ such that o;, — ¢*,m — oco. Without
loss of generality, we suppose that o, — ¢*,n — co. By condition of the theorem,
o* is a dwell-time signal in S,[7,].

Consider the case {t,,, }, has infinitely many elements contained in non-dwell-
time switching intervals, i.e., Afmg(tnm) < 7 for infinitely many m € N. Let us
label the sequence of all such elements as {t% },.. As oy, — 0* € S,[1,], we have

AT

O,ig (t%m)

— 0,m — oo.

For each t € R, let i, (¢) be the index of the dwell-time switching event in o
before and closest to t, i.e., i, (t) = max{i € N: Ar,; > 7,,7,; < t}. By definition of
thy We have £ > 7 -0 ), ¥m € N.

Since all switching events between i, (t% ) and i, (t2 ) are non-dwell-time and
Sy C S,[mp), we have
lim (t2 — 7, ) =0. (3.81)

m—oo Tim 0,2, ( nm,

Therefore, by the continuity of the mapping .7, , we have

y = nll_rgo Tty tssx) = MM T5 (7, - 40 s, @) (3.82)

vip (th)
m— oo AN

In view of (3.82), we suppose that all elements of {t,,, }.» belong to dwell-time
switching intervals of ¢ without loss of generality.
As Q is finite, there is a ¢* € Q and infinitely many numbers tzm such that

Qpizr ) = 4" According to the proof of Theorem 3.5.1, we have either, in view of
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0

51
@

Figure 3.2: Level set L,

(3.64) and (3.65),

Voo =inf{V () : ( € D,q € Q} < liminfV, (Z6,4(Tp iz (1 )2 L )

osig (tnpm)

= Trngnoo an,i;(t% ><‘%vﬂ(tfwm’ ts;x)) = Vo ()
< limsupV, - >(ﬂg,ﬂ(tnm,ts,cc)) <71+ 0y (3.83)

or, in view of (3.55) and (3.79),

v+ 61 > limsupV, (Z0:a(Ty iz (1, 1o 15, T))
m—oo osig (tnm) ro \tnm
>l Vo (Tl tex) = Vi (4)
> liminf V . )(%ﬂ(tnm,ts,x)) > liminf V, e >(‘%7ﬂ(7_a,i;(tnm)+l’ts7x))

Z lim inf ( <an,i; (trm) (%,H (7—0.71'; (trgm, )+10 ts; x))

m—oo
— ‘/;a,i;(tnm-Fl) (%7ﬂ(7-0',i; (tnm)_,’_l, ts, iL‘)))

+ an,z‘;unmﬂ) (‘%72(Ta,i;(tnm)+l7 ts, 93))) >y — 2. (3.84)

Combining (3.83) and (3.84), it follows that y € L, and hence the conclusion of

the theorem follows. [ |
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The level set L, in Theorem 3.5.3 is depicted in Figure 3.2. As can be predicted
from Figure 3.1, due to vanishing separation between dwell-time switching intervals,
the behavior of the system is eventually governed by the limiting switching sequence
and hence good estimates of attractors can be achieved while general switching se-
quences are permitted. By the following theorem, we show that under the usual
conditions on Lyapunov functions, classical analogues of estimates of attractors are

obtained.

Theorem 3.5.4 Let Y; be a switched autonomous system in which every switch-
ing sequence in S has a persistent dwell-time. Suppose that D C X is a nonempty
common forward invariant compact set of X, and there are continuous functions
Vo D — R,q € Q such that for a fized initial state v € D, a fized time ts, and a
fized switching sequence o € S,[1y,,Tp] C S, the following properties hold along the

trajectory I, 4(t,ts,x),t € R*:

i) Voo (Toa(Toi + s1,ts, 1)) < Vo, (Toa(Toi + G2its, 1)), V61,6 € [0,AT,5],q <

§27i € N;

ii) for the sequence of dwell-time switching events {(qg’i;;, ATU’if;)} of o, we have

J

‘/;1 -m(‘%fﬂ(Ta,if’?tmx)) Z ‘/;] -fp(“%,ﬂ(T -z,ts,l')),\V/k,j S N7k > j? and (385>
oy

0.2 J 0,

limsup  max V. (e%,ﬂ(To,i{l s, 1)) — Vg

q, ;»
o,i%
’Ta,i@] e
J

(Z,a(t,ts,x))| = 0.

j—»oo te[To,i'[f j—1 J Uﬂ'; (t)

j—1

(3.86)

Let L,y € R be the level sets defined as L, = {¢ € D : 3¢ € Q,V,(() = v}, and M,

be the largest (ts,0)-quasi-invariant set contained in L.,.

Then, T, 4(t,ts,x) converges to the set M aof Uyer M, as t — oo.

Proof: From (3.85), {V;_ ,(Z5.a(7,2,1s,2))}; is a decreasing sequence. In addition,

o,
>

as Vg, ¢ € Q are continuous, and D is compact and common forward invariant compact
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set for X,, this sequence is lower bounded. Thus, there is a number v € R such that

v=1lim V, (Z5a(T,.ts, %)), (3.87)

j—00 q“ﬂ; J

and hence condition (3.78) of Theorem 3.5.2 is satisfied with ¢; = 0.
Let g(x) = 0, then all conditions of Theorem 3.5.1 are satisfied. Applying Theorem
3.5.1 are satisfied and substituting 6; = d3 = 0 and r = —o0, we have the conclusion

of the theorem. [}

3.6 Examples

In this section, we provides examples to demonstrate applications of the introduced
invariance principles in locating attractors of switched systems using auxiliary func-
tions. It shall be demonstrated that by examining non-autonomous attractors, con-
verging to the origin behavior can be achieved. We also show in Example 3.2 the

existence of limit cycles in switched systems.

Example 3.6.1 (The Non-autonomous Case)

In this example, we consider the switched non-autonomous system >,, whose con-

stituent systems are described by the following differential equations.

.fl To — 1'1(337% + l‘% — U}l)
1 - =
To —3x1 — 2w9(32% + 23 — wy)
T 4wy — a1 (23 + 425 — wy)
To —x1 — xo(x + 423 — wy)
where w = [w;, wy]T is the time-varying parameter generated by an autonomous

def

system 7 on some compact set W C R% Let \(w(t,w)) = On(t,w)/0t, and let V,, be
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the non-autonomous Lyapunov function whose components are
Viw(®) = (323 + 23 — w1)?, Vau(2) = (23 + 423 — wy)?,w € W. (3.89)

Let ¢i(t,x,v) = [pi1(t,7,v), pia(t,z,v)]T,i = 1,2 be the component transition map-
pings of ¥,,. For a fixed w € W, the time derivatives of V;,,,7 = 1,2 along the pull-
back trajectories at w of the constituent systems ¢;, which are ¢;(t, z,w_4),w_; =

m(—t,w), can be computed as

OV w(x)

Dj%’w(QOj(t,x,w,t)) = 3x

0p;
o T ) (3.90)

P (=10

def

Let [, &7 € o1 (t, m,w_y) and [(1, )T % po(t, 2, w_,) for short. Since  is an

autonomous system on compact set W, there is a function g, (z1, x2) > 0 satisfying

(en,z2) 2 max (]| (FAw))

(,t c R}. (3.91)

v=n(—t,w) ‘

A direct calculation according to (3.90) yields

D1 Vi < —2(687 +485) (367 + & — w1)? + 290,0(&1, &)13E7 + & — wil,

DaVayw < =2(2G7 + 8G5)(CF + 4% — wn)? + 2900 (G, G2)ICT + 4G5 — wal.  (3.92)
In view of (3.92), let us consider the function g, (z1,zs) satisfying

Guw(T1,22) < miin{gw(xl, 19)}, V (21, 72) € R?, (3.93)
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where

G1w(T1,22) = 335% + x% — |wi| — 1/ go.w(z1, T2)

g2,w(I1, xz) = 95% + 4x§ - ]w2| - go,w(ﬂﬁhxz)- (394)

Obviously, if g, (w1, 2z2) > 0, then 622 + 422 — \/go.w (71, 22) > 0 and 227 + 83 —

9o.w(1,2) > 0, which lead to

DiViy < =2(66 +48 — 24/ gow(@1, 22)) (3 + & —w1)? <0,
DyVaw < —2(2C7 4 24¢5 — 24/ Go.w (w1, 22))(CF +2¢ — wy)? < 0. (3.95)

As such, for g,(x1,x2) > 0, Vi, and Vs, are decreasing on running time of their
respective constituent systems. Therefore, the switched system X, satisfies condition
i) of Theorem 3.5.1.

On the other hand, using (3.90) and Young’s inequality, we have

DaViw < 236G + ¢ — w1) (22016 — (662 + 4G3)(CF + 4Gz — )
+ 200G 1362+ G — wil
< 203G+ G — w)(6G + 4G + 463 — 3 — wa)
+ 290,06, G)I36E + G — wil
< -2(3G + G — w)(6 +4G)(CF + 463 —wa) + 63 + G — wy)

X (6¢F 4 4¢3 — w1) + 6w (3¢F + ¢F — w1) + 290,0(C1, ¢2)[3¢F + GG — wil.

(3.96)
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Figure 3.3: Forward attractor.

Since W is compact and /go.w(C1,¢2) < (3¢ + G — wi) when g,,((, () > 0,

(3.96) further leads to

DoViw < 6(3¢7 + ¢ —w1)(6¢F + 465 — wy) + 6w (3¢ + G — wy)

< cnViw + ciav/ Va,ws (3.97)

where ¢1; and c¢q9 are positive constants. Similarly, there are constants c; > 0 and

C29 > 0 such that

D1V < c1Vouw + 224/ Viw, (3.98)

provided that g,,(&1,&2) > 0. Directly solving (3.97) and (3.98) on persistent dwell-
time intervals and, in view of (3.97), (3.98), and (3.95), making the persistent dwell-
time 7, sufficiently large with respect to the period of persistence T}, it is obvious

that condition ii) of Theorem 3.5.1 is satisfied.
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Figure 3.4: Pullback attractor of ¥, at w = [wy, wy]T = [8.5,16]T.

]

-3 I I I I I I
-3 -2 -1 0 1 2 3 4

Figure 3.5: Convergence via non-autonomous attractors
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In simulation we choose T}, = 0.4s and 7, = 1s. The time-varying parameters w;

and wy are taken as the output of the chaotic system

m=0o(n—m)
n2 =m(p—mn3) — N2
13 = MmNz — B13,

w = [\/n§+1,\/n§+1f, (3.99)

where o = 10, 5 = 8/3, and p = 28 are constants.

As shown in Figure 3.3, the switched system X,, exhibits a chaotic behavior and,
as the forward attractor is determined by the specific dynamics of w, no conclusion
on the influence of w on the behavior of system state x can be made using forward
attractor. However, as shown in Figure 3.4, the above limitation of forward attractor
is removed by using pullback attractors. By pushing the initial value wy = 7(—t, w)
backward from w = [wy, w,]T, the limit set of the pullback trajectory is well-estimate
by the level sets shaped by limit cycles 3z? + 3 = w; and x? + 473 = w, of the
constituent systems.

In addition, since the non-autonomous w-limit set at a w € W can be interpreted
as the container of the system state at the current time if the system has run suffi-
ciently long. It is well concluded that for under any parameter w that converge to zero
as t — oo, the system state x(t) shall converge to the region {¢ € R" : g,,({)|w=0 < 0}

as t — o0o. This fact is shown in Figure 3.5, where w was generated by the system

. 0 02
£= [ ]57 w=[&,&]". (3.100)
03 —0.7

Example 3.6.2 (Autonomous Case)
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I ! {

\\ - _ -
= ey
-2+ \ u

Figure 3.6: Limiting behavior of switched autonomous system X,

In this example, we consider the switched autonomous system ¥, whose constituent

systems are described by the following differential equations.

l"l To — %1(31)% + Z'g — 14)
T - =
To —3x1 — 2w5(32% + 23 — 14)
T 4oy — zy (23 + 225 — 16
o b= 2~ niled + 2 —16) (3.101)
To —11 — 3wo(2? + 223 — 16)

Using the Lyapunov functions V; = (327 + 23 — 14)? and V, = (2% + 225 — 16)?,
it is verified that the sets Oy = {(z1,72) € R? : 322 + 22 — 14 = 0} and O, =
{(z1,79) € R* : 22 4+ 225 — 16 = 0} are attractive invariant sets of m and Ty,
respectively. They are limit cycles of the corresponding constituent systems. A direct
computation shows that Vi <0and V<0 along the trajectories of their respective
systems and hence condition ii) of Theorem 3.5.2 is satisfied. In simulation a dwell-

time switching sequence was used so that condition i) and ii) of Theorem 3.5.2 can
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be satisfied as well. The function g was selected as g(z1,x2) = min{Vj(z), Vo(z)}
and the running times of m; and 7y are generated randomly in intervals [0.8,0.9] and
[1.2,1.4], respectively. As shown in Figure 3.6, the attractor of the system is well

estimated by the set O; U Oy U { (21, x2) : g(x1,22) < 0}.



Chapter 4

Invariance: Time-delay

This chapter aims at a qualitative theory of switched time-delay systems. The delay-
dependent systems are modeled as switched autonomous systems without switching
jump on the Banach space of continuous functions. The qualitative notions are de-
fined in the Banach space and the converging conditions are stated in the Euclidean
space. Treating period of persistence and delay-time on an equal footing, decreasing
condition is imposed in the Banach space without conservativeness. Invariance prin-
ciples are presented for both delay-dependent and delay-free switched systems. The

general class of persistent dwell-time switching sequences is again of primary interest.

4.1 Motivation

Infinite dimensional dynamical systems arise in applications where any finite collection
of parameters is not sufficient to describe the system dynamics. Practical examples of
such systems range over biological, physical, and engineering systems [36, 59,145, 81,
113,68,54,31|. Systems in which infinite dimensions are called upon the past state are
usually termed time-delay systems or retarded systems. Bearing in mind the hybrid

nature of contemporary dynamical systems, one might develop a qualitative theory

82
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for switched systems with time-delay as a natural advance.

The stability theory of time-delay systems has a long history [59, 89, 113, 54].
Plentiful achievements in this area include Lyapunov-Krasovskii functional method
[83], Lyapunov-Razumikhin function method [59], and invariance principles [57,55,67].

In the qualitative theory of time-delay systems, the long-term behavior is usually
studied by the functional approach in the Banach space of continuous functions for
a richer theory, and is studied by the function approach in the Euclidean spaces for
applicability [58,59]. While the functional approach addresses the issues on com-
pactness of limit sets, the Lyapunov-Razumikhin function approach aims at a relaxed
decreasing condition on Lyapunov function for less conservative results.

We would mention that switched systems with time-delay have been studied re-
cently [108,158,100,153]. While [153]| restricts to switched linear systems with dwell-
time, [158] and [100] adopt the approach of [154] with the inherent conservativeness
in the context of switched systems. In particular, the satisfaction of the difference in-
equality at discrete times in [158,100] requires the knowledge of the discrete dynamics
and hence these results become restrictive in the context of switched systems.

Though the general framework of qualitative theory for hybrid systems in [108§]
applies to switched time-delay systems, the semi-group condition on trajectory be-
comes restrictive in the context of switched systems. A qualitative theory of switched
time-delay systems exploiting basic observations of the original LaSalle’s invariance
principle and addressing the loss of the semi-group property of trajectories in the
continuous space remains open.

Motivated by the above consideration, we develop in this chapter a qualitative
theory for switched time-delay systems. The qualitative notions are defined in the
Banach space and the converging conditions are stated in the Euclidean space. It turns
out that, in switched time-delay systems, relation between time-delay and period of

persistence can be exploited for further converging conditions.
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4.2 Preliminaries

We shall adopt some standard notations from [59]. Let [a,b] be an interval in R.
Then, €(|a, b], R™) is the Banach space of continuous functions mapping the interval
[a,b] into R™ with the topology of uniform convergence, i.e., a sequence of function

{f.}, in € ([a,b],R™) is said to converge to a function f € € ([a,b], R") if

lim sup |[f(z) — /()] = 0. (4.1)

N0 rela,b]

The norm for elements in % ([a, b], R™) is designated as

LIV = sup{llf(2)[| : = € [a, 0]}, Vf € €([a, b], R"). (4.2)

Let T, € R be a retarded parameter. The space €' ([—T,,0], R"™) shall be denoted
by %,. Suppose that ¢ € € ([to — T,,to + T],R™) for some ¢ty € R and T € R*. Then,

for a t € [tg, to + T, 1 is the function in %, defined by

¢t(§) = ¢(t + §),VC S [_TT7 O] (43>

The distance from a point ¢ € %, to a set A C €, is dist(¢,.A) o |olla =

inf{lo — v : v € A},
For the ease of reference, let us adopt the following notions and result in topology

from [108] for the space € ([a,b], R™).

Definition 4.2.1 ( [108]) A subset F of € ([a,b],R") is said to be equicontinuous if

for every € > 0, there is a number § > 0 such that

v,y € la, 0] v —yl <0 = [|f(z) = fy)l <eVfeF, (4.4)

In addition, F is said to be uniformly bounded if there is a constant H > 0 such that
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IfIl < HVfeF.

Theorem 4.2.1 (Arzela-Ascoli — [41]) Let F be a subset of € ([a, b], R™). Suppose
that F is equicontinuous and uniformly bounded. Then, F is precompact, i.e., the

closure CI(F) is compact in € ([a,b], R").

We shall say that a subset A of some topological space X is compact covered if
there is a compact subset B of X that contains A.
For a function V' mapping R” into R, we shall attach the superscript § to V' to

indicate the function V? mapping %, into R defined as

VEi(¢) = sup V(¢(0)), ¢ € %, (4.5)

s€[-Tr,0]

Finally, throughout the chapter, the discrete set QQ is supposed to be finite.

4.3 Switched Time-delay Systems

We shall restrict ourselves to the autonomous case for simplicity of exposition as, by
virtue of the general results in Chapter 3, the more general result is obtainable. Thus,
no issue on the autonomy should arise, and we shall call switched time-delay systems

without embarrassment.

4.3.1 The Model

Let T, € RT be a fixed number. Adopting Definition 2.4.2, we have the follow-
ing notion of switched time-delay systems as switched autonomous systems without

switching jump whose manifest space is X = %,..

Definition 4.3.1 (switched time-delay system) A switched time-delay system is

a hexad

2, = (RY,Q, %, {tg}ecn,S), (4.6)
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where Q is a discrete set which is the space of the discrete signals, 6, is the space of
continuous functions mapping [—1,,0] into R™ with topology of uniform convergence,
Y, RY X 6, — €,,q € Q are ordinary autonomous dynamical systems on 6,, and S

s a collection of switching sequences.

The transition mapping 1,,q¢ € Q in the above model of switched time-delay
systems can arise in systems described by retarded functional differential equations

(RFDES) of the form

Ry @(t) = fo(we),q € Q, (4.7)

where f, : €, — R",q € Q are continuous functions. In fact, consider an index
g € Q. It is well-known from [59] that if f, takes bounded sets of %, into bounded
sets of R”, then for any initial condition ¢ € €, the solution z(¢) € € ([—r, 00),R")
of (4.7) is well-defined, unique, and continuously dependent on initial condition, and
the transition mapping v, : R X €, — %, ¢ — x:(¢) is well-defined and satisfy the

semi-group property

wq(t + S, ¢) = wQ(t7¢q(S? ¢))7Vt7 s € R+a ¢ € Cg?" (48)

Suppose that the transition mappings 14, ¢ € Q of the switched time-delay system
¥, are generated by equations (4.7). The evolution of 3, can be described as follows.
Given a switching sequence o € S whose sequence of switching events is {(q¢,.i, AT,4) };-
From the initial condition ¢y € %, at some initial time ¢y, the systems evolves under
the law R,_, given by (4.7) with ¢ = ¢,,0 until the time ¢; = ¢+ A7, is reached. Since
Ry, , is autonomous, according to [59], the trajectory zq ,(¢o) : [=T;, AT,0] — R

generated by R, , on [tg, 1] is well-defined, unique, continuous, and independent of

qdo,0

to. Thus, the transition mapping v, ,(t) o (7g,0)t(d0),t € [0, AT, 0] is well-defined

and continuous on [0, A7, ].
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Let us recall that 7,,; = Z;;B AT, ;. At the time ¢;, the system X, changes the
rule of transition from R, , to R, ,. Since z,, ,(¢o) is continuous on [T}, 7,,], the
initial condition ¢ = (&g, ,)ar,,(P0) for the new transition rule R, | is well-defined
and belongs to €. As such, the trajectory zq ,(¢1) : [Toq1 — T, Toq + ATpq] — R?
generated by R, , on [t1,t2],ta = t1+ AT, is well-defined, continuous, and is uniquely
determined the by the initial condition ¢y through ¢;. From ¢, the process continues,

and we obtain the continuous mapping z(-, zg) : [=T5, 00) — R® defined by
l'(t, ¢0) = x‘]a,i (¢Z)(t — Ta,i)at € [tl — Tr, tiJrl],i € N (49)

Since z(t, ¢y) is continuous, by [59, Chapter 2, Lemma 2.1], (¢, o) = ¢

(=

Yoiz ()
T,iz () is continuous on ;.

In summary, the model (4.6) well describes the switched time-delay systems whose
laws of motions are given by (4.7). Hereafter, we shall deal with switched time-delay

systems using the model (4.6).

4.3.2 Transition Mappings

Suppose that the switching sequence is non-blocking. From the general setting of
switched autonomous systems in Definition 2.4.2, for each switching sequence o and
initial time ¢, € RT, the following transition mapping %, , : RT x 4, — €, of

switched time-delay system (4.6) is well-defined from (2.7) and is continuous.

wqi;(t5> (ta x) itt e [07 Toiy (ts)+1 — ts]
Treo(t,0) = b, (bt t—Tpicgosny To(Toiz oy — tsrtss®)) - (410)

ig (ts+t)

ift>r .

O,ig (ts)+1 B ts

We shall alternatively call .7, ,(t, ¢) the trajectory in the space €, of ¥,. Clearly,

under the transition (4.10), the following trajectory is continuous and uniquely defined
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in the state space R" of the system:
T2, RY = Rt T, ,(t,¢)(0). (4.11)

We shall use .7, , for studying qualitative notions and use ,Zd)g for studying

converging conditions of X,,.

4.3.3 Derivatives along Trajectories

Let a € R be a fixed number. Consider a continuous function z : [a — T}, 00) — R",
which we call a trajectory in R”, and continuous functions V : R* — R and V? :
%, — R. For each t € [a,00), we have the function x; : [—7,,0] — R", which we call
a trajectory in %, defined as x4(s) = z(t +¢),s € [-7,,0]. For a time t € [a, ), we

have the following Dini derivatives [59, 156]:

V(z(t+h)) = V(z(t))

DV (x(t)) = lim sup : : (4.12)
D"V (a(t)) = msup Viw(t+ h)})L — Vizt), (4.13)
D*Vi(z,) = lim sup Vi h)h_ Vi), (4.14)
D Vi(z,) = lim sup Vh(xt*’l)h_ Vi) (4.15)

We shall call DYV (z(t)) and D~V (z(t)) respectively the upper-right and upper-left
Dini derivatives at ¢ of V along the trajectory x(t), and D*V%(z;) and D~V¥(xz,)
respectively the upper-right and upper-left Dini derivatives at ¢ of V* along the tra-
jectory x;. For a switching sequence o € S, we are interested in the following notion
of derivative at t of V' along the trajectory z(t):

DtV (x(t)) if t € {7, ,;},

D,V (x(t)) = ’ (4.16)
max{D+V (x(t)), D~V (x(t))} if t € R*\{r, .},.
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4.3.4 Qualitative Notions

Adopting the qualitative notions of the general dynamical systems in Section 2.2.3,
we shall bring out the qualitative notions for switched time-delay system X, using
the transition mapping .7, , defined by (4.10). We first clarify that, in the general
framework of the transition model, the manifest space in 3, is W, = %, and the

latent space is W, = S.

Definition 4.3.2 (trajectory) Let ¢ € 6,, t; € RT and 0 € S fivred. The (ts,0)-
interacting trajectory through the point ¢ of ¥, is the set O, »(¢) = { T, o(t,¢) : t €
R*}.

Definition 4.3.3 (motion) Let ¢ € 6,. The (t,ts,0)-motion through ¢ of ¥, is
mt570—(¢)(t) = ‘%37U(t7¢)'

Definition 4.3.4 (attractor) Let A and D be closed sets in 6,. The set A is said

to be the (ts,o)—forward attractor of ¥, with basin of attraction D if
tlirn | %0 (t, d)]|a=0,Yp € D. (4.17)

In addition, if this property holds for all o € S, then A 1is said to be the switching-

uniform forward attractor with basin of attraction D of ¥,.

Definition 4.3.5 (w-limit set) Let ¢ € €, and ty € R fized. The w-limit set of

the (ts,o)—interacting trajectory O, »(¢) through ¢ of the system 3, is the set

wio(@) = [ | Zoolt ). (4.18)

T>ts t>T

4.4 Compactness and Quasi-invariance

Compactness of the limit sets of trajectories is an important issue in the general

qualitative theory of dynamical systems [57,58]. Different from dynamical systems
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on finite dimensional spaces, boundedness of trajectories generally does not ensure
compactness for the limit sets in Banach spaces. In addition, similar to delay-free
systems, switching events causes the loss of the semi-group property and hence, the
limit sets of switched time-delay systems are not invariant as in the classical time-
delay systems [57,59].

In this section, we shall adopt the compact covering condition in [58] for the com-
pactness of limit sets of trajectories of switched time-delay systems. Then, limiting
switching sequences introduced in the previous Chapter 3 are further applied to study

invariance property of these limit sets of trajectories.

4.4.1 Compactness

Theorem 4.4.1 Let X, be a switched time-delay system. Suppose that for fized ¢ €
6r 0 €8S, and ts € RT the interacting trajectory Oy, ,(¢) is covered by a compact
subset of €,. Then, the limit set wy, ,(¢) is non-empty and compact. In addition,

Fr..0(t, @) approaches wy, »(¢) ast — oo.

Proof: Since 0, ,(¢) is covered by a compact subset of %,, for any time sequence
{t,.}.., the sequence {.Z, ,(tn, )}, has a subsequence {7, ,(tn,,, ®)},, that converges.
Therefore wy, »(¢) is nonempty.

We proceed to prove the compactness of wy, ,(¢) by showing that wy, ,(¢) is closed.
Suppose that {¢,},, is a sequence of functions in wy, ,(¢) that converges to ¢* € €,
as n — o0o. Let 7 > 0 be any finite number and let {¢,}, be any sequence converging
to zero as n — o0o. As ¢, — ¢*,n — oo, for each n € N, there is an integer k, € N
such that ||¢g, — ¢*|| < €,/2. For each k,,n € N, as ¢y, € wr, »(¢), there is a time
sequence {t$™}, such that

lim |7, (%) ¢) — .,

m—00

=0. (4.19)
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From the sequence {tgf”)}m, n € N, let us define the time sequence {ty, },, as fol-
lows. Applying (4.19) for n = 0, there is a time t;, € {tﬂf(’)}m satisfying || 7, o (tros @) —
Oroll < €0/2. From t,, applying (4.19) for each n € N\{0}, we obtain the times
tr, € {th™}  that satisfies | Tt 0 (thys @) — Or, || < €n/2 and ty, >ty , + 7.

Obviously, {tx, }» is a time sequence as its elements are separated by 7. Thus, by

construction, we have

[Tt (thns @) = 7|1 < N T o (bhs @) = Phall + [Pk, — 07[| < €0, ¥R €N (4.20)

As ¢, — 0,n — oo, (4.20) implies that Z, ,(tk,,.¢) — ¢*,n — oo. Hence,
" € wi, »(¢) and wy, »(¢) is closed accordingly.

Since Oy, ,(¢) is contained in a compact subset of %, the set of limit points
of O, »(¢) including those in wy, ,(¢) is contained in this compact subset. Thus,
wt, »(¢) is contained in a compact set of %,. This coupled with the closedness of
wt, »(¢) implies that wy, ,(¢) is compact.

We prove the last assertion of the theorem by a contradiction argument similar to
[57]. Suppose that the converse holds, i.e., there is a time sequence {t,, },, and a number
€ > 0 such that ||.7, »(t,, ) —¢*|| > €, Vo € wy, ,(¢). Since {F, »(tn, @)}, C O, 0(0)
belonging to a compact subset of %,, there is a subsequence {.%, ,(t,., ®)},, that
converges to some ¢* € %, which is obviously an element of wy, ,(¢). This is a
contradiction, and hence the assertion holds. [ |

In Theorem 4.4.1, the technical condition on compact covering of the trajectory
Oy,.-(¢) is imposed. This condition is adopted from the qualitative theory of dynam-
ical systems on Banach spaces [58]. The following theorem asserts that this condition
can be satisfied if the transition mapping in the state space R™ of the system is

bounded and uniformly continuous. We refer to [41] for topological concepts.

Theorem 4.4.2 Let >, be a switched time-delay system whose component transition
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mappings Vg, q € Q are generated by RFDEs (4.7) with f,,q € Q mapping bounded
sets in 6, into bounded set in R™. Suppose that, for fized ¢ € €,,0 €S, and t, € RT,
where ¢ being uniform continuous on [—T,,0], the transition mapping Z?U defined

in (4.11) is bounded. Then, the trajectory Oy, ,(¢) is compact covered.

Proof: Since {ﬂtfa(t) e R":t e [-T,,00)} is bounded, there is a constant H such
that H > ||Zig(t)||,Vt € RT. Thus, the trajectory 0, ,(¢) = {Z.,(t,0) €E, : t €
R*} is uniformly bounded by H. Since the functions f,, ¢ € Q are continuous and take
bounded sets in 6, into bounded sets in R™, the right hand sides of (4.7) are bounded
for all time and for all constituent systems. This implies that 2‘%(1&) is uniformly
continuous on individual running times of switching events. However, as there is no
switching jump and the number of elements of Q is finite, this further implies that
,Zia is uniformly continuous on [—T,,00). Thus, it is obvious that the trajectory

0, -(4) is equicontinuous on [~T},0]. As .7,°

5,0

is bounded, applying Arzela-Ascoli
theorem, we conclude that Oy, ,(¢) is precompact and hence the conclusion of the

theorem follows. [}

4.4.2 Quasi-invariance

In this section, we shall introduce a notion of quasi-invariance for switched time-delay
systems using limiting switching sequences introduced in Chapter 3. We shall show
that the limit sets of trajectories of switched time-delay systems are quasi-invariant.
The main complexity lies in the arguments for uniform convergence in function space
%,. In the following, for each t; € R* and o € S, the notation .7, , has the obvious
meaning from (4.10). Thus, we have the following definition without involving the

notion of motion.

Definition 4.4.1 Let X, be a switched time-delay system. For a fived switching
sequence o € S, a subset A C 6, is said to be o-quasi-invariant if there is a limiting

switching sequence o* € S% of o such that for each ¢ € A, T+ (t,¢) € AVt > 0.
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In the following theorem, the argument using Arzela-Ascoli theorem for proving
uniform convergence of continuous functions in the space %, is adopted from [58].
The main difference from the classic results lies in the use of the transition mapping

T, 0 in dealing with the loss of the semi-group property of the system trajectories.

Theorem 4.4.3 Let X, be a switched time-delay system. Let t, € RT, ¢ € €, and
o €S fized. Suppose that the trajectory Oy, ,(¢) is compact covered and all limiting

sequences of o are non-Zeno. Then, the limit set wy, ,(¢p) is o-quasi-invariant.

Proof: Consider a point ¢* € wy, »(¢). By Definition (3.3.4), there is a time sequence
{t,,},, such that
lim |7, o (tn, ¢) — ¢ = 0. (4.21)

n—oo

It follows from Proposition 3.2.1 that there is a subsequence {t,,, },, of {¢,},, such
that oy, — o as m — oo. For switching sequences o;, ,m € N and o*, we have
the following notations and facts recalled from the proof of Theorem 3.4.1.

i) o, w1+ — of,Vt € RY,

.- def def .
W) izt 4145 — Gotnpsrs — Qo7 = Qo= im, )40 V0 € RT, VG €N,
iii) 4,.(0) is the last index satisfying 7,. ;- ) <0, i.e, 75 ; = 0,Vj = 0,...,7,.(0)

and TU*,’i;* (0)+1 > TU*,’i;* (0),

. def . -

iv) ATo,i;(tnm)ﬂ' = A7, = AT =0,m —o00,Vj=1,...,i.(0) — 1,
LIA ATpin =0

V) Tz (tam) 1~ b = Doy, 0 = ATgeg = 0,m — 00,

Vi) Ty, (0) is designated the value 0 and

k-1
Tomm (k) &f Z ATy, j—0,m —o00,Vk=1,...,i.(0), and
=0

vil) i (tn,, + Tom, (k) =i (tn,,) + k.
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We shall show that

W ([T ot + T (13- (0)),6) = 6]l = 10 (| Too(ryi . 0) = 6] =0,

(4.22)

Where Z.Uﬁ'* (tnm) déf /L; (tnm + %Uynm (Z;* (0))) = Z; (tnm) + Z;* (O)

In fact, suppose that for each k € {0,...,i,.(0) — 1}, there exist ¢} € %, such

that

1m0 (| (b + T (F). 8) — 65 = . (4.23)

From the construction of the transition mapping .7, , in (4.10) and the designation

of 7,,,, in the fact vi) and vii) above, we have

'%S»U(tnm + %Uynm(kl + 1)7 ¢) = ¢q (ATU,i;(tnm)+k7 257U(tnm + %U»nm(k>7 QS))

(4.24)

0yig (tnm ) +k

Since the trajectory O, ,(¢) is contained in a compact subset of ,, Q is finite,
and A7 .- (tn )4k 1S arbitrarily small for sufficiently large m, (4.24) implies that for

each € > 0, there is a M € N such that
||°757U(tnm + %Jynm (k + 1)7 ¢) - %57U(tnm + %Uan'rn(k‘l)’ ¢)|| < 67 vm Z M (425)
This together with (4.23) show that

hm || Z, o (tn,, + Ton, (k+1),0) — ¢l = 0. (4.26)

m—0o00

Starting at k = 0 with ¢ = ¢*, applying (4.26) successively for k € {0,...,i,.(0)—
1}, we obtain (4.22). Then, we proceed by considering a time ¢ € [7,. ;- ©0)7 Tom i, (0)+1) =
[0, AT, - (5)) and computing the following limit

lim ,%S,U (t + Tosiy o (b )+ ¢) (4.27)

m—00
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a't,nm ,IU

As AT, - ) & ATU*’Z-;* (0)» We have, for sufficiently large m, ¢ + 7o, . (t,,) <

To,i

slo,o* (t”m

)—}—AT

Ttnm 7i;* (

o) and hence, i, (t+7oi, . (tn,) = oo (tn,) = iy (tn,,) +ig-(0).

)

Thus, from the construction of the transition mapping 7, , in (4.10), we have

%s,o(t + Ta,i(,,c,* (trgm, ) ¢) - ¢q (t7 %S,J(Ta,imo* (trpm ) ¢>>

i (b )+ (0)

def 1

- @qua*’ t, ‘715570(7-071'0,0* (tnym )2 ¢)) = ?ﬁnm(t% (428)

i7.(0) (

for all m > M for some M € N.

Since t € [7,. i~ (0) To i (0)+1) is bounded by Ay, the functions 1,,q € Q are
continuous, and the trajectory O, ,(¢) is bounded by a compact subset of %, for

every € > 0, there is a 0 > 0 such that

W, o S Trr (T et ) = . (b T (T et D)

i74(0)
= [[¢5,,(t+<) =5, ()]

= . ()t O] <eVse .8t € DA (4:29)

which clearly implies that the family {¢} (¢)},, is equicontinuous.

In addition, as €y, ,(¢) is compact covered, {11 (t)},, is uniformly bounded as
well. Thus, according to Arzela-Ascoli theorem, there is a subsequence of {t¢,, },.,
which is again labeled by {,,, },, and a continuous function ¢*(t) such that ¢ (¢) —
#"(t), m — oo uniformly with respect to t € [0, Ar].

Since ¢4, ¢ € Q are continuous and t € [0, Ar], from (4.22), we have

N N O A C ) EE N (3 |

= lim ||}, (6) =, , _  (t¢7)|=0. (4.30)

Jise (0)
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Thus, for any ¢ € [T,. ;= 0y, Tor i~ (0)1+1): We have

[ i @)t 67) = SO = [Vge =, 0yt 8") = 5, Ol + 105, (8) = (D). (4.31)

In view of (4.30) and the fact that ¢ (t) — 1%(t), the right hand side of (4.31)
converges to zero as m — 0o, and hence wg*ﬂ; ) (t, ¢*) = ¢*(t). Clearly, by virtue of
(4.28), ¢*(t) € wy, o(¢). As such, Ve i~ (0) (t,0") € wy, o(0),Vt € [Ta*yi;* 0 T iz, (0)+1)-

Repeating the above argument for subsequent time stages of o, the conclusion of

the theorem follows. [ |

4.5 Invariance Principles

The purpose of this section is to present an invariance principle for switched time-
delay systems and its application for further converging criteria of delay-free switched
systems. By virtue of the qualitative theory presented in the previous chapter, it is
possible to develop a qualitative theory for switched time-delay systems in the Banach
space %, using Lyapunov functional approach as in the classical theory of time-delay
systems [86,59]. However, we are interested in the Lyapunov-Razumikhin function
approach for practical relevance. The main issue thus lies in the relaxation of the
decreasing condition on Lyapunov functions, e.g., condition ii) of Theorem 3.5.2,
which is restrictive in the context of time-delay systems [57].

For a trajectory x(t, ¢) o Z‘%(t) in the space R" of a switched time-delay system,

let us define the functions th 16, — R, q € Q as follows.

Vi(m) = sup V,(a(t+5,0)). (4.32)

§€[_TT70]

Throughout the chapter, whenever the period of persistence 7, is involved, we

suppose that the delay time 7, is no smaller than T,.
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4.5.1 Main Result

Theorem 4.5.1 Let X, be a switched time-delay system. Consider compact subsets
D and G of R", continuous functions V, : G — R,q € Q, a class-KC function (3, a
constant oy > 0, a function ¢ € €, satisfying ¢(s) € D,Vs € [-T,,0], a time ty € RT
and a switching sequence o € Sy, Ty, where T, < T,.. Let z(t, ¢) = Zig(t),t e Rt

be the tragectory in the space R™. Suppose that the following conditions holds

i) z(t,¢) is uniformly continuous with respect to t and x(t,¢) € G,Vt € RT;
ZZ) ‘/‘11 (:C) S ﬁ(‘/q2(x>>7vq17QQ e @Jx e Rn;

iii) along the trajectory x(t, ¢), the functions Vy(x(t, ¢)),q € Q are everywhere Dini

differentiable with respect to time;

w) along the trajectory x(t, ¢),t € R™, we have

(@(t+s,0) <V, _ (@(t,0)) = DoV (x(t;0)) <0; (4.33)

oig () )

sup V, _
GE[-Ty,0] O

v) for the sequence of dwell-time switching events {(qy», AT,2)}; of o, we have
] )

sup ‘/;1 D (:L‘(Ta,i"k’ +, gb)) < sup V;J D (x(Ta,i'{’ +, ¢))7 Vk’] € N? k > j7
ce[-Ty,0] 7'k ce[-T,0] 7' 7
(4.34)

and

limsup( sup Vo (#(Tp0 +6,0)) — sup Vg (2(7, 041 +5, ¢))) < dy.
j—oo  \<ce[-T,,00 7% ’ se[~T.0 7 !
(4.35)

Let V_oo =inf{V,(¢) : ( € G,q € Q}, and L.,y € R be the level sets in 6, defined as
L,={¢:6(c) € G,Vs € [-T,,0] and 3¢ € Qmin{V_o.,y — dv} < Vi(¢) < B(7)}.
Then, G, ,(t, @) approaches to the set M o U, er M, ast — oo, where M, is the

largest (ts, 0)-quasi-invariant set contained in L.,
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Proof: Since z(t,¢) is bounded and uniformly continuous, applying the argument
in Theorem 4.4.2, it follows that .7 (¢, ¢) is compact covered. Thus, by Theorem
4.4.1, the limit set wy, ,(¢) in the space %, of the trajectory 7, ,(t, ¢) attracts this
trajectory and is nonempty and compact.

We proceed to estimate w, »(¢) using auxiliary functions V,, ¢ € Q. Consider the

composite Lyapunov function

an,ﬂ? (z(t,9)) if t € [Ta,z’j@.a To,i’]“.—i—l)

SUP¢e[-17;.,0] 5(quﬁ (Ta,if. +¢,¢)ift e [To,if—l-lv Ta,i;?+1)
J

where, without loss of generality, we have supposed that the first switching event of
o is of dwell-time running time, i.e., 7§ = 0.

Along the trajectory 7, ,(t, @), let us define the function V2 : €, — R as follows.

Vi) € sup Vi(a(t+5,0)) (4.37)

c€[-T7,0]

Clearly Vé(xt) = V! () on dwell-time intervals. Hence, by condition v), the

sequence {Vsoi(l’n, )} is non-increasing. This coupled with the boundedness of x;
71j

J

implies that there is a number v € R such that

lim V(2. ) =7, (4.38)

J—00 J

which combined with condition v) gives rise to

v = timsup (VE (o, )= VE (o)) =7 = lminf Vi G, ). (4.39)

j—o0o e ot Jj—00

From condition iv), applying the argument of [59, Chapter 5, Theorem 4.1] for func-
0,17 foyi

tions V:Iiﬂ (x),7 € N on dwell-time intervals [7, 0, T, 7 4,7 € N, it follows that
J

V() is non-increasing on each of these intervals. Thus, using (4.39) and the condi-
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tion (4.35), we arrive at

N = jhj?o tiﬂ (#r ) = lilglillp undp (z4) > lijnig}f thnn <x%,i§+1) >y — dy.
’ tE[TU"L_?,TU7i?+1] ! ’
(4.40)

We now consider a limit point ¢* € wy, »(¢). By definition, there is a time sequence
{t,,},, such that

lim 2, © lim F_,(tn, ¢) = 6" (4.41)

n—oo

Since Q is finite, there is an index ¢* and a subsequence {t,, },. of {t,}, such that
Qi (b)) = q*,Ym € N. We have the following cases.
Case 1: There are infinitely many number n,, such that [7, -, .7, .- .| are

dwell-time intervals. In this case, as th* is continuous, according to (4.40), we have

Vi )= lim  Vi(z,)=  lim  V (z:,) € [y — 6v,7].  (4.42)

m— oo q m— oo 0_71‘; (tnm)

T > AT _ >
ovig (tnm) = ° ovig (bnm) = °

Case 2: There is a M € N such that the running times of switching events

e y»m > M are all less than 7. Suppose that all the times ¢, are of this

oyt (tnm,

property. Let us recall that, for each m € N, i (¢, ) = max{i € N: A7,; > 7, 7,; <
tn,, } is the index of the dwell-time switching event before and closest to t,,,. We also

define 4, (t,,,) as the index of the dwell-time switching event following e, ;-

f; t"m).

Since T, < T, and 7, .+, = T, =, 41 < Tp by specification, using condition

i) and definition of functions V%, we have

(ot + 5 8) < BV, . (@lt+5,0))

osig (tnm)

< sup BV,

+
vE[-T},0] 7vip (tnm)

(@75 it 1)+ 0:9))) < BV (- ) (4.43)

Uﬂ.,; (tTLm) o,i; (t’nm>
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for ¢ € [-T,,0] and t,,,, + < > 7, ,;~( and

trm )+17

Vi oo (@(tn, +6,0)) < 6(‘/‘%;@%) (z(t+<,9)))

< sup BV o (@(tn, +s+v,9)))
vE[~Tr0] iy (tnm)
SOV () SAVE () (444)
for ¢ € [-T,,0] and t,,, +¢ <7, i~ )41
Combining (4.43) and (4.44) yields
b b
[N C I 5(an’i;(tnm) i ) (4.45)

Taking the limits of both sides of (4.45) as m — oo using (4.40), we arrive at

Vi(¢*) = lim un* (z4,,) = lim V}

q m—00 m— o0 0yig (tngm )

(Tt,,) < 6(‘/‘1if<tn >(x7cff<tnm>)) < B0
(4.46)
By virtue of (4.38), the number ~ is independent of the limit point ¢* € wy, »(¢).

Thus, from (4.42) and (4.46), the limit point ¢* € wy, ,(¢) belongs to the level set

L,={p€% 3¢ Q :min{V_,,y—9dy} < un(gzﬁ) < B(v)}. (4.47)

Since wy, ,(¢) is (ts,0)-quasi-invariant according to Theorem 4.4.3, we also have

wi,o C M, C M. Finally, as w,,, is compact and attracts .7 ,(t, ¢), this implies

that 7, ,(t,¢) — M,t — oo. [

The conversing behavior of Lyapunov functions in Theorem 4.5.1 is illustrated

in Figure 4.1. Tt is observed that the values of Lyapunov functions V; , at start-
73

ing time Toin of dwell-time switching events need not to be decreasing. As ob-

served, since the persistence of period 7}, is smaller than the time-delay 7., the value

of the Lyapunov functions on persistence period is guaranteed to be bounded by
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I I
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O',’L;-) O',’L;-)-‘rl J,z;-’Jrl J,z;7+1+1 To,zz t

Figure 4.1: Behavior of Lyapunov functions

B(V%E(Tm?)) = B(V}Gﬂ (ITa,i;?))' Thus, the trajectories of Lyapunov functions stay
below and hence their ]convergence is governed by the behavior of the composite func-
tion V% represented by the double-lines. Since the sequence {3 (Vé(ﬂ,,i?))}j is non-
increasing, the convergence of the Lyapunov functions V,, ¢ € Q along the trajectory
of the system is guaranteed.

Again, it can be seen that the condition v) in Theorem 4.5.1 is of practical rel-
evance. Since the decreasing condition on Lyapunov functions is imposed only at
starting times of dwell-time switching events and the delay time 7). and period of

persistence T}, are bounded, it is always possible to achieve sufficient decrements on

dwell-time switching events.

4.5.2 Application to Delay-free Systems

The results achieved so far show that in qualitative theory of switched systems with
persistent dwell-time, estimates of increments of Lyapunov functions on periods of
persistence are of natural use in achieving non-conservative results. As illustrated
in Figure 4.1, the decreasing condition on Lyapunov functionals V:]h in the space 6,
does not impose decreasing on Lyapunov functions V; in the space R". Furthermore,

every trajectory in R™ induces a trajectory in %,. Thus, treating the persistence time
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T, and the delay time 7, as the same stimulus of diverging behavior, we have the
following further non-conservative result in qualitative theory of delay-free switched
systems via time-delay approach.

Let %, be the space €([—T1},0],R™) of continuous functions from [—7},0] to
R". Consider a delay-free switched autonomous system >, with transition mapping
Fi..0(t,x) defined by (2.7). For a trajectory z(t, ¢) = .0t #(0)) through ¢ € %,
ie., z(s,9) = ¢(s), Vs € [T}, 0], we also denote by z:(¢) the continuous function in
%, defined as x(¢)(s) = z(t + ¢, 20),s € [—1p,0]. Again, for a continuous function

V :R" — R, the function V% : €, — R is defined as

Vi(g) = sup V(é(s)). (4.48)

S [_Tp70}

The set {x:(¢) € €, : t € Rt} is thus termed the trajectory in the space %, of

the delay-free switched system >,.

Definition 4.5.1 Let ¥, be a switched autonomous system with the transition map-
ping J, .. A subset A C 6, is said to be o-quasi-invariant if there is a limiting
switching sequence o* € Sk of o such that for each ¢ € A, x4(¢) = (T o= (t, 9(0))): €
AVt > 0.

Theorem 4.5.2 Let 3, be a switched autonomous system. Consider compact subsets
D and G of R", continuous functions V, : G — R,q € Q, a class-KC function (3, a
constant oy > 0, a function ¢ € 6, satisfying ¢(s) € D, Vs € [=T,,0], a time t, € RT,
and a switching sequence o € Sy[1p, Tp]. Let x(t,¢) = T, -(t,$(0)),t € Rt be the
trajectory through ¢ € D in the space R™ of the system. Suppose that the following

conditions hold.
i) z(t,¢) is uniformly continuous with respect to t and x(t,¢) € G,Vt € RT;

”) ‘/;11(1.) S ﬁ(‘/;IQ(x))7VQ17q2 S an S Rn;
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iii) along the trajectory x(t, xo), the functions Vy(z(t, ¢)),q € Q are everywhere Dini

differentiable with respect to time;

w) in any switching event (qyi, AT,;),1 € N, we have
Vaoi (2(Toi +61,0)) = Vo, (2(T5i + %2, 0)), Va1, € [0, A7), < 65 (4.49)

v) for the sequence of dwell-time switching events {(qm?, ATM?)},

; of o, we have

sup ‘/q D (x<7_a,i2 + §7¢>> S sup ‘/q D (x(Ta,if.’ + <>¢))aVk7j € N>k > ja
c€[-Tp,0] 'k se[-Tp,0] 7Y I

(4.50)

and

lim sup ( sup V, (2(7y» +¢,¢)) — sup Vi, (2(Ty 041+, ¢))> < dy.
j—oo c€[-Tp,0] 77 ! se€[-Tp,0] I !
(4.51)

Let V_o = inf{V,(¢) : ( € G,q € Q}, and L,y € R be the level sets in €, defined as
L,= {gf) 1 o(s) € G,Ys € [-T5,0] and 3¢ € Q,min{V_,,, v — oy} < th(gb) < ﬁ(v)}.

def

Then, x(¢) approaches to the set M = Uve]R M, ast — oo, where M, is the

largest (ts, 0)-quasi-invariant set contained in L. .

Proof: Adopting the proofs of Theorems 4.4.2 and 4.4.3, it follows that the limit set

w(g) = () (4.52)

T>ts t>T

is nonempty, compact and quasi-invariant. As condition ii) guarantees the decreasing
behavior of Lyapunov functions, the theorem is a direct consequence of Theorem
(4.5.1) and hence the conclusion of the theorem is straightforward. n

By Theorem 4.5.2, the time-delay nature of switched systems has been revealed.

Similar to time-delay systems, the behavior of switched systems in periods of persis-
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tence tends to destabilize the systems.

Due to arbitrarily fast switching, it is not realistic to impose and verify stability
conditions in the periods of persistence. As a result, a non-conservative approach to
deal with the difficulty at hand is to consider the after-effects of switching in periods
of persistence, and then study the compensating behavior on the dwell-time intervals.
From this point of view, condition v) in Theorem 4.5.2 is of fundamental interest.



Chapter 5

Asymptotic Gains

In this chapter, positive definite auxiliary functions are studied for stronger converging
behavior of switched systems. Under the principle of small-variation small state, we
consider ultimate variations of auxiliary functions for asymptotic gain of switched
systems. The results are obtained for both delay-free and delay-dependent systems. In
the case of delay-dependence, asymptotic gain is achieved via a Lyapunov-Razumikhin

function approach.

5.1 Motivation

The attraction of invariance principles presented in the previous chapters lies in their
generality in making conclusion on various limiting behaviors of dynamical systems.
Of such behaviors, asymptotic convergence under disturbance to a compact set in the
state space is of fundamental interest in control theory.

Clearly, such problem can be dealt with by treating the disturbance as a time-
varying parameter and then applying Theorem 3.5.1 to determine the non-autonomous
attractor of the corresponding switched system. Once the non-autonomous attractor

of the corresponding system has been determined, further properties of the time-

105



5.2. Stability of Delay-free Switched System 106

varying parameter can be exploited to make further conclusion on the “behavior” of
the non-autonomous attractor. The expense for the generality of this approach is the
complexity in computing with pullback trajectories.

In nonlinear systems, an efficient approach to deal with the problem in question
is to study asymptotic gain in the framework of the notion of input-to-state stability
[138]. Clearly, if a system has an asymptotic gain x, it is possible to consider the
function ¢g(z) = mingeg V,(z) — x(J|w||) and apply Theorem 3.5.2 to make conclusion,
where x is a class—K function and ||w]| is the norm of disturbance. It is observed
that by addressing convergence to a compact set, we have dropped the need for the
structure of the attractor and hence it is not necessary to study the time transition
properties. In this context, it is possible to describe the change of state of constituent
systems by vector fields for computing time derivatives of auxiliary functions.

Motivated by the above considerations and the motivating study presented in
Chapter 1, we shall adopt vector fields to characterize the system evolution and then
develop a Lyapunov stability theory for switched systems with persistent dwell-time
switching. Bearing in mind the constructibility of positive Lyapunov functions in
control design [85], we make use of the approach of combining Lyapunov stability [56]
and input-output stability [159] introduced in [133] and summarized in [138,139]. In

this manner, the switching decreasing condition is completely removed.

5.2 Stability of Delay-free Switched System

5.2.1 System with Input and Asymptotic Gain

Consider dynamical systems described by the following differential equations:

#(t) = fy(x(t),w(t)),q € Q, (5.1)
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where x(t) € R" is the state, w(t) € R? is the input, f, : R* x R? — R" ¢ € Q are
locally Lipschitz continuous functions, and Q is a finite discrete set. Suppose that w
belongs to the space L of measurable locally essentially bounded functions mapping
R into R?. Then, for each ¢ € Q and for any z, € R” there is a unique maximally

extended solution z(t; xg,w, q) of the following initial value problem [134]:

(5.2)

Thus, if the vector fields f,,q¢ € Q are forward complete [134], then the mappings
g REXRY xR x L2 (¢, to, xg, w) — x(t; to, To, w, q) are uniquely defined. Consider
the autonomous motion in £¢ defined as 7(t,w)(:) = w(- +t),w € LL . By virtue of

Definition 2.4.5, the following switched non-autonomous system is well-defined

Z?\Lﬂ = {R+anRn’£gov {gpq}qu,S,ﬂ'}, (5'3)

where we have supposed that there is no switching jump so that the discrete transition
mapping  was dropped.
In light of the above consideration, it is obvious that the switched systems (5.3)

can be equivalently described by

Z’U = {R+,Q,Rn,£go, {fq}qEQaS}- (54)

We shall call the switched system ¥, described by (5.4) the switched system with
input. We denote by ¥,[r,, T},] the switched system ¥, with S = S,[r,, T3].

Note that z(t; ¢, xo, w, q) is the state at the real time ¢ of the system & = f,(z, w)
having started to evolve at the real time tq3. As there is no switching jump, according

to (2.14) in Section 2.4.3, if the vector fields f,,q € Q are complete, then for each
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switching sequence o € S and each initial condition x(ty) = 7o € R",t; € R,w € L2,

the following mapping is uniquely defined:

(

$(t + Lo; o, to, w, qo’}i;(ts)) ift e [O’ Toyig (ts)+1 — ts]
z(t + Toiz (t4+t,) — ts T 1o} x(Tai; t4ts) — ts T 103 L0, W, Gy iy, ),
Z7w7ts (t,ajo) — ) ( ) ’ ( ) ’ ( )

Tz (t4+1s) — s T to; w(-+ Toyiz (t+ts) — ts), Qs (t+ts))

127 — s

" (5.5)

where w(- + 7, ;- (444,) 1 RT — R? is defined as w(- + Toiz @) (E) = W+ Ty = 40,))-
Hereafter, we suppose that all switched systems are forward complete, i.e., the map-
ping ., 1, (t, xo) are well-defined for all £ > 0.

Adopting the notion of asymptotic gain for nonlinear systems [138|, we have the

following analogous notion for switched systems.

Definition 5.2.1 The switched system ¥, is said to have a switching-uniform asymp-

totic gain (SUAG) x if x is a class—Ko function and

lim sup || Ty (t, 7o) || < x(Jw]]), Yw € LL, 70 € R t, e RT 0 €. (5.6)

t—o0 o

We would mention that the term “switching-uniform” in Definition 5.2.1 is based

on the consideration on uniformity over a class of switching signals in [66,62].

5.2.2 Lyapunov Functions for SUAG

Let us refer to Section 2.4.2 (Page 28) for definition of the transition indicator i, (-).
Hereafter, we suppose that ¢, = 0 without loss of generality. Let V : R® — R* be a

continuous function. The derivative of V' along a trajectory x(t) is [56]

DV (x(t)) = lim sup %(V(ﬂc(f +h)) = V(z(t))), (5.7)
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and the variation of V' between ¢; and ¢, along x is
Varp?V(z) = [V (z(t1)) — V(z(t2))]- (5.8)

Variation Var’V (z(t)) indicates the deviation of V (z(t)) achieved for a duration
of b — a of evolution from the time a. This notion is different from the notion of
total variation in real analysis [156]. Let V} and V4 be functions from R™ to R*. The

relative variation between V; and V3 at ¢; and t, along a trajectory x(t) is
Varg [Vi, Vo] (z) = [Vi(x(t1)) — Va(z(t2))]. (5.9)

The sequence of dwell-time switching events of o is labeled as {(qg,i?, ATM?)}J-.

For brevity, let t =t — t, and q, (t~) = Gy iz (1)s Loy of to + 7,4, and tm? def to + Toit-

Theorem 5.2.1 Consider the switched system with input X[, Tp], the class-Ko
functions «,a, «, 1, and 2, and the continuous functions V, : R" — Rt ¢ € Q.
Suppose that

a(|lz])) < Vo(z) < alllzl),Vz e R", q € Q, (5.10)

and for every (essentially) bounded input uw € U, switching sequence o € S, and
starting point (ts,x9) € R x X, the following properties hold along the corresponding

trajectory x(t) = Fy 1, (t — to, o)

i) for each t € [tgityip1],1 € N, if Vo (2(t)) > n(|Jul]), then DV, (x(t)) <
—a(Vy,, (x(t)));

i) the relative variations among Vy’s on periods of persistence S = [to.,i']rj_;'_l, to,z‘;”-+1]
satisfy
i : < : :
h?l Sup Var ., Ve, 00 Va, - ) (@) < 22(llull) (5.11)

Then, the switched system X[, T,] has an asymptotic gain.
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Proof: Let v4(s) = max{rm,a(71(s)),72(s)}. For an € > 0, we have the sets B,(¢) =
{C e R" : ,a(V4(Q)) < val|ul]) + €}, g € Q. We shall abbreviate B,(0) to B,.
For each ¢ > 0, we have the following claim.

Claim € (¢): for each j € N, if z(t3) € B, ,(€) for some 3 € [t -g,t,,,ifﬂ], then

x(t) € B, ., (e),Vt € [t5, o 41
J
We shall prove this claim in the paradigm of [136, Lemma 2.14|. Suppose that
the claim is not true. Then, there are t € (t;,tgyi;; 1) and € > €/2 such that

Tpa(‘/:]w@ (z(t))) > ya(llul)+€. Accordingly, t; = inf{t € (t;’-,tmfjp_ﬂ] : Tpoz(VqM@ (x(t))) >

,(@(15))) = qalllull) + € > ma(n((ul). Thus,

J

i) applies and DV,  (z(t)) < —a(V,_ ,(2(t}))) < —€/7,. Hence, V, ,(z(t])) <

va(||lul|) + €'} exists and Tpa(VqM
Vy, . (x(s)) for some s < ¢7. This contradicts to the minimality of ¢;. Thus, the claim
7
holds true.
Let us define 5 to be t, ;- if thereisnot € [ta,i’f- : ta,i;’+1] at which Tpoz(qu’i? (x(t))) <

va(||u||) and to be inf{t € [tg,i«]p,tmgﬂ] cpa(Vy L, (@) < ya(llul])} if such ¢ exists.

J

According to the above claim applied for e = 0, we have

ma(Vy, , (@(t7))) = va(llull), vt € [ty £5]. (5.12)

qo‘,iﬂ.7 .7
J

We shall show that

limsup Vary |V, . (z) < a(Jul)). (5.13)

Jj—oo
Indeed, suppose that (5.13) does not hold. Then, there is a number ¢ > 0 and an

infinite sequence {t,;» }, such that
TR

Va, .o (@t ) = Vg . (@(t5,)] > yalllull) + € (5.14)

Jk Tk Dy

As o € K which is unbounded and continuous, there is a number § = §(e) > 0
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such that

ma(s) < ya(llull) +6 = s < a7 (valllul)/7) + /3. (5.15)

As7a(s) = 72(s) and Vart ;f Ve, Va, o 1(@) S max{Var; [V, .V,
7 7 RS 7

U,i§’+1

() :

o,ig (1)

te [tm 241, o0 ]} condition (5.11) implies that

lim sup [Vs_, ((toiz1)) = Vo, o (2(toir, )] < va(flull). (5.16)

.]HOO j+1 J+1

Hence, there is an N, € N such that for all 7 > N,, we have

o (@(toin 1)) +7alllull) + €, (5.17)

where €* = min{d(e), ¢/3}.

Consider the case where there is a number p > N, such that

oV, o (2(tiz1))) < valllull) + € (5.18)

holds at 7 = p. We shall show that (5.18) also holds at all j > p. Indeed, from the

above claim we have either z(t;) € quﬂiﬂﬂ (¢*) for some t; € S, = [ta,izﬂvto,i’gﬂ +1)

and hence z(t) € qu,%(e*),vzs € [tl,tm 1) or Tpa(l/;]%§+1 (x(t))) > ~va(llu]]) +

e, vt € 7). Clearly, Tpoz(\/qm_ng1 (x(ta,z‘g+1+1))) < va(||ul]) + € in the former case.

In the latter case, by definition of v4, we have m,a(V, , (2(£))) > va(||ul]) + € >
741

pa(n(llull)), vt € £ . Thus, from i) and toin, 41— boin,, = Tp, We have

0yl

g @iy, ) =V @l ) 2 [ eV, e))ar
> 7, min {a(V, (@)} > rallul) (5.19)
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Combining (5.19) and (5.17) applied at j = p, we obtain

Voo (@ltoio 1)) < Vg, (2(toipia))- (5.20)

U,ip

Substituting (5.20) into (5.18) applied at j = p, it follows that (5.18) also holds
true for j = p+ 1.

In combination, (5.18) holds at j = p+ 1. Continuation of this process shows that
(5.18) holds for all j > p. As €* < J(e), it follows from (5.18) and (5.15) that

Vi, o (@(toin11)) < @™ ((llull)/7) + /3, > Ne. (5.21)

U,ij

Combining (5.17) and (5.21), we obtain

Vo, o (@(tosr, ) < o™ (qalllul))/7) +va(llull) + 2€/3, (5.22)

D41

for all j > N,. This coupled with (5.12) yields

Voo, @ltoiz, ) = Va, (@t DI < qalllull) +2¢/3, (5.23)

oty j+1

for all j > N, which contradicts to (5.14).

In the case (5.18) does not hold for all j > N, we have
Ve, (1) > va(lull) + €.Vt € Ty, 5 > N, (5.24)
which, through the argument leading to (5.19), leads to

Voo (@(toin1)) < Vo, (2(te)) = valllull) — €, V) > Ne. (5.25)

o,
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Combining (5.25) and (5.17), we arrive at

Vi (@ltyie, ) < Vi (@lty)) Vi > N, (5.26)

0,43

In addition, as V,, | (z(t,» 41)) <V, , (x(t3 )), (5.17) and (5.14) imply that
0,0 ik o, ?

"Ik ik Jk

Views @l ) € Vi (ltaig ) + valul) + ¢

< Vo (@t ) +a(llull) + €
Ik J
S ‘/ZIU i (x(ta,i".’ )) - (6 - 6*) (527)

ik Tk

for all k satisfying j. > N.. Using (5.27) and applying (5.26) successively from jj to
Jk+1, We obtain

Voo (@ltoi )< Vg, (@(tos ) = 2¢/3,¥]5 > Ne. (5.28)

g a',i', g
U,ljk+1 Jk41 a,z].k

Thus, V, , (z(t, i )) < 0 for sufficiently large k, which is a contradiction.
cr,l].k ’ k
As a result, (5.13) holds true.
The proof of the convergence of (t) is now in order. We first show the convergence

of values of x at end times of dwell-time switching events, i.e.,

limsup 7V, (2(tyir41))) < va(ul]). (5.29)

J—o0

Suppose that (5.29) is not true. Then, there are € > 0 and sequence {ji}x such
that

(Vg o, (@(toir 41))) > valllul]) + € vk € N. (5.30)
Ik

According to definition of 7 and claim ¢(¢), we have ¢, =t,;» ,; and hence
Jk Tk
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(5.30) implies that

mpa(Vy, , (€(t) > ya([lull) + €Vt € 7. (5.31)

Ik

As 7a(s) > mpa(i(s)), (5.31) implies that V, , (x(t)) > 71 (|lul]) and hence, by
g
i), we have

DV, ., (z(t)) < —a(V%’i@ (z(1))),Vt € 7. (5.32)

ik Ik

Taking integrals of both sides of (5.32) and using (5.31) yields

to,i'ﬂ. +1 ta,z"j’ +1
Var B, @)z [T v, @Ozl v (6539
ik "Ik t "Ik

0,32
Ik

Taking limits of both side of (5.33), we obtain

tyin
limsup Var, "V, (x(t)) > 7a(lull) + e, (5.34)
k— o0 T 7"k

which contradicts to (5.13). Thus, (5.29) holds true.

We now examine the converging behavior of the sequence {z(¢;)};, where {t;}, C
[to, 00) is an arbitrary divergent sequence. Let us divide {¢;}; into two subsequences
{t7}; and {t}};, where the first subsequence consists of all elements of {;}; belonging
to dwell-time switching intervals and the second one consists of the rest in {t;};.

For a time t € [ty,00), there is an interval [ta,iﬁvta,ij?ﬂ] between starting times
of two consecutive dwell-time switching events that contains ¢. Then, we define

Z@(t) - 7/]@, f@(t) - [td,i§77ta‘,i?+1]7 and fp(t) - [tU,i?+17ta‘,i/D, . Ift < jD<t), then we

2l

further define ¢5,(t) = ¢2. Recall that = ¢ — t,. For the sequence {t'};, we have

(ﬂf(ta,i@(t;?)ﬂ))"‘ max Var,

PY) <
qu,i(?ﬂ?)(x(t])) - V;] tesP(th) 7ig(t7)

cr,i@(t?) [‘/;Zo,i@(t?)’ ‘/;Io',i;(f)](x)‘

(5.35)
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Taking the limits of both sides of (5.35) and using (5.29) and (5.11), we obtain

limsupVy, o (#(t) < sa(lul) + () (536

j—o0

We now consider the sequence {t7 };. As we have shown, V; (x(t)) is decreas-

o,ig (tf)

ing on [f55,(s2)+£5 (17)] and is bounded by o~ (a([[u]}}/7) o0 [15(£2). Ly ey11). Let

vs(|ul]) = Ofl(vd(HUH)/Tp). We have

(x(t5)) < max{V,

J

(@(tig(e2)))s 3 (Il }- (5.37)

qa,@(t;’) 7vig(7)

Since t is the starting time of a dwell-time switching interval which is also

o,ig(t7)

the end time of a period of persistence, taking the limits of both sides of (5.37) and

using (5.36), we obtain

limsupV, . ((t) <" (Jul)) (539)
j—o00 J
where 7*(s) = max{7a(s) +72(s), v3(s)}-
On the other hand, from (5.10), we have a(||z(t)||) < V,(z(t)),Vt € [tg,0). As a
is continuous, combining (5.36) and (5.38), we arrive at

(=(t))).

limsup [|z(¢;)]| < max {Qfl ( lim sup V,

i~ (7P
j—00 j—00 7o (8

o (HmsupV, o (@)} <o (0 (ul)). (5:39)

J—0o0

Let v be the class-K., function defined as ~y(s) = a~'(y*(s)). Then, (5.39)
gives limsup;_, . [lz(¢;)]| < ~v(|[u[]) which, as {t;}; is arbitrary, further implies that
limsup,_, ., |[z(t)]| < ~(||u|]). Finally, as 7 is independent of z and o, the conclusion
of the theorem follows accordingly. [ |

Similar to the case of invariance principles, condition (5.11) imposes the bound-
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edness of ultimate variations of auxiliary functions. Obviously, this is a necessary
condition for stability of any dynamical system. In the classical Lyapunov theory of
dynamical systems [56] and in switched systems satisfying the switching decreasing
condition [22], this condition automatically holds for 75 = 0. On the other hand, this
condition is due to our need for estimations of increments of auxiliary functions on

destabilizing periods without involving the number of switches in these periods.

5.3 Stability of Switched Time-delay Systems

5.3.1 System with Input

Let us recall some notations from Chapter 4 as follows. The delay time 7, > 0 is a
fixed number. The notation %, stands for the Banach space of continuous functions
mapping the interval [—7}, 0] into R™ with the topology of uniform convergence. For
a time function x : [—T,,00) — R™ and for each t € R, z; is the function in %,
defined as z4(s) = x(t +),s € [-T,,0]. For a function V' : R" — R, the superscript

§ is to indicate the function V% : %, — R defined as

Vi(g) = sup V(¢(0)),¢ €%, (5.40)

s€[-Tr,0]

The Dini and D,, derivatives of V and V* along a trajectory z(t),t € [T, 00) in
R™ are defined as in Section 4.3.3.
Consider dynamical systems described by the following functional differential

equations:

i(t) = folzr,w(t)),q € Q, (5.41)

where x(t) € R™ is the state, w(t) € R? is the input, f, : 6, x R - R" q € Q are
continuous functions taking bounded sets in %, x R? to bounded sets in R”, and Q

is a finite discrete set.
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Suppose that w belongs to the space £ of measurable locally essentially bounded
functions mapping R into R?. Then, for each ¢ € Q and for any ¢ € %, there
is a unique maximally extended solution z(t; ¢, w,q) of the following initial value
problem [59,121]:

#(t) = folze,w(t)),
z(s) = (), Y € [T, 0].

(5.42)

Suppose that the vector fields f,,q € Q are forward complete, i.e., for every ¢ €
6,q € Quw € L%, the solution z(t; ¢, w,q) to the problem (5.42) exists and is
unique for all t € R*.

Thus, according to (2.14) in Section 2.4.3, for each function ¢ € €, t, € RT, and
switching sequence o € S, the following recursively defined trajectory in R™ exists, is

continuous and uniquely defined:

x(t; o, w, qgﬂ-;(ts)) ift e [07Ta7i;(t+ts)+1 - ts]

‘Z?wvts (t,¢) = r(t+ts — Tojig (t+ts) ¢Tﬂ,i;(t+ts) yw(-+ Ta,i;(tths))? Uy iz (t+ts)) (5.43)
if t Z Td,i;(t-‘rts)-i-l - tS?
def
where ¢rw;(t+ts) = ( a?w,ts (To,z‘; (t+ts)? ))TW;(MS) € ¢ and w(- + ch,i;(t—i-ts))(t) =

Wt + T, 1110)) t € RT.
In summary, we have the following collection for a model of switched time-delay

system with input with the meanings of symbols are obvious:

Eru,z) = {R+7Q> Cgmﬁgo?{fq}qEQ?S}- (5'44>

5.3.2 Stability Notions and Lyapunov-Razumikhin Functions

Adopting the stability notions in continuous time-delay systems [59] and continuous

delay-free dynamical systems [138|. Hereafter, we shall call 7% , (t,¢) a trajectory

O—)w)ts
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of the switched time-delay system with input ¥, ,. We have the following analogous

notions for switched time-delay systems with input.

Definition 5.3.1 A trajectory 77,

U7w7t3

(t, ) of a switched time-delay system with in-
put 3y, is said to be bounded if there is a number R(¢,w,ts,0) > 0 such that
17w, (8 D) < R, VE € [T, 00).

Definition 5.3.2 The family of trajectories 7",

o,w,ts

(t,0), 0 € G ts e RT we L o€
S of a switched time-delay system with input ¥, is said to be switching-uniform
bounded if for every number r > 0, there is a real number R(r,w) such that for any

¢ € €, satisfying ||¢|| < r, we have || T, (t,0)|| < R(r,w),Vt € RT,0 € §,t, € RT.

Definition 5.3.3 The switched time-delay system Yy ., is said to have a switching-

uniform asymptotic gain x if x is a class-Ko function and

limsup |77, , (¢, @) < x(llwl), (5.45)

t—oo

forallwe L%, €€, t, €RT, and o € S.

Consider a trajectory 72 , (t,¢) of ¥, ,. We have the following assumption:

ow,ts
Assumption 5.3.1 There are continuous functions V, : R — R ¢ € Q, a non-
decreasing continuous function p : RT™ — RT satisfying p(s) > s for s > 0, and

class—Ko functions aq, s, o, and v, such that
ar([lz]]) < Vi(z) < ao(|lz]]), Vo € R", q € Q, (5.46)

and along the trajectory x(t) o g (t,¢), we have:

ow,ts

DoVq (@) < —a(Vy _ (x(8) + y(llwl) (5.47)

ovig (£) oy (t)

whenever p(V, _ (z(t))) > V? ().

olig (t) — Yz
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Figure 5.1: Relative positions of the trajectory .77, , (t,¢) with respect to A,_,

ow,ts

We shall call the functions V;, ¢ € Q satisfying Assumption 5.3.1 the Lyapunov-
Razumikhin functions for system %, ,. For a trajectory-based function V' (z(t)), the

Razumikhin condition refers to p(V (x(t))) > sup g, V(2(t + <)) = Vi(x).

5.3.3 Boundedness

Theorem 5.3.1 Suppose that for fized o € S,[1,,T,] and w € L%, the switched

time-delay system with input X, ., satisfies Assumption 5.3.1 for arbitrary ¢ € 6,. In
addition, T, > T}, and for the sequence of dwell-time switching events {(q(,’i;?, ATM-?)} ;
of o, we have

Vi (o, 0) 2 Vi (@, ). Vh j €N > (5.48)

Then, the trajectory x(t) = T we, (t, @) is bounded.

Proof: We shall prove the boundedness of z(t) by considering the behavior of the

following composite Lyapunov function:

052<04171(‘/qh0 s (xt)) if t € [Tcr,i;U To,i§7+1>

V() = L . : (5.49)
az(ay (V5 D@(%,z";)))) if t € [Ta,z‘;?HaTg,i';%H)

0,1

J

where we have supposed that the first switching event of ¢ is dwell-time.
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Let v be any class—K,, function satisfying v(s) > 71(s),s > 0. Consider the
number 7, = a '(y(|lw])), and define, for each ¢ € Q, the set A, = {¢ € R" :
Va(Q) <y}

Consider a non-zero running time switching event (¢, A7,;),¢ € N and a time
t € (T, Toit1). We have the following cases.

Case 1: x(t+<) € A, ,,Vs € [=T,,0], Figure 5.1(c). It is obvious that, in this case,
we have una (w¢) < r,. We shall show that z(s) € A, ,,Vs € [t,7,,]. In fact, suppose
that the converse holds, i.e., there is s, € [t,7,;],s1 > t such that x(s;) ¢ A, ,. Since
V,(x(t)) and z(t) are continuous with respect to time ¢, this implies that there is a
number € > 0 such that V,_,(z(s1)) > r, + e Let s* =inf{s € [t,7,,] : Vg, ,(2(s)) >
7y +¢€}. Due to the continuity of solutions, we have s* < 7,; and V,_ (2(s*)) > r, +e.

Thus, it follows from definition of 7, that
Nn(lwl) <A(lwl)) < alry +€) < a(Vg,,(x(s7))). (5.50)

Moreover, as the current case implies that o, > V2 (z,), we have V,_ (x(s%)) >

i

V;“m(xs) Otherwise, the minimality of s* is violated. Thus, using Assumption 5.3.1

with (5.50) and the fact that s* ¢ {7, ;};, we obtain
D7V, (2(s7)) < Do Vy, (2(s7)) < —a(Vq, (2(s7))) + n(llw]) <0. (5.51)

However, (5.51) implies that there is a number sy € (¢,s*) such that V,_,(z(s0)) >
Vaoi(x(s*)) > 7y + €, which contradicts to the minimality of s*. Thus, z(s) €
Aqg,.s Vs € [t, T5i41). Accordingly, unm(xs) <1, Vs € [t, Toit1]-

Case 2: x(t+<) € A, , for some ¢ € [-T,,0], i.e., tho > r.,, Figure 5.1(a)-(b). By
definition of V%, there is a number ¢(¢) € [~T,, 0] such that Vq“a(xt) = V. (@(t+<(1))).

We further have the following consideration.

Case 2a: ¢(t) = 0. In this case, we have V;_,(z(t)) > 7, and hence v (||w|]) <
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a(Vy, . (2(t))). Moreover, as p(s) > s, ¢(t) = 0 also implies that p(V, ,(z(t))) >
Voo (x(t)) = th“(xt) Hence, using Assumption 5.3.1, we obtain

D™V, (1)) < DoV, (2(1)) < —a(Ve,, (x(t)) + n(wl)) <0. (5.52)

AsV, . and x are continuous, (5.52) implies the existence of a number 2 > 0 such
that V5, . (z(t+e)) < Vi (z(t)), Ve € [0, h) and hence thg (Te4e) < Vqti,,i(ﬁt),VE €

i

[0, h). Thus, D*Vq“m (x) < 0 accordingly.

i

Case 2b: ¢(t) < 0. Since V,, , and  are continuous, there is a number € > 0 such
that V,_,(x(t+¢<(t))) >V, ,(x(t)) +e€. Moreover, by the continuity of V,_, and x
again, there also exists a number h > 0 such that |V, (2(t+¢)) =V, . (2(1))] <
€/2,Ve € [0,h). Thus, V,_ (z(t+¢)) +¢€/2 <V, (2(t+<(t))),Ve € [0,h) and
VE (zi1e) = VI (2(t)),Ve € [0, h) accordingly. Hence, D*thm(:c(t)) =0.

do,i do,i

Combining Cases 2a and 2b, we conclude that Dﬂ/qum (x(t)) <0if x(t+<) € A, ,
for some ¢ € [—T,,0]. Since Vi (t)* = tha’i@ (xy) for t € [Toﬂ-?, TO_J?H), combining Cases
1 and 2, it follows that either V2A(t) < ryjor D*VEi(z;) <0on T, = U; [Tg,i?,ﬁ,@ﬂ].
This combined with condition (5.48) shows that V%E(t) is bounded by max{r.,, VA(0)}
on T,. Clearly, by definition (5.49), Vé(t) is bounded by max{Vé(Tg’i;;) :j € N} on
R+\T,. Hence, in conclusion V2(t) is bounded by max{r., VCE(O)}

On the other hand, condition (5.46) implies that

Vo((t)) < ag(afl(qu? (#(75,2)))), Vg € Q,j € N. (5.53)

As such, it is straightforward that V,

o,ig (t)

(z(t)) < VA(t),Vt € RY.
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Consider a number r > 0 and a function ¢ € %, satisfying ||¢|| < r. From
condition (5.46), we have

le@) < Vi, (@) < VE(t) < max{r,, VE(0)}

oyig (1) 7 -

< max{r,, as(a (V] L (9)))} < max{ry, aslay (aa(r)} Ve € RT. - (5.54)

Thus, x(t) is bounded. |

5.3.4 Lyapunov-Razumikhin Functions and SUAG

Theorem 5.3.2 Suppose that for every fived o € S,[1,, T,] and w € L2, the switched
time-delay system with input ¥, , satisfies Assumption 5.3.1 for arbitrary ¢ € 6,. In
addition, T, > T}, and for the sequence of dwell-time switching events {(qg’i?, ATW?)}j

of o, the following conditions hold:

) v‘lha,i? (xTo,i§-’+1) = th o (- i ),V €N;

L] Tri+1

i) lim sup (qu,ij? (xTW?) - an,i;’ (z,

, o)) S menlllel); nd

j—o0 g

iii) for each j € N, there is a k € N,k > j satisfying V, m+1($(7_0.i']g+1)) >
o,zj ()

‘/‘1 -w(x<7—oi}[€‘)) and ATG’@'Z 2 Tr~
oyiy ) s

Then, the switched system Yy 5[, Tp] has a switching-uniform asymptotic gain.

Proof: Let v(s) = 71(s) + 72(s) and define 7, = a ' (y(||w|))). Let ¢ € €, be the
initial condition of the system and let () denote the trajectory .7, ., . (t, ¢) for short.

Since Assumption 5.3.1 implies that thaﬂ (x(t)) is non-increasing on [Tg’f;, Ty 1l
condition i) implies condition (5.48) of Th]eorem 5.3.1. Thus, the system satisfies

conditions of Theorem 5.3.1 and hence the trajectory z(t) is bounded accordingly,

i.e., there is a number H = H(¢,w, o,7,) > 0 such that ||z(t)| < H,Vt € RT.
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As usual, let us assume that the first switching event of ¢ is dwell-time and

prove the convergence on T, = U],

57, Toi»41) Of the following composite Lyapunov-
] g

Razumikhin function:

Vo, . (@(1)) if ¢ € [Ta,i']%’ﬂ'a,i;’ﬂ)
J

Vi (t) = g ,j €N, (5.55)

qu%l (w(Ta,z';?H)) if ¢ € [Ta,i§’+177—a,i§.’+l)

By condition (5.46), we have V,,(t) < R(¢,w, o,r,) def as(H(¢p,w,0,15)). Suppose

that € > 0 is an arbitrary number less than R. Based on the constructive framework
of [59, Chapter 5, Theorem 4.2|, we shall show that there is a number t. € T, such
that Vi (t) <r,+eforallt € T,,t > t..

Since p is continuous and satisfies p(s) > s,s > 0, there is a number a =
a(¢,w,0) > 0 such that p(s) —s > a,Vs € [r, + ¢ R]. Let Np = Ng(¢p,w,0) be
the first positive integer satisfying 7 4+ € + Ngpa > R.

Our purpose at this point is to show that there is a t; € T, such that Vi.(t;) < r,+
€+(Ngr—1)a. Suppose that the converse holds, i.e., Vi .(t) > r,+e+(Ng—1)a,Vt € T,,.

Since V,,(t) is bounded by R for all ¢t € T,, this implies that
p(Ve(t)) > Vip(t) +a >r,+e+ (Ng—1)a+a > R > Vy(t+¢),Ys € [-T,,0], (5.56)

which, by (5.55), further implies that p(V, (2(t))) >V} (x4),Vt € T,.

o,ig (1) a,ig (t)

Thus, by Assumption 5.3.1, we have
DT Vi(t) < DoVig(t) < —a(Vig(t)) + m(llwl]), V¢ € T. (5.57)

Moreover, Vi, (t) > r, + €+ (Ng — 1)a implies that a(V,(t)) > v(||w||) and hence

—a(V (1) +7(JJw|]) < —v2(||w]]). Thus, integrating both side of (5.57) on dwell-time
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intervals [Tg,i?, Toi +1) vields
Vi (o) = Vielrpiz o) 2 ([0} A7, = m(lwl), Vi €N, (5.58)
Taking the limits of both sides of (5.58) as j — oo, we obtain

limsup(Vi (752) — Vip (1)) = 7yl (5.59)

J—00

which, by virtue of 7. < 7,, contradicts to condition ii) of the theorem.

Therefore, there is t; € T, such that the following inequality holds for ¢t = ¢;:

V() <7+ e+ (Ng — 1)a. (5.60)

Let us consider the dwell-time interval [7, ;- ), 7, ;- (;,)51) containing t1. Let ip 1
be the index of the dwell-time switching event of o satistying i, 1 > i; (t1), ATMM >
T and Vi (704, ) < Vi(7,,-(1)41)- By condition iii) of the theorem and definition
of Vi, such i, exists. The next purpose is to show that (5.60) also holds for all
teT,,t> T, We have the following cases at t;:

Case 1: Vi (t1) =1, + €+ (Ng — 1)a. In this case, we have p(V.(t1)) > Vi (t1) +
a>R>V,(t1 +¢),Ys € [-1,,0], ie., the Razumikhin condition holds at t;. By
Assumption 5.3.1 and the fact that a(Vi(t1)) > ~v(|lw|), we have DTV, (t1) < 0.
Hence, there is a number h > 0 such that V. (t; +¢) < ry+e+ (Ng—1)a,Ve € (0,h).

Case 2: Vi (t1) <1y + €+ (Ng — 1)a. In this case, due to the continuity of V,’s
and x(t), such number A > 0 in Case I exists.

Combining Cases 1 and 2 above, it follows that there is a number A > 0 such
that Vi.(t1 +¢) < ry + €+ (Ng — 1)a,Ve € (0,h). Moreover, by virtue of Case 1,
if Vi, (t) = ry, + ¢+ (Ng — 1)a for some ¢, then DTV, (t) < 0. As such, V(t) <

ry,+ e+ (Ng—1)a,Vt € [ty, Tg7i;(t1)+1]'



5.3. Stability of Switched Time-delay Systems 125

We proceed to consider the interval [Tg,%’l,n%’l“). By the defining property of
in1, We have Vo (7o ) < Vi (7, - 1)41) < 7y + €+ (Ngr — 1)a. Thus, applying the
above argument for the dwell-time interval [7; |, 7 +1), it follows that Vi () <
ry+e+(Ng—1)a,Vt € [To,im, TMMH). Furthermore, since ATM-’D’I > T,, this implies
that V((E;(To—7im,1+1) <ry+e+ (Ng—1a.

Consequently, by condition i), we have Vg(x(Tm?)) < V%E(T(m?) < Vé(Tg’imH) <
7y + €+ (Ng — 1)a for all i7 greater than i,;. Applying the above argument for
dwell-time intervals after i, again, it follows that V2(t) < r, 4 e+ (Ng — 1)a,Vt €
T,,t> Ty, -

We now turn to the next levels for function V.. Suppose that for some k €
{1,...,Nr — 1}, we have derived the existence of a starting time Toviy s of a dwell-
time switching events satisfying V%E(t) <ry,+e+ (Ng—k)a,Vt e T,,t> Toyi, .- BY
the defining property of i, and p, for a time ¢t € T,,t > Toiy satisfying V() >

ry + €+ (Ng — (k+1))a, we have
p(Vi(t)) > Vig(t) + a > 1y + € + (Ng — k)a > VE(t), (5.61)

which, by Assumption 5.3.1 and the implication Vi.(t) > r, + € = —a(Vy,(t)) +
T(lwl]) < —y(||w]]), implies that DtV (t) < —vo(]Jw|]). Therefore, repeating
the same arguments as above, it follows that there is a time t;,; and a starting
time oy it of a dwell-time interval of the length no smaller than 7, such that
Vig(tiin), Vi () < vyt e+ (Np — (K +1))a, ¥t > 755

At k = Np — 1, setting t. = 75, , and using (5.46), we obtain

ar(lz(t)]) < VEE) <7y + et € Ty t > L. (5.62)
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Furthermore, for a time ¢ € [7, 2., 7, ip+1), using condition i) of the theorem and the
g g
property that 7, <T,, we have

ar([lz@)]]) <V,

q_ .o
Tli41

@) S VE (o, )W E oigiToig, )T €N (563)

Combining (5.62) and (5.63) yields,
ar(|z(t)]) < VEAE) < 7y + 6Vt >t (5.64)

Since € > 0 is arbitrary and 7, = o~ (y(||w]))), (5.64) implies that x(¢) approaches the
set O = {C €R": I € QI < a7 (@ (v([[w]))} ast — co. As, x = ay'oatoy
is independent of ¢, this shows that the system has the switching-uniform asymptotic
gain . [

The above result has revealed the important role of relation between delay-time
T,, persistent dwell-time 7,,, and period of persistence 7}, in stability of switched
time-delay systems. While the dominance of 7, to 7}, makes behavior in periods of
persistence accessible through behavior in dwell-time intervals, the existence of dwell-
time intervals of the lengths no smaller than the delay-time ensures the preservation
of the converging behavior through switching events. In comparison to traditional
switching decreasing condition, condition i) of Theorem 5.3.2 is much more relaxed
as it does not prevent the increasing behavior in period of persistence and is imposed

on dwell-time intervals only.
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Chapter 6

Gauge Design for Switching-Uniform

Adaptive Control

The main purpose of this chapter is to introduce the gauge design method for switching-
uniform adaptive control of a class of persistent dwell-time switched systems. Con-
stituent systems possessing unmeasured appended dynamics are interested. The un-
derlying principle is to use the appended dynamics and the controlled dynamics as
gauges of each other to make the destabilizing behavior of a constituent system be
dominated by the stabilizing behavior of its gauging system. The resulting behavior

of the overall switched system is thus ensured to be converging.

6.1 Introduction

Transforming to certain normal forms is usually prerequisite for nonlinear control
design [70,85,71|. The transformation may result in systems with zero dynamics due
to low relative degrees |70, 85| or systems with unmeasured dynamics due to limited
modeling capability [144]. Engineering examples of such systems include convey-

crane system, robotic systems, hovercraft, surface vessel, and helicopters [43,39]. In

128
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practice, systems with internal /appended dynamics may possess a hybrid nature due
to the effects of discrete events such as reconfiguration in system/control structures
[24,109] and impulse effects [150].

Variables driving evolution of switched systems are inputs of constituent sys-
tems and switching sequence. As appropriate switching sequences can produce stable
switched systems [95,142], extensive research has been carried out for switching strate-
gies [110,82,93|. In addition, inappropriate switching sequences may destabilize the
system and cause challenges for control design [95,142|. Of practical relevance, inap-
propriate switching sequences usually arise in applications where uncertain switches
may occur due to failures or where the switching sequences are generated for other
purposes instead of stability. Thus, an important problem in switched systems is
switching-uniform control, i.e., achieving the control objective uniformly with respect
to a class of switching sequences [66,62]. Nevertheless, though stability theories have
been developed for general switched systems [154, 152, 22, 102|, switching-uniform
stabilization of switched systems is still limited to switched linear systems [66] and
switched nonlinear systems in Byrnes-Isidori canonical forms [33].

Motivated by these considerations, we study in this chapter control of uncertain
switched nonlinear systems whose constituent systems, after suitable changes of co-

ordinates, can be expressed in the following form:

(1) = Qqlz(t), z1(¢),6(2))
Ti(t) = gqi(Xit))wir1(t) + fo.i(Xi(2)),
i=1,...,n—1

En(t) = Ggn(Xn(t))ut) + fen(Xn(t))

where 2(t) € R, z(t) = [z1(t), ..., z,(t)]F € R", and u(t) € R are unmeasured state,
measured state, and system input, respectively, X;(¢t) = [27(t), 21 (t), 67 (¢)]7, ¢ is the

system index belonging to the discrete set Q = {1,...,¢*}, 8(t) € Qp C R% is the un-



6.1. Introduction 130

known time-varying parameter, and for each i = 1,...,n, Z;(t) = [21(t), ..., z;(t)]T €
R’, and Qg, g4, and f,;, ¢ € Q are known and sufficiently smooth functions.

Difficulty in controlling switched systems whose constituent systems are described
by (6.1) is manyfold. Firstly, due to low relative degrees, we are able to control a
limited number of state variables and might leave the remaining ones evolve au-
tonomously. This raises the challenge that the usual minimum-phase condition for
systems with zero-dynamics [71] is not sufficient for stabilization of switched sys-
tems. Secondly, unmeasured dynamics make control by switching-logic involving
computation based on measurement of all state variables or detectability assumption
unfeasible [61,64,122,65,106]. The third difficulty is due to the inapplicability of
traditional adaptive control for handling unknown parameters. The behind rationale
is that while the traditional adaptive control results in closed-loop systems with slow
dynamics constituent systems [12], finite running times of constituent systems call for
fast dynamics for fulfilling switching conditions. Finally, the approach of augment-
ing Lyapunov functions of the unmeasured dynamics by quadratic functions of error
variables [71,97] is no longer effective. This is due to the fact that the cross-supply
rates are positive so that changing supply functions [97,32] for large decreasing rates
on active intervals also causes large growth rates on inactive intervals.

In this chapter, the gauge design method is introduced for overcoming the men-
tioned difficulties. The underlying principle is to use the unmeasured dynamics and
the controlled dynamics as gauges of instability of each others. This is possible since
whenever the state of the controlled dynamics is dominated by the unmeasured state,
then the desired behavior of the overall system is guaranteed by the minimum-phase
property of the unmeasured dynamics, and in the remaining case, i.e., the unmeasured
state is dominated by the measured state, estimates of functions of the unmeasured
state in terms of the measured state are available and a measured-state dependent

control can be designed to make the controlled dynamics the driving dynamics of
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the overall system. The control is responsible for canceling not only known parts of
destabilizing terms but also unknown parts of these terms whenever their computable
estimates are available.

The advantages of the gauge design lies in i) stability conditions can be verified
by the stability properties of the unmeasured dynamics and the dwell-time properties
of the switching signal, and ii) the unknown time-varying parameters can be lumped

into input disturbance that can be attenuated by tuning control parameters.

6.2 Problem Formulation

In the formal language of transition model of dynamical systems, we have the follow-
ing collection as a model of switched systems with input, output, disturbance, and

appended dynamics:

EI/O = {T7@7X727£Zg7{Eq}qGQasvuvy}v (62>

where T = R*,Q = {1,...,¢},X =R W =R U C R™, Y C R™, and L% are
spaces of time, discrete variable, measured variables, unmeasured variables, input,
output, and disturbance, respectively, S is the space of switching sequences, and
Yy, q € Q are constituent systems whose evolutions are governed by (6.1). The
mechanism of evolution of system ;¢ is obvious from Section 2.4 of Chapter 2.

Consider the dynamical system described by

Yo (=T(¢ ue), (6.3)

where ( € R" and uc € R™¢ are state and input of ¥¢. Let yo = he((, uc) and

Ym = hm(z, ,u) be the output of ¥ and the measured output of ¥,. For ¢ € Q,
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Figure 6.1: g—constituent closed-loop system chz Y.q — % subsystem of X, ¥, , —
subsystem of X,

making the interconnection between X, and ¢ through

Uc = Ym, U = Yo, (64>

we obtain the dynamical systems Egj, q € Q, see Figure 6.1, from which the following

switched system with input are well-defined
Se = {RY,Q,RY x R x R", L% {5} ,cq,S}- (6.5)

The state of ¢ is X = [T, 27, ¢T]? and its input is §. The mechanism of evolution
of ¥¢ is obvious from the definition of switched systems in Chapter 2.

For each switching sequence o € S and each input 6 € L% let X (t) = X (t; 0,0, Xo)
denote the trajectory through X, of the closed-loop switched system . We have
the following control problem for switched system with appended dynamics ¥y/0.
Switching-uniform adaptive output regulation: design a dynamical system of

the form (6.3) such that, under the interconnection (6.4) with y,, = x, the trajec-
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tory X (t) = X(t;0,0,X,) of the closed-loop system Y4 generated by any switching

sequence o € S[r,, T},], input 6 € £% and initial condition X, satisfies:
i) X(¢) is bounded; and
ii) y(t) = x1(t) approaches to a small neighborhood of zero as t — oc.

We would mention that by collections (6.2) and (6.5), it is implicitly supposed
that there is no switching jump in trajectories. For each ¢ € Q, we shall call the
equation Z(t) = Q,(2(t),z1(¢),0(t)) in (6.1) the z—subsystem of ¥, and, accordingly,
the collection of the remaining equations in (6.1) the z—subsystem of ¥,. We shall
respectively denote these subsystems by X, , and >, ;. The interconnection structure
of the controlled switched system is shown in Figure 6.1.

As the measured output y,,, =  does not contain z, we shall call 3, , the unmea-
sured dynamics of ¥, and we call the dynamics of the continuous state z of system
Y10, labeled as XA, the unmeasured dynamics of ¥y,o. In this chapter, we provide

solution to the proposed control problem under the following conditions.

Assumption 6.2.1 There are smooth positive definite and proper functions U, :
R — R,q € Q, class Ko functions o, &, oq,as and 3, and a continuous function
v:RY — R 0v(0) =0 such that, for all q,q1, and ¢ € Q,q1 # qa, for ally € R and

2z € RY and for all 6 € Qy, the following properties hold:
1) Ug,(2) < B(Ug,(2)) and a(||z]]) < Uy(z) < a(|l=]);

i) 222 .0) < —n(U,(2)) + o6?); and

oU,, (2)
0z

iii)

Qq,(2,9,0) < as(Uy, (2)) + v(y?).
Let u be a C? class-K, function and wy, : R* x R* — R, k = 1,2 are functions

defined as wy(a,b) = G *(Gr(a) + b), where

0 [ [T ert
G1(v) /1—a1(s)+u(s)’ d Go(v) /1a2<8)+u(8), cR™. (6.6)
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Assumption 6.2.2 lim, o+ (Ou(s)/0s)ar(s) = 0 and both functions oy —p and ca+p
are of class-Ko. There exist numbers Ry > 0 and 79 > 0 and a class—ICL function wy
satisfying wo(wo(a, s),t) < wp(a,s +t),Ya,s,t € RT such that wa(s,t) < oo,V(s,t) €

0, Ry) x [0,T},] and

w1 (B(wa(s, Tp)), 7p) < wo(s, ), Vs € RY. (6.7)

In system with appended dynamics, the control objective is often to force the
system output to follows a prescribed signal [71]. In such context, the system output
y(t) plays the role of input disturbance to the z—subsystem. As a result, certain
stability property must be imposed on the internal dynamics for solvability [74,71,7,
84,32,48]. Without involving the switching signal, Assumption 6.2.1 imposes stability
properties of constituent systems X, only.

The first inequality in condition i) of Assumption 6.2.1 is not a restriction as
from the second inequality, such a function 3 can be (-) = a(a~!(-)). However,
is considered as in practice such a function 3 giving better growing estimates than

@ o o~ ! might be utilized for better control.

Condition (6.7) provides a quantitative condition from the well-known but still
unutilized fact in switched systems: in comparison to the persistent period and the
growth rate, the larger the dwell-time and the decreasing rate are, the better con-
verging behavior is achieved. As w; and ws are class—KL and class— KX functions,
respectively, condition (6.7) holds if either decreasing rate a; or dwell-time 7, are
sufficiently large with respect to the growth rate ay and the persistent period 75,.

In the case that the functions (3, u, ay, and ay are linear as in [149], i.e., B(s) =
aps,a1(s) — pu(s) = ars, and as(s) + u(s) = ass, the condition (6.7) reduces to

def

Te = a17p—axT, —Inag > 0 and a function f, satisfying (6.7) is wo(s, 7e) = sexp(—7e).

Thus, the generality of (6.7) is obvious.
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Assumption 6.2.3 There are known functions g,,;,% =1,...,n such that

199 (2, i, 0)| > i (T5) > 0, (6.8)

for all (z,2;,0) ERI xR x Qp,q € Q,i=1,...,n.

As the control gains are continuous and bounded away from zero by (6.8), they
have unchanged signs. Without loss of generality, we further assume that all the
control gains’ signs are positive.

Control for systems with changing control gains’ signs is an extensive problem
[155]. However, control of this class of systems can be developed from controls of
systems with known control gains’ signs [155,99|. Therefore, control of systems with
known control gains’ signs, as assumed in Assumption 6.2.3, also plays an important
role in dealing with larger class of systems, whilst state-dependent and un-identical
control gains of constituent systems 3, in (6.1) present an obvious generalization from
systems with constant control gains [85, 71].

Assumption 6.2.3 is instrumental in overcoming the obstacle that the well-known
cancelation design for continuous systems, in which the terms 1/gy;’s are included
in the controls for matching the control to nonlinear functions fi;’s [85,162|, does
not apply to switched system (6.2). The behind rationale lies in i) uncomputable
unmeasured state dependent control gains g ;’s cannot be included in the controls,
and ii) even if z was known, the control and the nonlinear functions of a constituent
system >; are matched only when this system is active.

To close this section, let us recall the following lemmas.

Lemma 6.2.1 ( [14]) Let v(t) be a differentiable function in J = (a,b) such that

0(t) < g(v(t)), vt € J, (6.9)
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where g is a nonzero continuous function in I = (vy,vy). Let tg € J and v(ty) = vy €
I, then
v(t) < GTHG(vy) +t —tg),Vt € [to, b)) = Ji, (6.10)

where G(v) = [ ds/g(s),u,v € I and by = sup{t € [to, ) : G(vg)+s—ty € G(I), t <

s < t}. In addition, the function w(a,t) o G 1 (G(a) +t),a € I,t € J satisfies
w(f(a,s),t) =wl(a,s+t),Yael, s teJs+tel (6.11)

Lemma 6.2.2 ( [97]) For any real-valued continuous function f(x,y) where x €
R™ y € R™, there are smooth scalar-value functions a(x) >,b(y) > 0,c(x) > 1 and

d(y) > 1 such that

[f (@, y)] < alx) +b(y) and [f(z,y)] < c(x)d(y). (6.12)

6.3 Switching-Uniform Adaptive Output Regulation

In this section, we present the gauge design method for switching-uniform adaptive
output regulation of persistent dwell-time switched system with unmeasured dynamics
(6.2). The design makes use of the controlled error dynamics as a gauge for instability
mode of the unmeasured dynamics to design a control preserving the converging
behavior in this mode. To this end, we exploit the fact that in unstable modes of
z-system, estimates of z-dependent functions in terms of error variables are available
for control design. In this way, auxiliary functions satisfying conditions of Theorem
5.2.1 can be constructed for the convergence of the combined unmeasured dynamics
and error dynamics. As the measured state-dependent domination functions of the
unmeasured state dependent functions are utilized, we separate the unknown time-

varying parameters from known variables and combine them into a lumped input
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disturbance which can be attenuated by tuning control parameter.
Since v(0) = 0, there is a continuous function vy such that v(s) = ve(s)s,s > 0.

Our design involves the following gauge along the trajectories of z, x:
(U(=(1)) < V(€(1) € or(E0)EW) + Y€1), q € Q (6.13)
H{Uqg\Z = Vg V1\&1 1 i 4 ) .
=2

where U,’s and pu are given in Assumptions 6.2.1 and 6.2.2, z € R? is the state of
the unmeasured dynamics X, § = x; — ayi—1 € R,2 = 1,...,n are error variables,
ayo = 0,ay4,1 = 1,...,n are the so-called virtual controls, v; : RT x Rt — R*
is a continuous nondecreasing function satisfying vi(s) > max{vg(s),1},Vs € RT.
Hereafter, we call the differential equations describing the dynamics of the error state

E=1&,...,&]" the &-subsystem or controlled dynamics labeled as Ye.

6.3.1 Control Design

By Assumption 6.2.1, if the inverse of (6.13) holds for all the time, then converging
behavior of £ is guaranteed by the converging behavior of z. Thus, the design purpose
is to preserve the converging behavior of z on time stages (6.13) holds. To proceed,
let us recall the definition of the transition indicator i_ from Section 2.4.2 of Chapter
2 and the notion of derivative along a trajectory (5.7). For each i = 1,...,n, & is the

vector [£1,...,&]7T.

First Virtual Control Design

Let & = 27 and & = x9 — a1 Where a3 is the first virtual control to be designed.

From the system dynamics (6.1), we have the following evolution rule for &

él :gq,l(z7x179)x2+fq,l(z7$179)7qEQ' (614)
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Consider the following function

Vir(6) = 50a(ED)Eh (6.15)

which we call the first gauge Lyapunov function candidate as it is a part of V.
Let vp(s) = (Ovi(s)/0s)s + vi(s). As Vg, is continuously differentiable, the

derivative of V,; along the evolution of &; is

DV (6(0)) < max {on(€ () (g1 (2(0), 21(8), 0(0)(t) + s (1)
+ foal(0), 0 (0),00))a®}.  (6.16)

Bearing in mind that computation are made along evolutions of state variable z
and x, we shall often drop the time arguments of evolving variables for short. At
this point, our objective is to construct a virtual control «,; such that if (6.13)
holds, then the right-hand-side of (6.16) contains a negative functions of ¢. To
this end, let us estimate the functions g,;’s and f,1’s in terms of known variables
&’s upon satisfaction of (6.13). Since g,1’s and f,;’s are continuous and U,’s are
radially unbounded by Assumption 6.2.1, for p € Q, there is a continuous function

1p1 nondecreasing in its first argument such that

gp,l(')€2 + fp,l(') S ¢p,1(Uq(2>7$1>£2: 9),V(Z,l’1, 6) € Rd X R x Q@- (617)

Such a function 1, can be

Ypa(s,21,0) = sup{gp1(¢, 21,0)& + foa(¢,21,0) : C € R?, <]l < @71(3)}, s € RT,
(6.18)

where « is given by Assumption 6.2.1. Applying Lemma 6.2.2 and Young’s inequality,
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b

0.1, € Q such that, upon satisfaction of (6.13), we have

we obtain functions 17,

UD(ED)(Gpa (N + Fpa(DE < b () Wy (Uy(2), €1, &, 0)lE
< fop (@l (1! (1 ()€ + D). 61,6.0) 1] < v (O)uh (&G (6.19)
=2

where §;,7 = 2,...,n are error variables to be defined at the next steps. Since ¢, is
continuous and 0 € L% is bounded, there is a constant ©; such that (¢4, (6))* < 46.
As such, applying Young’s inequality, the last term in (6.19) satisfies

(U5.4(0))?
1Ko

©,

< Ko (¥1(6))% + -, (6.20)

1 (00051 (60)161] < Ko(vy1(60)%E + I
©

where Kg > 0 is a time-varying design parameter to be updated.
Since Q is finite, there is a C* positive function 1)y, that is nondecreasing in each
individual argument, such that (1% | (£,))* < ¢1(&2),Vp € Q, where & = [¢7,..., &)

Such a function 7, can be any C! positive function satisfying

Uals) = sup { (151 (E)) € € RGP < D siop € Qs = [sn,- 5" € (R)"
i=1

(6.21)

Applying the following identity [97]

1
0 g ey Li—1,
f(:rl,...,xi) — </0 f(I1 - Ti_1 5)

S

dﬁ)xz + f(‘rh s 71:1'—170)

s=PBz;

déf A(xl,...,xi)xi—|—f(x1,...,wi,1,0), (622)
to the function 1, recursively from ¢ = n to ¢ = 1, we obtain positive functions ¢ ;
satisfying
0il€) =Y eI +1i(0), & =&}, ... €T (6:23)
i=1
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In summary, from (6.19), (6.20) and (6.23), we have

vp (&) (Gp1 (2, 21,0)&a+ fr1(2,21,0))&1 < K@<Z¢1,i(§?)§3+¢1(0))5f+%;vp €Q
=1
(6.24)

whenever (6.13) holds true.

Remark 6.3.1 As 1y is nondecreasing in each its argument, its partial derivatives
are nonnegative. As such, in view of (6.23), the non-negativeness of the functions

©14(+)’s in (6.23) is guaranteed.

As we are going to design «,; such that a,1& < 0, substituting (6.20) and

xg = & + 1 into (6.16), we obtain

DVg1(&1(t)) < vp(&7) min{gp1 (2, 21,0) : p € Q}ér0vn

- - S)
Ko (Yol €@)€ + ()& + 1 (6.25)
=1

upon satisfaction of (6.13).

Remark 6.3.2 The universal design of the functions ;i = 1,...,n in (6.21) and
(6.37) below applies to the generic functions f,;’s and g,;’s. In practice, specific
structures of f,:’s and g,;’s can be exploited to improve estimates (6.20) and (6.39)

below for better control performance.

In view of (6.25), let us consider the following first virtual control a, ;

gw,1($1) (Ql(fl) + K@@1(£1>>£1, (626)

where p;, and ¢; are positive smooth functions to be specified. By construction, vy is
a nondecreasing function which has nonnegative derivative and v;(s) > 1,Vs € R™.

Therefore,
_ Ouy(s)
 Os

vp(s) s+wvi(s) > vi(s) > 1,Vs € RT. (6.27)
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This together with the property ¢,1(-)/gz1(-) > 1 from Assumption 6.2.3 implies that

0n(E)gpa (Yeratay < 220

(@) + Koo (€0)6 < —ai(@)ét — Kop(€)¢?

(6.28)

By virtue of (6.25), let ¢; be the smooth positive function satisfying ¢;(&;) >

©011(62)&2 4+ 11(0). Then, substituting ¢; and (6.28) into (6.25), we arrive at
2 - 2202, O1
DVii (&) < —a1(6)&F + Ko Y p1u(§)E6 + (6.29)
=2 Ke

whenever the condition (6.13) holds. This completes the design of the first virtual

control ay, ;.

Remark 6.3.3 Different from the traditional backstepping design [85], in gauge de-
sign, the inequality (6.13) gives rise to the domination function ¢1(-) depending on
all error variables which cannot be canceled all at once by o, 1. The novelty here is
the decomposition of 1y into functions of square of error variables (6.23) which can

be canceled by the next virtual controls.

Inductive Virtual Control Design

The purpose of the inductive design is to augment the gauge Lyapunov function
candidate Vj; and design the virtual controls a,,;’s to propagate (6.29) in such a way
that all the positive functions in the derivatives along trajectory are eliminated when
the actual control u is reached. Let us state the inductive assumption as follows.

Inductive Assumption: at a step s > 1, there are

i) gauge Lyapunov function candidates Vg ;,j =1,...,s given by

Vei(§) = VegrGa) + 5615 =2, s (630

with Vg1 given by (6.15);
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ii) virtual controls

1 = .
ay; = ————(0j(§) + Kewi(§))&, 5 =1,....5, (6.31)
92,4(Z;)
where g, ;’s are given by Assumption 6.2.3, and 0;,;,7 = 1,...,s are design

positive functions given by (6.43), i = j and (6.45) in the below; and

iii) an unknown constant ©, > 0 and nonnegative functions ¢;;,l =1,...,s,j =

s+1,...,n,

such that whenever (6.13) holds true, the derivatives of Vj , along the trajectory &(t)

satisfy

S n S _ @S
DV (&(t) < =) 068+ Ko Y > @ ()8 + Ko (6.32)

j=1 j=s+1 I=1

As shown in the previous subsection, the induction assumption holds for s = 1.
Suppose that the assumption holds for s = k — 1,k > 2. We will show that it also

holds for s = k.
From the rule of evolution ¥, given in (6.1), the rules of evolution for the error

§k = T — Qu p—1 are

ék = Ggi(2, T, )1 + for(2, Tk, 0) +roi(2, Tk, 6), ¢ € Q (6.33)

where 7, ’s are continuous functions given by

N

-1
Oaj_q 3Oéu,k—1 :

o, (9q.5()j1 + fo () — OKe Ko,q € Q. (6.34)

rex(t) = —

.
I

As the update law for K¢ shall be designated as a continuous function of &; (see
(6.47) below), the functions r,;’s defined by (6.34) then depends only on z, 7 and
as in (6.33).
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Let us define &1 = T41 — i and consider the following k-th gauge Lyapunov
function candidate

1
Ver = Vg1 + 5513- (6.35)

From the Inductive Assumption, the derivative of V, ; along the trajectory & (t) satisfy

DV (&x(t)) = DVgr-1(&a1(8)) + (94— () (k1 + aur)

o,ig (1)’

o, kO g k()G

o,ig ()’

n k-1
- Z 0; ()&} + Ko ( Z soz,k(52>€?)$i +Ko Y Y @ ()68
j=1 1=1

j=k+1 1=1
Ok_1

o

max { g (e + (90 (st + o) + 70 ( )6 }

(6.36)

whenever (6.13) holds true.

Having (6.36), our next purpose is to design the virtual control «,, ; that eliminates
part of the positive terms from and add desired negative terms to the right hand side
of (6.36). By the same type of reasoning leading to (6.19), we obtain smooth functions

(U w;g,kv p € Q such that whenever (6.13) is satisfied, we have

(Vg (0))?
4K@ ’
(6.37)

(o (V1 + Sk () + 10 ()Ek < k(O e (En)lEr] < Ko(¥,(€0))7Ek +

Moreover, as Q is finite, there is a C! positive function 1), nondecreasing in each
individual argument such that (¢%,(£,))* < ¢x(&2),Vp € Q. Again, applying the
identity (6.22) to the function v; recursively from j = n to 7 = ki, we obtain the

functions ¢y ;,j =k, ..., n satisfying

Zsou E)E + vn(&-1,0,...,0). (6.38)
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As 6 € L% is bounded and 5 p S are continuous, there is a constant ©j, > 0 such
that max{©1,...,Ok_1,[[(¥2,(0(-)*II/4,p € Q} < O. As such, from (6.37) and

(6.38), upon satisfaction of (6.13), we have

<gp,k<->5k+1+fp,k<->+rp,k<>>§k<K@(Z% ) + (@10, 0)) & + -

Note that we are going to design a,, such that o, ;& < 0. Substituting (6.39)

into (6.36), it follows that

k-1 k
DV (&(t)) < — Z 0;()& + Ko ( Z PLe(E)EF + (1,0, .. 70)>52
=1

Ok
+ Ke Z Z‘Pl; §€z+mm{9pk() pe@}@uszk+K—®
j=k+1 1=1
(6.40)
whenever (6.13) holds true. Consider the virtual control
1 _
g = ———— (0r(&) + Kowr(&r)) &k, (6.41)
G 1 (Z1)

where g, and ¢, are smooth positive functions to be specified. As g, x(-) > gz 1(-),Vp €

Q by Assumption 6.2.3, we have

~—

Ik (-

ol (01() + Kowi ()& < —o(1)& — Kowr(-)&, Vp € Q. (6.42)

9p.k (')gkau,k - -

~—

In view of (6.40), let ¢, be the smooth positive function satisfying

R(ENE +p(&1,0,...,0). (6.43)

IIM?r
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Substituting (6.41) and (6.43) into (6.40), we arrive at

n k41

DV 1 (& (t) ZQJ (EE+ Ko > > wi(E)ere +— (6.44)

j=k+1 I=1

upon satisfaction of (6.13). Thus, the inductive assumption holds for s = k.

Actual Control Design

Following the Inductive Design Step, we obtain at the final step s = n the n-th gauge
Lyapunov function candidate Vj &t Vg given by (6.30), j = n and the virtual control
Qyp given by (6.31), j =n. As &1 = Tnt1 — Qun = U — Qup, let us select u = .,
so that &,11 = 0. The remaining designs are those for g;’s and the update law for
Ko.

As p/(s) = Ou(s)/0s > 0,5 > 0 for p € Ky and p/(s)ag(s) — 0 as s — 01 by
Assumption 6.2.2, there is a class-K function o, chosen to be C! such that ag(pu(s)) >

W (s)aq(s). We choose p;’s to be C'! functions satisfying

Y 0(E)EF = ag(2Ve(G)). (6.45)

j=1
Such functions p;’s exist as ag(2Vy(&,)) can be expressed as

n

g (2Vy(6)) = (Zv] &) <D ax(niy(€)

Jj=1

:Z": ( /0 aag(nazj(s)s)

J=1

&)

dﬁ) &, (6.46)

=BE2

where 0;(£7) is vi(£7) if 7 = 1 and is 1, otherwise.

Let €4 > 0 be a desired accuracy and kx > 0 be a tuning gain. We select the
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following update law for Kg [97]:

. 2 _ if
Ko = w6l =ea) 1 16] 2 e . Ko(0) = 1. (6.47)

0 if |§1| < €4

Finally, let weg(?) o ©,/Ke(t). We shall estimate the derivative of Ug(§) o

pwH(2V,(€)) along the evolution of ¢ as follows. As u = af gives &1 =u—af =0

and renders (6.32) hold for s = n under (6.13), using (6.45), we have

DVy(E(t)) < —ag(2V5(£(1))) + we (1) (6.48)

whenever (6.13) holds true. As p € C! and so is u~!, we have

DU (&(t)) = 2(1' (" (2V,(£(1))))) " DV (&(1))
< —2(4/ (Us(§(1))) aa(u(Us(€(1)))) — we(t)) (6.49)

whenever (6.13) holds true. From (6.49) and the designated property a,z(u(s)) >

W (s)on(s), if ag(p(Ug(£(2)))) > 2||lwe|| > 2we(t), then we further have

DU(E(t)) < —an(Ug(€(1))) (6.50)

whenever (6.13) holds true. This completes the design procedure.

Remark 6.3.4 The update law (6.47) is adopted from [97]. Though there is no com-
mon Lyapunov function to prove the boundedness of Kg as in [97], we will show in the
next subsection that, in switched systems (6.2), the update law (6.47) still guarantees
the boundedness of Ko through the converging-input converging-state property of the

closed-loop system.

Remark 6.3.5 As (6.50) is guaranteed only when (6.13) holds, stability of the re-
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sulting closed-loop system cannot be obtained from (6.44) with arbitrary o;’s as in
the usual Lyapunov-based control design of continuous dynamical systems. As such,
condition (6.45) on the design functions o;’s is presented to obtain (6.50) for stability

analysis presented in the next subsection.

6.3.2 Stability Analysis

In this section, we prove that the control obtained in the previous subsection achieves
the proposed control objective. The main steps are as follows. We first show that the
(switched) system of & = [z, £T]T has an asymptotic gain with respect to the input
weg. Then, we show that the adaptation of the parameter Kg will be stopped when

the desired accuracy has been reached. Consider the functions

~\ def —
Vy(#) = max{U(2), n™' (2Vg(§)) }a € Q. (6.51)
As U,,q € Q, and V, are continuous functions and z(t) and £(¢) are continuous
in ¢, the functions V,(Z(t)),q € Q are continuous in ¢ as well. Let p,(s) = s+ pu(s)

which is a class-K,, function. Let us verify that
Vo(@) = p, (Uy(2) + 2V4(€)). Vg € Q. (6.52)

Indeed, if pu(U,(2)) > 2Vy(§) then V,(Z) = U,(z) and hence p,(V,(Z)) = U,(z) +
pUy(2) > Uy(2) + 2Vg(€). In the inverse case of p(Uy(2)) < 2Vg, we have V,(Z) =
57 (2V,(€)) and hence p, (Vy(3) = i~ (2Va(€)+2Vi(€) = Uy(2)+2V4(€). Combining
both cases, we obtain (6.52).

Recall that {(q(,J?, ATU,Z-;_ }; is the sequence of dwell-time switching events of ¢ and,

given the initial time ¢, t, ;,» =ty + 7,,;». We have the following proposition.
] ]

Proposition 6.3.1 Under the input u = «,, the following properties holds along the
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resulting trajectory T(t):

V) Vo, 0 (2(1) < maxiw (Vo (2(toi)). t = toin), ™ (og ' (2[lwell))}

vVt € [t ~§_J, ta7i§7+1],. and

0,8

i) if Vy((tv)) < Ry for some ty € [tg,@’fﬁl,t@i?},q € Q, then V (2(t)) <
wa (V2 (tv), Tp,), Vt € [tV7ta,z‘;’]7

where V" (s) = max{p~"(a;'(2||lwel))), Vo(Z(s))}, wi,ws, and Ry are given in As-

sumption 0.2.2, and tg;» o to0-

Proof: See Section 6.5. |
Subject to the update law (6.47), Kg(t) is nondecreasing and hence we(t) is

bounded. Define the constant V,,

= max{x(||lwel|), V4,,(Z(to))} and the function

x(s) = p~"(a;'(25)), s > 0. We have the following theorem.

Theorem 6.3.1 Consider the switched system (6.2) whose driving dynamics are de-

scribed by (6.1). Suppose that Assumptions 6.2.1-6.2.3 hold and V,,, < Ry. Then,
under the control v = o, given by (6.31), j = n with p;’s satisfying (6.45), the re-
sulting switched system of & = [z7, 7T, whose driving dynamics are described by

2= Qq(2,y,0) and (6.33) and whose input is we, has an asymptotic gain.

Proof: We shall prove the theorem by showing that the (switched) system generating
7 satisty conditions of Theorem 5.2.1 with the functions V,, ¢ € Q defined in (6.51).
As the driving dynamics of z and z are described by differential equations (6.1) and
the resulting control u = a;, is continuous, from the theory of differential equations
[137], we know that the corresponding transition mappings .7, are continuous in their
domains of existence. We shall verify the forward completeness of & through its
boundedness in the subsequent verification of condition ii) of Theorem 5.2.1.

From (6.52) and definition of V,, we have

Ug(2) + 17 (2V5(8)) = Vo(@) = py, (Ug(2) + 2V (€)). (6.53)
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As p1 and p,, are class-Ko, functions, this shows that (5.10) holds.

To verify condition i) of Theorem 5.2.1, we have the following cases at the time
t € [toistois1],t € N.

Case 1: Inequality (6.13) does not hold for ¢ = ¢,;. In this case, we have
Vi (#(8)) = Uy, (2(2)) and

u(y?) < vi& ()& () < Uy, (2(1))). (6.54)

From Assumption 6.2.1 and (6.54), we have

oV, (i) = =gy ). ).00)

< —on (U, (2(1))) + Uy, ,(2(1))) < —au (Vg (2())), (6.55)

where we have defined a;(s) = a1(s) — u(s).

Case 2: Inequality (6.13) holds for ¢ = ¢,;. In this case, we have V_,(%(t))

1t (2Vg(E(t))) = Ug(&(t)). By control design, (6.50) holds if V,_,(Z(t)) = Uy(&(t)) >
(e (2llwel))-
Both these cases show that
DVq, (@(t)) < = (Ve (2(1)) if Ve, (2(t) = p (g ' (2]|wel))). (6.56)

As i, o, and @, are class-KCo, functions, this shows that the condition i) of Theorem
5.2.1 is satisfied.

We now verify condition ii) of Theorem 5.2.1. Suppose that V;(Z(t;)) < Ry for
some t} € [tmi;’,l +1,t07i;}]. According to ii) of Proposition 6.3.1, V,(Z(t)) remains

bounded on [t%, 1, ;-] and hence, by (6.53), so is Z(¢). In addition,

: .
) )
Jo Yoy

Vo(@(to ) < max{ws(Ve(2(£5)), T), w2~ (o (2llwelD)), Tp)}- (6.57)
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At the time #,;», we have either a) Vy (i(tm?)) = Uy ., (z(t(,’i«;)) which, by
Assumption 6.2.1, is less than ﬁ(Uq(z(tm?))) which, in turn, is less than ﬁ(Vq(i(tJ’i;;)))
orb)V, , (j:(tcf,i;?)> = Ug(f(taﬁi?)) < \/(I(i(tm?)). It can be verified that §(s) > s,s >

0. These together result in

Vi (@tyn)) < BV(E(t0)). (6.59)

,i?
J

As wy is nonincreasing in its second argument, the boundedness of V; (i(tg’i?))
j
from (6.58) coupled with i) of Proposition 6.3.1 implies that V, ,(Z(t)) remains
’Zj

,T

bounded on [toﬂ-;o_ toin +1) and hence so does Z(t). In conclusion, Z(t) is bounded

on [tjata,if.ﬂ]'

Similarly, the boundedness of Z(¢) on the subsequent time period [ta,i? 15 bogn, 41
is obtained if Vq(fé(tm? +1)) < Ry for some ¢ € Q. We shall show that this holds true
with ¢ = Qoin- Applying i) of Proposition 6.3.1, we have

Vi 2 (@ltinin)) < max{wn (VL (@t)), 7)1 0 @lwel)}. (6.59)

o, i

J J

By stacking (6.57), (6.58), and (6.59) and using Assumption 6.2.2, we obtain

Vi, o (F(toi241)) < max{p~ (o 2llwe ), wi(Blwa (i (o ' (2llwell)). Tp)), 7)),

wl(ﬁ(WQ(‘/Q(j(t;))7 Tp))7 Tp)}

< max{x([lwell),wo(Vo(2(17)), 70)}, (6.60)

where we have used the property (6.7) from Assumption 6.2.2. As x(||we|]) < V;,; <

Ry and wo(s,70) < s, Vy(2(t;) < Ry, (6.60) shows that V; ,(#(ts241)) < Ry and
vzj v

subsequently Z(t) is bounded on [tgﬂ? +15 boi, 11

Now, let 1§ = 1,0 = lo if lo0 <ty and tj = ty1 if {50 = {52 We claim that z(t) is

bounded on [ty, tj] and V,(Z(tf)) < Ry for some ¢ € Q. This claim is obvious for ¢ =
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t50. In the case t; = t, 1, as the first switching event is of dwell-time and ¢§ is its end
time, from i) of Proposition 6.3.1 and the property qu,ig (Z(tgin)) = Vg, (@(to)) < Rv,
it follows that Z(¢) is bounded on [to, tj]. In addition, at the time ¢}, as ij = 0, using
i) of Proposition 6.3.1, we have either V,_ (Z(t5)) = V;Icm'g (@(tgiri1)) < x(lJwel) <
Ry or V  (Fllasgn)) < @1V, (lnig) 7)< O7 GV Eltasg)) +0) =
qug (T(tein)) = Vi o(@(too)) < Ry. Thus, Vi, (2(t;)) < Ry, ie., the claim is
true.

By the preceding argument, we conclude that Z(¢) is bounded on t € [ty, 00) and
hence the forward completeness of & follows.

From the properties wy(s,7) < s and wy(wo(a, s),t) < wo(a,s + t) as given in

Assumption 6.2.2, applying (6.60) successively from toinst back to tj, we have

Vi (E(toi211)) < maxix(flwell), wo(Vy, ,  (2(toin,+1));70)} < -

- <max{x([lwell), wo(Vg, o (£(t5)), (5 — 1)70) }- (6.61)
As wg € KL, taking the limits of V, (f(tm?H)) as j — oo we obtain

limsup Vg, (Z(ts211)) < x(llwell)- (6.62)

J—00 J

In addition, since V,  (Z(t,»41)) < Ry, from ii) of Proposition 6.3.1, we have
d,zj g

(@(6) < BV, @(0)) < BnlVy?, (bog 1) T VE € ltgpins g, J. Since

V,'s are nonnegative, this implies that

Va

oig ()

lim sup max Var;

) < limsup max V,
j—o0 tefjp 0,i§’+1 ]( )— p X q

i (B) jmoo tegP oz ®

(z(t))

[an,i'; ) V;]

< lim sup p(w, (V‘;:w (ta,i§+1), 1p))

J—00
< max {plwa(x(|[we ). Tp)) lim sup Vy_, (#(tri01) }
J—00 J

< plws(x(lwell), Tp)) = va(llwel)). (6.63)
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Thus, condition ii) of Theorem 5.2.1 is satisfied.
As the satisfaction of the conditions of Theorem 5.2.1 is independent of switching

signal, applying Theorem 5.2.1, we have the conclusion of the theorem. [ |

Theorem 6.3.2 Suppose that the hypotheses of Theorem 6.3.1 hold. Then, under
the control u = av, given by (6.31), j = n with o0;’s satisfying (6.45), the output x(t)

converge to the set B, = {s € R : |s| < ¢4} and the trajectory Z(t) remains bounded.

Proof: As we(t) is bounded, by Theorem 6.3.1, there is a class-K, function v inde-
pendent of switching sequence o € S such that Z(t) — {¢ € R ||C|| < y(|lwel)}
Our first purpose is to show that Kg(t) is bounded. Indeed, suppose that the converse
holds. Then there is a divergent sequence {t,}; C [to,00) such that Ke(t;) # 0,Vj €
N. From the update law (6.47), it must hold that |£;(¢;)] > €4, V5 € N. Let € > 0 and
d > 0 be numbers satisfying y(e) + 6 < €g.

As O, is bounded and Kg is unbounded and nondecreasing, there is a time #(e)
such that we(t) = 0,/Ke(t) < €,Vt > t(€). Let ty;) be the switching time of o
that is greater than ¢(e). By Theorem 6.3.1, the state Z(¢) of the switched error
system remains bounded for ¢t < t,;). As a result, the trajectory &(t),t > t,;() of
the switched error system is the trajectory '(t) of the same switched error system
with initial state 2'(0) = #(t,.( ), initial value of the time-varying parameter 6(0) =
O(ts(c)), input we defined by we(t) = we(t + toie)),t > 0, and switching sequence
o(€) defined by (go(e),i» ATo(e)i) = (dositite)s AToivice)), € N. Obviously o(e) also has
the persistent dwell-time 7, with the period of persistent 7},. By Theorem 6.3.1,
limsup,_ o |Z'()]| < v([Jwel|) < (). As T'(t) = Z(t + t(e)),t > 0 and ||we]| <, it
follows that there is Ty € R* such that ||Z(t+t(e))|| = |2/ (¢)|| < v(e)+0 < €q, YVt > T.
Thus |£1 ()] < ||Z(t)]] < v(€)+6 < eq, for sufficiently large j which is a contradiction.
Therefore, Kg(t) is bounded.

Finally, as Z(t) is continuous and bounded by Theorem 6.3.1, & (¢) and hence

Ke(t) are uniformly continuous. Thus, the monotonity from the update law (6.47)
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and the boundedness of Kg(t) show that lim; . fg Keo(s)ds exists and is finite. By

Barbalat’s lemma, we have lim, .o Ko(t) = 0. Therefore, & (t) — B.,,t — oo as,

€49

otherwise lim; ., Ko(t) # 0, a contradiction. |

6.4 Design Example

In this section, we present an example to demonstrate the application of the presented
theory in switching-uniform output regulation of switched systems with unmeasured
dynamics, state dependent control gains, and persistent dwell-time switching.

Consider the switched systems whose constituent systems are

so= —z(l+ 21+ 23) + 320(1 +sinay)
5 . Zy = —z(l+2{423) — 1231 +sinay) |
i = 0wy + ef2mi?
| 2 = (24 23 + 0122)u + Oo1 29
' z1 = —8z1 4 22
5, | 29 = —z1— 122+ 1 | (6.64)
i1 = 031y + 2040/22 + 323
\ By = (05 + 23)u+ Ogxo(21 + 22)
where the unknown time-varying parameters are ¢; = 1 + sin’t,0, = cost,fl; =

24 cost,0y = sint, and 05 = 2 — sint. The output of the system is y = x;.
Due to high-order terms in 31, a common ISS-Lyapunov function for z-subsystems

may not exist. Instead, we have the following Lyapunov functions for z-systems of

> and Xo:

1 1
Ui(z) = L—sz + 5222, and Us(2) = 27 + 2129 + 423. (6.65)

Let ()1 and @) denote the vector fields of z-subsystems of ¥; and 35, respectively.

With the help of Young’s inequality, the Lie derivatives of U; and U, along the vector
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fields )1 and ()5 are estimated as

Lo, Ui(2) < —4UE(2) — 2UL(2), Lo,Ui(z) < UE(2)/150 + Uy (2)/12 + 27 /24;

Lo, Us(2) <0.5Uy(2), Lg,Us(2) < —4Uy(2) + 7. (6.66)

In view of (6.4), as Lo, U; < U#/150 4+ Uy /12, estimate of increment of U; has
finite escape time. However, if U;(z) < 150/4, then we have Ly, U; < Uy /44 Uy /12
so that estimates of increments and decrements of both U; and Us can be expressed
in terms of exponential functions. As such, we will choose small persistent dwell-time
T, and small initial condition U;(2(0)) for simulation to avoid finite escape time.

From (6.65), a function 3 to satisfy Assumption 6.2.1is 8(s) = 31/s+9s+s?/4. Let
the design gauge be U,(z) < V4, i.e., u(s) = s. Then, provided that U;(z) < 150/4,
the functions ) and 3, in Assumption 6.2.1 can be computed as (s, t) = se'/? and
B1(s,t) = se~?, and hence, the condition (6.7) turns to impose 3(3(s))e~2»=T/2) to
be a class KL function, which can be satisfied for 27, — 7},/2 > 0. In addition, the
lower bounds for control gains are ¢g,; = 1 and g,o = 1+ z3. As such, the switched
system given by (6.64) satisfies conditions of Theorem 6.3.2. Following the design

procedure in Section IV, we obtain the following adaptive control

a1 = = |k + ko + Ko(ef +2)¢f] &

A = ky 4 3ko2 + 3Ke (68 +2)€2 + 2Kgetic?

1
YT <k3 + ky€3 + KoA%r3 + Ko A2 (¢ +1)(€] + &3)
2
+ Ko (&8 + €3)23 + Kol(e + 4)6}) &, (6.67)
where k;, i = 1,..., ks are design parameters, & = x1, & = x5 — o, and Kg is

updated by (6.47). A value for the unknown constant ©y is ©y = 7 > sup{#i/4 +
2e% + 02/2,62 /4 + 362}
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Figure 6.2: Adaptive output regulation
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For simulation, we choose k; = k3 = 1,ko = k4 = 0.5, the initial state (z,z) =
[1,-2,0.4,—1]7, and the desired accuracy e; = 0.01. The tuning gain kg is chosen
to be 100 for fast convergence of Kg. The switching sequence with persistent period
T, = 0.2s and dwell-time 7, = 0.8s is generated in such a way that i) on persistent
periods, the lengths of switching intervals are generated randomly in [0,0.05] and ii)
the lengths of dwell-time intervals are generated randomly in [0.8,1.2].

The simulation results for this example are shown in Figure 6.2. It can be seen
from Figure 6.2(a) that the output regulation is well obtained. The peak points
in control signal are due to the fast transient periods caused by changes of active
constituent systems. It is also observed from Figure 6.2(b) that the adaptive gain
Keo converges to a fixed value and the remaining signals are bounded. Thus, the

simulation results well illustrated the presented theory.

6.5 Proof of Proposition 6.3.1

In this proof, a closed interval [t;,%5] (an open interval (¢1,t5), resp.) is said to
be {—domt[q] (z—domt[q], resp.) if (6.13) holds (does not hold, resp.) for all ¢
in this interval. An interval of either these properties is said to be maximal in its
corresponding property if it has no strict subinterval of the same property. We further
denote Qo2 by g7 for short.

Consider a dwell-time switching event (qg,i«;, ATM?), j € N. We state that if the
inequality

Vo (2()) < (o (2llwelD)), (6.68)

g

holds for some t = t; € [to,ij-’» Lo +1], then it also holds for all ¢ € [t;, Lo 1]
Indeed, consider the case ¢; belongs to a {—domt[q7] interval [t;, ] C [tg’i;;, toin 11
As (6.13) holds on [t1, 5], we have Vq;;(:z?(t)) = uH(2V,(&(t))) and (6.48) holds for

all t € [t1,t2]. As u' € K, this coupled with the satisfaction of (6.68) at t = ¢
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implies that 2V (£(t;)) < a;'(2]|wel|) and (6.48) holds on [t1, o). As such, 2V,(£(t)) <
oy ' (2llwell), ¥t € [t;, t2]. Since Vi (2(t)) = ot (2V,(E(t))), t € [t1, ta], this shows that
(6.68) holds on [t;, to].

Let (2,t3) be the z—domt|[q7] next to [t;,#5]. On this interval, we have Ve (z(t)) =
Uq;_,(z(t)) and the inverse of (6.13) holds for ¢ = ¢. Thus, from Assumption 6.2.1
and the fact that the driving dynamics for z on [t(,’i;;, toin +1] is that of the index Qi
for t € (ta,t3), we have

DU (2(1))

4

IN

o (U (1)) + 0(5?)

< —an (U (2(0)) + plUy (2(1)) < 0, (6.69)

where we have used the property v(£3) < 2V,(£(1)) < /L(Uq]z) (2(t))) held on z—domt[q7]
intervals. Therefore, Uqf(z(t)) is decreasing on (ta,t3). As we have Uqf(z(t)) =
w2V (£(¢))) at the transition time ¢y and (6.68) holds at ¢ = t,, this coupled with
the continuity of Uq?(2<t)> further implies that qu(a?(t)) = Uq;;(z(t)) is bounded by
p (g ' (2llwel])) on (tg,ts) as well. Continuing this process until tin41 is reached,
we conclude that the statement is true.

In the case t; belongs to a z—domt[g]] interval, it is obvious from the above
argument that the statement is true.

We now consider ¢; to be minimal in the sense that there isno ty € [tmi? Loz i, to <
t; such that (6.68) holds for t = ¢y. For such t;, we have Vqup(i(t)) > ot (2llwel])),
Vt € [tmisz},ti) and hence (6.50) holds on {—domt|g}] intervals contained in [to’ifjp,ti).
Thus, on {—domt[q7] intervals, as V, , (Z(t)) = p~"(2Vg(£(1))) = Ug(£(t)), we have
DV (z(t)) < —Oél(‘/;];lj (2(t))). This co;pled with (6.69) and the fact that Ve (z(t)) =

Uq;?(Z(t)) on z—domt[gy] intervals show that

DV (2(1)) < = (Ve (2(1))) + sV (2(2))), V1 € [to0, 1) (6.70)

J q]
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Since D+Vq§_> (z(t)) < DV (Z(t)), using comparison principle [77] in combination
with Lemma 6.2.1 for (6.70), we have V;]?(f(t)) < wl(qu(:%(tm?)),t - tayi?),Vt €
[ta,i]@_,ti). Combining this estimate with the above estimate (6.68) of Ve (z(t)) on

[tia tﬂ,if+l]a we obtain

Vig (E(0)) < max{en (Vi (2t ))ot — o)™ 05 lwol )1V € [t
(6.71)
i.e., the statement i) of the Proposition is true.
We prove the statement ii) of the Proposition by examining increments of V,(Z(t))
on the interval [tv,tm?]. Consider the first maximal z—domt[g] subinterval (¢,15)

of [tv,tm?]. As v(y2) < u(Uy(2(t))) and V,(2(t)) = U,(2(t)) on z—domt[q| intervals,

from Assumption 6.2.1, we have
DVq(3(t)) < aa(Vo(2(1))) + p(Vo((1))), Vi € (t1,t2). (6.72)

Again, applying comparison principle [77]| in combination with Lemma 6.2.1 for

(6.72), we obtain
Va(@(1)) S wa(Vo(Z(th)),t —t1),t € (t1,ta). (6.73)

In addition, as [ty,t;] (if not empty) is £—domt[g]|, from the above proof of i),
we have Vo(Z(th)) < p'ag'(2llwell)) if Vo(E(t:)) < p~'(ag'(2[lwell)) for some
ti € [tv,t1] and DV (2(t)) < —aa(V,(Z(t))),Vt € [tv,t1] implying that V (z(t)) <

V,(Z(tv)),Vt € [ty,t1] if there is no such ¢;. Therefore, for any ¢ € [ty, 1], we have
Vo(@(t)) < max{p~ (o, 2llwell)), Vo(@(tv))} = V" (tv). (6.74)

Since an(s) + p(s) > 0, we is nondecreasing in both arguments. Thus, combining
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(6.73) and (6.74), we obtain
Vo(2(t)) < wa(V"(tv ), t — ty), Vt € [ty, ta]. (6.75)

We now consider the next pair of ¢—domt[q] and z—domt[q] subintervals of [ty, tm-fjn_],
namely [to,ts] and (t3,t4), respectively. Since V,*(tv) > p~"(a; ' (2||wel|)), w2 is non-
decreasing, and on {—domt|q] intervals, V,(Z(t)) is decreasing as long as it is not
smaller than p~" (o' (2[|wel|)), the inequality in (6.75) holds for ¢ € [t;,t3] as well.
Furthermore, as (t3,t4) is z—domt[q], we also have (6.73) with (¢1,%2) replaced by
(t3,t4). Thus, by the additive and nondecreasing properties of wy (see Lemma 6.2.1),

we have

Va(z(t)) < wa(V(Z(ts)), t — 1)
< wawa (V) (tv), t3 — tv), t — t3)
< wa (V) (ty), t — ty),Vt € (ts,14). (6.76)

Continuing this process until tm;_v is reached, we arrive at
Va(Z(t)) < wa(Vy"(tv), T —tv), VE € [ty 50]. (6.77)

As wy is nondecreasing and toir =ty < T, ii) follows (6.77) directly.



Chapter 7

Switching-Uniform Adaptive Output
Feedback Control

In this chapter, adaptive observer is presented for switching-uniform stabilization of
switched systems by output feedback. In a gauge design framework, the resulting
dynamic output feedback control is of non-separation-principle. The underlying prin-
ciple is to make the dynamics of the whole system to be interchangeably driven by
the stable modes of the unmeasured dynamics and the coupled dynamics of error
variables and state estimates. In this way, converging behavior of state estimates
of the controlled dynamics are preserved through unstable modes of the unmeasured
dynamics which at the same time provides estimates of functions of unmeasured state

in terms of errors variables and known variables.

7.1 Introduction

Control by output feedback is a typical problem in feedback control systems [114,
146,16]. The problem arises in applications in which information available for control

design is from only external measurements. For nonlinear systems, the traditional

160
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approach is to study conditions under which separation principles apply [114, 16].
Recently, using switching signal as a control variable allowing new switches only
when sufficiently accurate state estimates have been reached, [106] introduced a sep-
aration principle for switched systems. For switched linear systems, state-dependent
switching-logic was developed [49,50].

The increasing difficulty caused by uncertain and arbitrarily fast switching is
twofold. Beside infeasibility of the strategy of switching among the set of observers
of constituent systems, achieving sufficiently accurate state estimates on every single
switching interval impossible. In comparison to continuous dynamical systems, the
discrepancy between control gains of constituent systems in switched systems gives
raise to new destabilizing terms in the error dynamics so that the Hurwitz matrix for
Luenberger observer is not sufficient for a converging behavior.

In light of the above consideration, output feedback control of switched systems
might relax the separation principle and a Hurwitz matrix that is robust/adaptive
with respect to the new destabilizing terms is of principal interest.

In this chapter, we use gauge design framework to overcome typical obstacles in
output feedback control of switched systems. The main novelty lies in the integration
of the presented gauge design method and the method of adaptive high-gain [78,92]
so that control gains dependent on unestimated states are allowed, an enhancement

that has not appeared for even continuous systems.

7.2 Problem Formulation

Consider the switched system with input, output, disturbance and appended dynamic
¥i1/0 modeled by (6.2) in Chapter 6, in which the driving dynamics {X,},cq are
described by (6.1). Let us refer to Section 6.1 of Chapter 6 for detailed description

of the switched system i, as well as related notations. In this chapter, we are
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interested in the following output feedback control problem for X /o.

Switching-uniform adaptive output feedback stabilization: design a dynami-
cal system of the form (6.3) such that under the interconnection (6.4) with y,,, = 21,
the trajectory X (t) = X (t;0,60, Xy) of the closed-loop system Y generated by any
switching sequence o € S[r,, T},], input § € L% and initial condition Xy satisfies the

following properties:
i) X(¢) is bounded; and
ii) z(t) approaches to a small neighborhood of the origin as t — oc.

In this chapter, we provide a solution to the proposed output feedback control

problem under the following conditions.

Assumption 7.2.1 There are known constants g;,i,= 1,...,n and Ag > 0 and
possibly unknown constant Ly > 0 such that for all z € R%, 2, € R',q € Q, and

1=1,...,n, we have

19i(2,2:,0) — 9] < Ag, and |foi(2,2:,0)] < Lp(||2[[P? + |z1] + ... + 2:])(7.1)

Assumption 7.2.2 The system (6.2) satisfies Assumption 6.2.1 for B(s) = ags, a1(s) =
U185, and as(s) = aq28, where ag,an1 and aq,s are positive constants. In addition,
Qa1 > Gq,2,

a1Uy(¢) 2 |I¢]I”, V¢ € R, q € Q, (7.2)

and

ar1m, — a1, > Inag, (7.3)
where a1 = (a1 — Aa2)/2 and ay = (a1 + Aa2)/2.

In nonlinear output feedback control, it is often assumed that the systems can

be described by models in which control gains are either known constants or known
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functions of output [104,124,98,73,84,92] so that control gains in error equations are
vanished. However due to the discrepancy between control gains, non-zero control
gains in error equations in switched systems might not be avoided. By Assumption
7.2.1, we shall deal with this typical problem based on consideration of variation
Ag¢ in control gains. The Lipschitz-like condition for f,; in (7.1) is instrumental in
nonlinear output feedback control via high-gain observer [124,92].

Let P, @, A, and II be symmetric matrices satisfying

ATP+ PA< -2Q, DP+ PD >0, (7.4)
I'"A+ A’ < =21, DA+ AD > 0,and (7.5)
where
—ay 51 N 0 0 g1 ce 0
A= , I'= , (7.7)
—Qp—1 0 ce gn—1 0 0 ce Jn—1
| On 0 0 | It —r e T
are design constant matrices, [ is the identity matrix, D = diag{l,...,n}, Amaxp
and Apaa are the maximal eigenvalues of P and A respectively, a = [ay, ..., a,]"

and ¥ = [v1,...,7.)" are design parameters, and

2

A2 7|2 A
Ay = D g (1 M) (1 32 a2 4+ A A (7.8)

2 n max, P

are constants fixed a priori.
Upon the introduction of the gain variation Ag for less conservative results, (7.6)

is considered for solvability of the problem. While (7.4) and (7.5) are always possible
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[92], satisfaction of (7.6) can be made by appropriate matrices A and Q. It is observed
from (7.8) that (7.6) automatically holds when Ag = 0, i.e., the control gains of
constituent systems are identical constants.

For two vectors a,b € R", we have

n i—1
Z af Z = S lalia € 3 (3 ol + > a1ba-is14,])

=1 j=t =1 Jj=t

<Z(Z )I/Q(Zb? z+1+2bn i) = allallel. - )

7.3 Adaptive Output Feedback Control

In this section, we utilize the adaptive high-gain technique in universal output feed-
back control design of nonlinear systems [92] to present a gauge design for output
feedback control of switched systems. The main advance lies in the use of a gaug-
ing inequality to deal with the inherent discrepancy between control gains and the

dependence on the unmeasured state of driving systems ;.

7.3.1 Adaptive High-Gain Observer

The purpose of this subsection is to construct an observer providing state estimates
for system (6.2). Let & = [21,...,4,]7 be the estimate of z, and X > 0 be the

time-varying observer’s high-gain. We have the following scaled variables

i and Q:/\—;,izl,...,n. (7.10)

In view of (7.4)—(7.6), let us consider the following reduced-order adaptive observer
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for system (6.2)

Fi(t) = g (t) + XN(Oai(w1(t) — 21(0)yi=1,....n (7.11)

A(t) = kxé2(1), M0) = 1, (7.12)

where %11 ' and ky > 0 is the tuning gain of A.

From the dynamic equations (6.1) and (7.11), the dynamics of e;,i = 1,...,n are

éi(t) = %(91‘(95%1(’5) = T () +(9q, ., (2(1): 7:(1), 0(1)) — 9:)2i41(2)
F fy o GO, E(0,6(0) = Nau(aa (1) — (1)) dei(t)
= g (1)1, (1)~ ader(t) - @éei(t), (7.13)
where, for each ¢ =1,...,n and ¢ € Q, €, is
- 1 _ _
i = Y (99.i(2,%4,0) — gi)wiva + fou(2,7i,0) | (7.14)

Thus, defining e = [eq,...,e,)" and €, = [é,1,...,E0n)",q € Q, (7.13) gives rise

to the following compact form describing the dynamics of e(?):
. A .
é(t) = Me(t) — XDe(t) + €= (1 (1)- (7.15)

In view of (7.14), é,’s are dependent on the unestimated state z and the differences
between control gains of subsystems. Thus, the convergence of the estimation error
e(t) cannot be derived from (7.15) only as in classical nonlinear output feedback
control [78,124,92|. For this reason, a gauge function is called for overcoming the

obstacle caused by €,’s.
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7.3.2 Control Design

Consider the functions

V.= (ro+1)e" Pe and V; = ¢TA(, (7.16)
where
)\?nax[\ )
ro = 77 al (7.17)
max, P

Our gauge function is Vy = V4V, where ¢ = [(3, ..., ()" Let a, = (aa1—0a2)/2.

Along the evolution of £ = [T, ¢(T]T, we have the following gauges
a,Uy(2) < Ve + Ve, q e Q. (7.18)

In the following, we shall show that upon the satisfaction of (7.18), the state
estimates provided by the observer (7.11)-(7.12) can be used for designing a control
capable of making the dynamics of e and ( the driving dynamics of the whole system.

By Assumption 7.2.2, whenever (7.18) holds, we have ||z||” < V. + V; and hence,
1217 = a2 (@ll=l1)? < @ (Ve + VOV < 0PV 4 a PV (7.19)

The derivative DV, (£E(t)) can be computed through the derivatives of V, and V;
as follows. As g¢,(-)’s are positive, using Assumption 7.2.1, (7.19) and replacing z;

by &; + Ae;, we obtain

~ izai‘he - Yil | A i L d A i
gl < B CTO =034 (el 4 3y + Ve )
j=1

Ac, . Le( Ve, Vi =1 oy
< Sl + Agleiah 57 (15 + a+;rxj+wej|)' (7.20)

As such, upon the satisfaction of (7.18), from (7.4), (7.5) and the designated posi-
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tiveness of DP 4+ PD and /X (see (7.12)), it follows that

DV, (e(t)) = Mro + 1)el (ATP + PA)e — (o + 1);eT(DP +PD)e+ Y €' Pié;

=1

" Pl|ti1| + AAg Z le" P lei]

=1

Ag

< —2A(ro + 1)e" Qe + 7«0+1)[ZA

LF|e P| | Ve /VC

+Z|eTP|ZLF|e]| +Zy TP\ZLFW | (7.21)

As &1 = u shall be designed in the form (7.28) below, from (7.10), we have

1 .
ylxlﬁrl‘ = )\‘Ci+1‘72 =1...,n—1,
1 1 A
F|xn+1| = VM = g—n|71§1 + . Gl (7.22)

Since 7;’s are design constants fixed a priori, (7.22) gives rise to

z T T _
[ i P Wrearm (7.23)

On the other hand, it is observed that e, 1 = 0 and || P|| < Apax.plle]|. Thus,

using ¢(7.8), (7.23) and the Cauchy-Schwartz and Young inequalities, we have

A
3 2G| +Ade 3 e Pl

=1 =1

< M1+ 717l PIICIH + AAglle” Pllfe]
M, A/ T+ T2l + Mumax,pAc el

2

)\maxP _
S A AZ(1+ HWHQ)(TO + 1) el* + €17 + Manax, pAc el

_ A
2(7’0 + 1)

< Mllell* + s ———=lI<I* (7.24)

( +1)
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Upon satisfaction of (7.18), substituting (7.24) into (7.21) and applying the in-

equality (7.9) and the Cauchy-Schwartz inequality, we obtain the following estimate

DV.(e(6) £ ~2A(r0 + D" Qe+ (o + D[ lel? + 525 GIP + SVl P

)\maxP Ve
< (| 22=Llle] + [ =) +nLelle” Pllell + Lenlle” Pl <]
W

I

< —A(ro+ 1)(2¢7 Qe — Agle]]?) + %HCH2 + (ro+1) [LF‘F( j“iPH el
“w

L)),

(7.25)

e P||? ) s nLp, 1 2 nLF
—_— L p Amax —|le’ P
5 +2au +nLp pllell” + 5 e’ P|I” +

Further substitution of V; < Apaxa and [[e7 P|| < Apax.plle|| into (7.25) with the use

of (7.6) yields

3/2
DVe(e(t))S—)\(To+1)eTQe—l—(ro—|—1)LF</\maX’P P Mnep(Vi £ 0)

A/, 2\
A \/_ nL
2 A 2 F F 2
e el 4+ SCI? + (g + 1) (522 S e+ 75 )

< —Aro + DefQe + £(rog + 1)e’ Qe + §||C||2 +l(ro+ D> (7.26)

upon satisfaction of (7.18), where ¢ > 0 is time-varying parameter satisfying

3/2
A2 +
E 2 max{ max, P\/_ max, P(\/ﬁ n) /\ \/_

max, ~ max L, 2
)\\/@+ 2\ + P2)\\/_ A+}F(77)

which is bounded since A\ is non-decreasing.
On the other hand, a direct computation from (7.11) and (7.7) shows that under

the control
)\nJrl

(MG + -+ 7)), (7.28)

n
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the dynamic equation of ( is
: b\ B
Thus, using (7.5) and noting that A/A > 0 and DA + AD > 0, we have

A
DVL(C(1)) < =2AlICII* = $¢" (DA + AD)C + 2 Alllfal e
< =2XICI7 + ACI + Ao a @l el

_ >\max,
< =All¢l? + Milax,AHaHQA—PH@H2 < =ACIP + Aroe"Qe. (7.30)

max, P

Combining (7.26) and (7.30), we have the following inequality upon satisfaction
of (7.18):
1
DV,((6)) < =(A = o + 1) (" Qe + 5 I¢I1). (7.31)

7.3.3 Stability Analysis

In this section, we shall show that the adaptive output feedback control given by
(7.28), (7.11), (7.12), and (7.10) achieves stabilization uniformly with respect to the
class of persistent dwell-time switching sequences S,[7,,T},]. In view of (7.31), the
uncertainties are lumped into the unknown parameter ¢ to present no separated input
disturbance. Hence, asymptotic convergence to the origin can be achieved once A is
sufficiently large. This is slightly different from the case of adaptive output regulation
in Chapter 6, where uncertainties is lumped into a separated unknown parameter ©,,
to which disturbance attenuation problem was naturally addressed. We have the

following theorem whose proof is carried out in the framework of [92].

Theorem 7.3.1 Consider the switched system Y10 modeled by (6.2). Suppose that
Assumptions 6.2.1, 7.2.1, and 7.2.2 are satisfied. Then, under the adaptive output
feedback control given by (7.28), (7.11), (7.12), and (7.10), the all signals in the
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resulting closed-loop system Y4 are bounded and the state x(t) converges to the origin

uniformly with respect to S[r,, T}).

Proof: From Assumption 7.2.2, let us consider the functions w; and ws defined by
wi(s,t) = sexp(—ast),ws(v,t) = sexp(ast),v,t € R, (7.32)
Using 3(s) = ags in Assumption 7.2.2, we have
wi(B(wa(s,Tp)), 7)) = apsexp(—arm, + aoT),) = sexp(—7) dof wo(s, Te), (7.33)

where 7. is any positive number satisfying 0 < 7. < a7, — @27, —Inag. Clearly, these
functions satisfy Assumption 6.2.2.

We prove the boundedness of A by a contradiction argument. Suppose that A
is unbounded. Then, there is a time ¢, > 0 such that for all ¢ > t,, we have
A(t) — £(ro + 1) > @q,1, the decreasing rate of z-system. In this case, it follows from
(7.31) that DV,(E(t)) < —aa1Vg(E(t)). Then, applying the argument of the proof of
Theorem 6.3.1, it follows that the dynamics of (z, e, () satisfies conditions of Theorem
5.2.1 with auxiliary functions V;(z,e,() = max{U,(2),a,'Vg(e,¢)}, ¢ € Q, and we
obtain e;(t) — 0,t — oo, which coupled with the boundedness and the continuity of

eq(t) further implies that
A(o0) — A(0) = / (1)t = ¢2(o0) — €2(0) < oo, (7.34)
0

which contradicts to the contradiction hypothesis. Hence, A(¢) is bounded.

Our next objective is to prove that e(t) and ((t) converge to 0 as t — oc.
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As designated by (7.12), A(t) = kxe?(t) and A(t) > 1,Vt. Hence, from the first

inequality in (7.30), the derivative DV;({(t)) satisfies

DVe(¢(t) < =2MICI1* + 2M A maxa [I€]12]|@] €1
by

< =GP + Macallal®el < —lICI* + /\fnaX,AHfbllzk—A, (7.35)

which, by integration, gives rise to

)\Iznax,AH@”2

op NO = X)) V20, (736)

VAC(t) + / 1C(s) 12ds < Vi(C(0)) +

Due to the boundedness of A(t), the right hand side of (7.36) is bounded. Hence,
¢(t) is well-defined and is bounded for all £ > 0. Applying the Barbalat’s lemma, we
obtain ((t) — 0,t — oo.

We proceed to prove the convergence of e(t). Let A\g > 1 be a design constant and

consider the following scaled error variables:

N i=1,...,n. (7.37)

From (7.11) and (7.37), the time derivatives of ¢;’s are computed as

1

& = A_g(gi(miﬂ — Zip1) + (94 (2(8), 2i(1), 0()) — gi)xina

RPN
oig (1)’

(2(t), 75(1), 0(t)) — Nag(21 — @)

)\i
(t)’i - A)\—éaiel, (738)

+ fy

RN
o,ig (1)’

= AoGi€iy1 +Eq _
Oig
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where e; = (z1 — #71)/A and

1

€qi = )\_6«9(10,1.;“),1'(') — 9i)Tiv1 + fqaﬂi;m,i())
1 A i
=Xﬂ@%rwxv—wK%H+AjaH>+@Mwwm)qu. (7.39)
0 1o o
Let £ = [e1,...,&,)" and &, = [E,1,...,E4n]". Adding —Nga;e; + Aga;e; to the right

hand side of (7.38), we have
£ = NAE + Noag; + iy A\Baey, (7.40)
where B = diag{\/Ao,...,(A/Ao)"}. Let us consider the Lyapunov function
Vo(e) =" Pe, (7.41)

and the following gauges

a,Uy(2) < Va(8),q € Q. (7.42)

By virtue of (7.19), upon satisfaction of (7.42), we have
12172 = @, P (al2|7)? < a2V, (7.43)

Since A(t) is bounded and )\, is a constant, let A\ is selected such that Ay >

2sup{A(t) : t € RT}. As such, in view of (7.10), we have the following expressions

1 /\i—i—l

_'Ai = ;IS < 2 7.:17"‘7 _17
>\6|I+1| )\6 |<+1|—|C+1| ? n

1 . 1 )\n+1 .
Ao Ao In o
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As a result, we have

. L. ’ 1|[~]2
|l l2sh - selwenl] || < VT g AT (7.45)

In view of (7.39) and (7.43), upon satisfaction of (7.42), we have

. ; Lr/ _ L .
|5q,i| S AG| )\-l-ll + )\0A0|5Z‘+1| + )\—f (M 1/2‘/;1/2 + Z |3L’j + /\%Ej|>, (746)
0 0 j=1

which, by a similar use of the Cauchy-Schwartz’s inequality as in (7.25), results in

= — L ~ _
EPg, < Ay 1+ g IAIPIE PIIICI + /\_j\/ﬁngTP“\/M_l)‘max,PHgH

+nLp||ET P&l + nLe||ETP||C]

< l(e"Qe +|CIP), ¢ € Q, (7.47)

where ¢, > 0 is a constant that can be selected independent of \g.

In addition, using Cauchy-Schwartz’s inequality and e; = Aej/)g, we also have

2Xoe" Pagy < Nj||Pall’et + [le]|* = A?[| Pall*er + |||

20" PBae, < \*||PBal|?e? + ||g||%. (7.48)

From (7.47), (7.48), and (7.40), the derivative of DV.(£(t)) can be computed as

DV.((t)) < —200&" Q2 + N[ Pal*ef + ||E]|* + o (€7 Q2 + ||C||*) + || PBal e + ||&]|?
< —(200 — lo — 2X 15, 0)F QE + LolIC|* + Kee (7.49)

upon satisfaction of (7.42), where Ayax ¢ is the maximal eigenvalue of () and K, is

any constant satisfying K, > \?||Pal|? + A\?||PBa|* which exists as A(t) is bounded.
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In view of (7.49), let Ao is such that \g > ¢y — 2A\_L . Then, we have

max,Q "

DV.(&(t)) < —XNETQ + £,]|C||* + K2 (7.50)

=T

upon satisfaction of (7.42). Moreover, for the state & = [27, 7], let us consider the

Lyapunov functions

V,(€) = maX{Uq(z),a;IVE(é)}. (7.51)

At a time instant ¢ € RT, we have the following cases:

Case 1: a,U;  (2(t)) < Vo(&(t)). Inthis case, wehave V, _ (E(t)) = a;, ' VL(2(2))

qm.gt) o,ig (t)

and hence, it is obvious from (7.50) that

DV, (E(t)) < —\o2minQy

oz @ - max,Q e ()

(E®) + IS + Keei (1), (7.52)

where A\pmin g is the smallest eigenvalue of Q).

Case 2: a,U, . (2(1)) > Ve(&(t)). By Assumption 7.2.2, we have

Vigt)
U(LE%) = avxf =a,(r; — 1 + 3%1)2 = a, (e + /\Cl)2 < 2&1}/\26% + 2%/\2||C||2- (7.53)

As 'V, (&) =U. (2(t)), using (7.53) and Assumption 7.2.2, we have

9oz (1)

Vi, o (E0) < =@V (E(F)) +2a0A(1)%€1 (1) + 2a, MBSO (T.54)

Letting ag = min{aq1, AOAmin,QA;;X,Q} and ¢; = max{ly, K, 2a,||A(t)||*} and com-

bining (7.52) and (7.54), we arrive at

DV, (E(t)) < —agV,

Yiz (1)

(E(1)) + Lre3(t) + £1]|C(1)]|*, t € RT. (7.55)

oyig (t)
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Integrating both sides of (7.55), we obtain

/ Vi ))ds
o Vg (t) oig (s)

<V, (E(0) + 4 /t el(s)ds + t 1¢(5)|]2ds, ¥t > 0. (7.56)
0 0

As A(t) is bounded, (7.34) is satisfied. Thus, in view of (7.34) and (7.36), the right
hand side of (7.56) is bounded. As there is no switching jump, V, '*<t)(€<t>) is con-
tinuous with respect to t. Hence, the boundedness of the RHS of (7.56) implies that

E(t) — 0,t — oo, and consequently, £(t) and z(t) converge to 0 as t — oo. [

7.4 Design Example

Consider the switched systems whose constituent systems are given by

21 = —21 + 2221 21 = —321 + 29
22 = —ZQ(]. + 222) — Z% + 2011 22 = 21 — 22’2 + 2
DI DI ,
.jfl = 61272 + 111(1 + HZH2> .jfl = 63272 + 294%1
| #2 = (2+sinzd)u+ by | 72 = Out+ /2 +323
(7.57)
where the unknown time-varying parameters are #; = 1 + sin®t¢,6, = cost,f3 =

1.540.6cost, 0, =sint, and 05 = 2.5 — 0.5sint. The output of the system is y = z;.
From the given time-varying parameters, we have g; = 1.5, go = 2.5 and Ag = 0.6.

Thus, let us choose a; = 30,as = 25,b = 3, and

265 -3 9  —1475
p = ) Q = )
-3 37 —1.475 —9
0 15 213 05
= . A= , (7.58)
—2 -5 0.5  0.35
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time (sec)

25

time (sec)

Figure 7.1: State convergence: { =[x — T1, 29 — a?:Q]T

to which a direct calculation shows that (7.4), (7.5), and (7.6) are satisfied.
For z-system of (6.64), we have the Lyapunov function U;(z) = Us(z) = U(z) =

22 + 22 whose Lie derivatives are

Lo U(z) = =227 422927 — 225 — 225 — 22927 + 225w < —2U(2) + 0.527

Lo,U(2) = —62] + 22129 + 22129 — 425 + 22129 < —2U(2) + 7. (7.59)

Since U(z) is in quadratic form, Assumption 7.2.2 holds for p = 1,py = 2,a, = 1,
and a; = as = 1. Clearly, the systems (7.57) satisfy the Lipchitz condition in (7.1).
As such, conditions of Theorem 7.3.1 are satisfied. Then, by Theorem 7.3.1, the
output feedback control u = —A(2A#; + 5AZ2), where A, &1, and 2y are generated by
(7.11) and (7.12) with n = 2,91 = 1.5, 92 = 2.5,a; = 30, and ay = 25, stabilizes the
system (7.57) for any persistent dwell-time switching sequence satisfying 7, > T,.

For simulation, we choose the initial state (z,2) = [1, -2, —2,5]7, 2 = 0, \(0) = 1,

and £y = 10. The switching sequence with persistent period 7}, = 0.4s and dwell-
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Figure 7.2: Control input u(t) and observer’s gain A(¢)

time 7, = 0.6s is generated in such a way that i) on persistent periods, the lengths
of switching intervals are generated randomly in [0,0.1] and ii) the lengths of dwell-
time intervals are generated randomly in [0.6,0.9]. The simulation results are shown
in Figures 7.1 and 7.2. As observed, Figure 7.1 shows that the stabilization is well
obtained, and Figure 7.2 shows that the adaptive observer’s gain A converges to a

fixed value. Thus, the simulation results well illustrated the presented theory.



Chapter 8

Switching-Uniform Adaptive Neural

Control

In this chapter, adaptive neural control is presented for a class of switched nonlinear
systems with switching jumps and uncertain system models. Further conditions on
limiting variation of the Lyapunov function is given for asymptotic gain of switched
systems with switching jumps. The control objective is achieved uniformly with re-
spect to the class of persistent dwell-time switching sequences. The coupled difficulties
associated with the discrepancy between control gains and switching jumps are over-
come by a discontinuous adaptive neural control combined with the classical adaptive
control. Smooth approximations of the discontinuous controls are then presented for

a systematic design procedure.

8.1 Introduction

Adaptive neural control is a well-established yet important area in advanced control.
It provides an effective tool for dealing with systems of models containing functions

whose existence is guaranteed but whose determination is failed [112,132,96,49, 44].

178
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Due to the approximating nature of modeling methods and a variety of sources of
uncertainties in practice, switched systems whose constituent systems’ models involve
unknown functions are obviously of practical relevance and hence are in the scope of
control theory. As such, the problem of utilizing the capability of handling unknown
functions of adaptive neural networks (NNs) arises naturally.

The challenging obstacle in adaptive neural control of switched systems are due
to the contradiction between continuity conditions for validation of neural networks
approximation and the discontinuities caused by switching events. In this chapter, we
shall deal with this fundamental problem and introduce an adaptive neural control
design method for a class of uncertain switched systems in which the sources of
discontinuities are uncontrolled switching jumps and discrepancy between control
gains of constituent systems.

The destabilizing behavior caused by switching jumps makes the usual decreasing
condition on Lyapunov functions in existing stability theories of switched systems
[22,63] unsatisfiable, and at the same time, makes the usual use of Young’s inequality
for decoupling unknown parameters and known functions in adaptive control no longer
effective. As well-known in switched systems, due to the destabilizing behavior at
switching times, satisfactorily stabilizing performance must be achieved before new
switches for stability. However, high-order terms resulted from decoupling operations
do not give suitable estimates of variations of Lyapunov functions for tailoring this
performance. To overcome this difficulty, we shall adopt Theorem 5.2.1 to present a
further Lyapunov-stability theorem addressing switching jumps. We then introduce
a control design method that combines advantages of adaptive neural control and
classical adaptive control.

Again, we consider constituent systems in triangular form as systems of this form
have the advantages i) controls can be obtained via a systematic design procedure,

and ii) nonlinear systems can be transformed into triangular forms under appropriate
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conditions |70, 85]. For this class of systems, the difficulty is also due to uncer-
tain switching making control by switching among a set of controllers predesigned
for individual subsystems [106] difficult and the discrepancy between control gains
making the usual design of adaptation laws by matching controls to system nonlin-
earities [85,49] do not apply. In this chapter, the former difficulty is overcome by
exploiting the aforementioned stability theorem to design a control depending on the
dwell-time property of the switching sequence only. The later difficulty is overcome
by a discontinuous adaptive neural control combined with classical adaptive control.
Smooth approximation of this control is then presented for recursive design. A con-
dition in terms of switching sequences’ dwell-time property and design parameters is
presented for verifying satisfaction of stability conditions of the resulting closed-loop
system. It is observed that when there is no switching jump, the obtained control

achieves the control objective under arbitrary switching.

8.2 Problem Formulation and Preliminaries

8.2.1 System Model

Consider the collection of dynamical systems that, after suitable changes of coordi-

nates, can be described by the following equations:

Ti(t) = gqi(Ti(t))Tisa(t) + fe.4(Ti(2))
Yg 1=1,...,n—-1

In(t) = Ggm(@n(t))u(t) + fon(Tn(t))

q€Q, (8.1)

where Q = {1,...,¢"} is a finite discrete set, z def Tp=[z1,...,2,]7 €R" y €R and

u € R are system state, output and input, respectively, Z; = [z1,...,2;]T € Ri,i €
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{1,...,n}, and g4:(-), f:(:), ¢ € Q,i € {1,...,n} are unknown smooth functions.
Throughout this chapter, & is the set {1,...,n}.

In the formal language of transition model of dynamical systems presented in
Section 2.4 (Chapter 2) and Section 5.2.1 (Chapter 5), we have the following collection

as a model of switched systems with input and switching jump:

ZJ = {TanRna‘Cclxw {Eq}qu,S, }7 (8'2)

where T = R™ is the time space, Q and R™ are spaces of discrete and continuous states,
L} is the space of measurable locally essentially bounded functions mapping R* to
R and representing the space of one-dimensional input, S is the space of switching
sequences, and : Rt x Q x R" — R" is the discrete transition mapping. Let
Ym = hm(z) and y = h(x) be the measured output and the controlled output of ¥ 7.
Consider the following dynamical system

5. ¢ 7 Heuwe (8.3)

Yo = hC(C: uC)

where ( € R"¢ is the state of Y. For each ¢ € Q, let ch label the dynamical system
resulted from the interconnection between X, and X through ue = ym,u = yc.

Then, we have the following closed-loop switched systems:
Sy = {R",Q,R"* x R", {X{}cq,S, }- (8.4)

The output tracking control problem for system ¥ ; is stated as follows.

Output Tracking Design a dynamical control ¢ of the form (8.3) such that for

every switching sequence ¢ € S and initial condition X (0) & [27(0),¢T(0)]”, the

def

trajectory X (t) = [T (t),¢T(t)]" satisfies the following properties:
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i) X(t) is bounded; and
ii) the measured output y(t) = x1(¢) follows a prescribed signal y4(t).

In this chapter, we provide a solution to the proposed control problem under the

following conditions.

Assumption 8.2.1 The the set of switching sequences is S = S,[1,, Np| which con-
sists of all switching sequences having the same persistent dwell-time 7, > 0 and the
same chatter bound of persistence Ny, i.e., i) for every T > 0 there is i € N such
that 7,; > T and T,;41 — To; > Tp, and i) the number of switching events of any
o € Salp, Np| between every two consecutive time intervals of the lengths greater than

Tp 18 less than N,,.

Assumption 8.2.2 The measured output is y,, = x. The desired signal y, is con-

tinuously differentiable, y4 and its time derivative 14 are bounded by a constant yys:

max{|ya(t)], [9a(t)|} < yar, Yt = 0. (8.5)

Assumption 8.2.3 There is a constant pu > 0 such that at any switching time 7,;,1 €

N, we have

I (Tois Qo2 (T0,0)) = 27 (To0) [| < ple(70,0)], (8.6)

where e(t) = y(t) — ya(t) is the tracking error and x~(71,;) is the departing state of

the discrete transition.

As will be clarified in Remark 8.3.1 below, due to the sudden changes in coeffi-
cients of unknown estimation errors, certainty equivalence principle does not apply
for adaptive neural control of switched systems, i.e., replacing unknown parameters
by their converging estimates for the actual control is not possible. To overcome this

obstacle, we consider the scaling functions ~;’s for control gains with the following

property.



8.2. Problem Formulation and Preliminaries 183

Assumption 8.2.4 The control gains g4, q € Q,1 € A have known unchanged signs
and are bounded. There are known functions 7;,1 € AL and possibly unknown bounded

functions go;,1 € A such that

1 S g‘I,i(’xi)

PEN (@) (8.7)

and along the trajectory x(t) of the system, the functions go,;’s have finite rates of

change, i.e., the time Dini derivatives of go;’s satisfy
|D* go.i(#:(1)] < g, Yt €RT i € x( (8.8)

for some gq > 0. In addition, v;’s and 0v;(Z;)/0Z;,1 € N are bounded.

Without loss of generality, we further assume that the signs of g, ;’s are all positive.

Assumption 8.2.3 implies that the jumps in system state at switching instants
are governed by the tracking error. This appears to be a necessary condition for
convergence of trajectories of systems with uncontrolled state jumps.

The functions 7;’s in Assumption 8.2.4 can be considered as a generalization as in
either non-switched systems and switched systems with identical subsystems’ control
gains, condition (8.7) automatically holds for v; = 1,Vi € a.. In addition, as neural
networks approximations are implemented over compact sets and the functions g, ;’s,
go,i’s, and v;’s are fixed a priori, is is well-known that imposing the boundedness on
these functions is not restrictive in the context of adaptive neural control [118].

Let us recall the following lemma for smooth approximation of non-smooth func-

tions.

Lemma 8.2.1 ( [123]) The following inequality holds for any € > 0

0 < |n| —ntanh(n/e) < kpe,Vn € R (8.9)
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where kp is a constant that satisfies kp = e~ *P+1) e kp = 0.2785.

8.2.2 Switching-Uniform Practical Stability

Consider the general switched autonomous system 3, defined by Definition 2.4.2
in Chapter 2 with X = RT x R™. Then, for fixed ¢ € S,t; € R™ and (t, ) €
R* x R™, the transition mapping .7, , defined by (2.11) defines a trajectory (¢, z(t)) =
Tpa(t,ts, (to, o)) of X, starting at (t, z9) € RT xR™ in the continuous space RT x R™.

We have the following notion of practical stability for switched systems.

Definition 8.2.1 The system Y, is said to be switching-uniformly practically stable
(SUpS) if there is a constant ¢ > 0 such that for every fized o € S;t, € RT and

xo € R", the corresponding trajectory (t,x(t)) = T, .a(t, ts, (to, o)) of X4 satisfies

lim sup ||z(¢)|| < e. (8.10)

t—o0

The notion of practical stability is useful in describing the behavior of converging
to some compact set of fixed size in the state space of system state [87,75]. As
we are interested in converging behavior of the continuous state x of the switched
systems with input X7, which is part of the state of the closed-loop system X,
and adaptive neural control typically achieves the control objective in the sense of
practical stability [49,48], the above notion of practical stability of switched systems
is of instrumental interest.

In the above switched autonomous system ¥, we have considered the time variable
t as part of the continuous state. In view of (8.10), there is no confusion should
arise. The rule of transition of ¥, consists of the time shift transition of ¢ and the
transition mappings 1, : RT x RT x R" — R", ¢ € Q of the continuous state z(t).
Let f, : R x R® — R" be the time-varying vector fields generating 1,,q € Q. As we

are dealing with switching jumps, there are discrete transitions of continuous state
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at the times of changing rule of transition. As such, in the framework of transition

mappings introduced in Section 2.4.2, at each switching time 7,;,7 € N, we shall use

the notation x7(7,;) to denote the state v, , ,(ATyi_1, Z5a(Tsi1,ts, To))-the last

state in (¢ — 1)-th switching event of o, and the notation z(7,;) to denote the state
(Tois 4o, ¥~ (7o) )-the starting state of the i-th switching event of o.

We have the following theorem for SUpS of switched systems.

Theorem 8.2.1 Suppose that, for switched autonomous system ¥, described above
with S = Sa[1p, Np|, there exist class K functions o, &, and o, non-negative numbers
e €0,7),p,c1 and ¢y, and a continuous function V : RT™ x R" — R such that, for

all (t,x) € RT x R"™ and q € Q, we have

a(lel) < V(t.2) < (o], (811
W) ) 1. 2) < —a(al) o (8.12)

and along the trajectory (t,x(t)) = T, a(t, ts, x0), the following properties hold:
i) there is a constant Vo = Vy(o,ts, xg) such that V(t,x(t)) < Vo, ¥Vt > 0;

ii) for the sequence {7, }; of all switching times satisfying A1, > &;, we have

lim (V(Tg’ij, LC(TU,ij)) — V(To-,ijJrl, T (To—’ij+1))) S ErCo; and (813)

Jj—00

iii) at any switching time 7,;, we have V (7., 2(75:)) < pV(Tois ™ (To4))-
Then, the ¥, is switching-uniformly practically stable.

Proof: See Section 8.6.1. |
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8.3 Direct Adaptive Neural Control Design

The purpose of this section is to develop a systematic design procedure for adaptive
neural control of switched system (8.1). The novelty lies in the introduction of a
discontinuous adaptive neural control using scaling functions 7;’s combined with clas-
sical adaptive control for dealing with discrepancy between subsystems’ control gains
and switching jumps. Smooth approximations of the discontinuous controls are then
presented for desired smoothness in recursive designs. As usual, the design procedure

includes n steps as follows.

Initial Step
Let & = 21 — yg and & = x9 — oy, where «; is the virtual control to be designed.

From the models (8.1) of constituent systems >, , the dynamic equation for & are

él(t) = 9q,1($1)$2 + fq,l(xl) — ya(t) 5 Qq,1($17$2, va(t)),q € Q. (8.14)

Consider the following control structure

af = —ki§ — mi(z1)&, (8.15)

where k; > 0 is a design parameter and 7;(x;) is a positive smooth function to be

specified. We have the following Lyapunov function candidate:

1
U= —— ¢ 8.16
1 29071(1‘1)51 ( )

where gp; is given in Assumption 8.2.4. From Assumptions 8.2.2 and 8.2.4, using

Young’s inequality and replacing xs by & + a1, the time derivatives of U; at a time
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t € Rt along the (time-varying) vector fields @, 1,¢q € Q satisfy:

—D%go1(") 1

Lo, U1 = Wfl + m(gw(-)(oq + &)+ foa () — at) &
ar() (o s 9aa ()
< 2901( )51 90,1(')( 1 )&+ doa() 161
gql() A (| foa ()] + ym)?
Fp e g S (817)

where \; is a design parameter. In view of (8.17), let m; be the smooth function

satisfying

i) > o (24 Ty W)y g, ¢ (5.18)

which exists as f;1,9,1,9 € Q are continuous and Q is finite. As g,1(-)/g01(-) >

1,¥q € Q by Assumption 8.2.4, substituting (8.15) and (8.18) into (8.17), we obtain

—l—i,qe@. (8.19)

Lonth < 20, o) kg 14 5
1

90,1(')

In view of (8.15) and (8.18), o is dependent on unknown functions g, 1, fy.1,¢ € Q.
Thus, neural networks (NNs) is called for approximation. From (8.15) and (8.18), we

have the following NNs representation of aj.
af = =& + WiLS(ViTZ1) + era + MWTLS(VIS Z1) + €1p), (8.20)

where Z; = [z1, Y4, 1]T and €, and €, are approximation errors.

It is observed from (8.20) that we have used two NNs to approximate two unknown
smooth functions. The behind rationale is due to the fact that A; is a known param-
eter and hence the structure of the bounding function 7 in (8.18) can be utilized for

better control performance.
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Remark 8.3.1 In the usual adaptive neural control [49], the virtual control ay can
be designed following certainty equivalence principle (CEP) that simply obtains the
control by replacing the unknown NNs parameters Wi, V", W' and Vi, by their
estimates WLa, ‘A/La, leb, and ‘A/Lb, respectively. Then, the parameter update laws are
designed such that the terms containing the uncertain difference oy —aj are eliminated.
However, by virtue of (8.19), this method does not apply to the current problem as
the term & (oq — a3)gqe1(+)/goa(+) contains the unknown function g,:(-) which cannot
be reduced for matching an — aj to the update law as usual. Thus, a non-CEP control

1s of instrumental interest.

In (8.20), three-layers NNs are used for function approximations. In comparison
to RBF NNs which are also capable of approximating continuous functions [119],
multi-layer NNs have the advantage that the basis function set as well as the centers
and variations of radial-basis type of activation functions are estimated online and
hence, they need not to be specified a priori [157,49]. This means that we need not
to fix a priori the compact set €2 over which the NNs approximations are employed.

We proceed to define the following variables:

= WiLS(Vig Zy) + MWL S(Viy Z4)

i = WE,S(VEZy) + MWE,S(VRZy). (8.21)
Consider the following control strategy

—c& +m +af if & >0,
Qg = ! (8.22)

—c1& + 71 (z)h + of if 716 <0,

which can be expressed in the following equivalent form for smooth approximation

apq = —ci1&1 + (1 + %(1 - Sgn(ﬁ1£1))) T+ aj, (8.23)
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where o is the leakage term, and sgn(s) = 1 if s > 0 and sgn(s) = —1, otherwise.
From (8.15), (8.18) and (8.20), we have (9] + €14 + Me1p)é < 0. For g € Q, we

have the following cases:

o 1€ > 0: Since gg1(+)/g901(-) < 7 (-) by Assumption 8.2.4, from (8.20) and
(8.22), we have

9g1 (") x o 9g1() p2 | 9g1 () . 9q1(") o2
90,1(') (al’d b < —h 90,1(')fl " 90,1(')77151 h 90,1(')fl
+ a1 () (= (1 + 10+ Mey) & + ajéa

90,1(')

<) —m)é& +ai& — () (era + Aiep)é. (8.24)

o 71§ < 0: using ¢g,1()/goa () > 1 from Assumption 8.2.4, we also have

~—

g (- (g — )& < _klgq,l(')gf 4 %<')9q,1(')ﬁ1£1 4 /ﬁgq’l(.)f%

90,1(') 90,1(') 90,1(') 90,1(')
+ 9a1() ( — (i +era+ >\1€1,b))51 + i
90,1(')

<) —n0)é + aijén — () (era + Migp))&. (8.25)

Combining both cases, we have

9q,1 (‘Tl)
90,1($1)

(ana = )& < @iy +m(en) (WS, 20) = WiES(ViE 21)

+ M(WES(VRZy) — Wf,fs(‘ﬁfgzl)w &1 —m(r1)(E1a + Aig1p)ér- (8.26)

To continue, let us make the following convention.

The notation w stands for W, V', and 6, and s stands for the subscripts a and b.
An expression containing either w or s stands for the group of all expressions obtained
by replacing w and s by their all possible values, e.g. ||[Wi||® is [|[Wia||?, [[Wis]®. We

shall write w < 0 if all elements of w are non-positive. Accordingly, we have w; < wy
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if w; — wy = 0. The operators =, <, >, and > are defined in the same element-wise
manner. In addition, |- ||, is || - || if - is a vector and is || - [[¢ if - is a matrix.
Let W5 = W, ; — wj; be the estimation errors. From (8.26), using [161, Lemma

3.1], we have

gq,l(')
go,1(-

(Oél,d - Oj{)é—l < M (xl)(wf:a(gl,a - 5’i,a>f/17,:1Z1 + Wfagi,a(%,a)Tzl)fl

~—

+71(21)dy ol | + )\171($1)(Wfb(91,b - Sﬂ,b)vﬂZl + Wfbgi,b(f/l,b)TZl)&

+ Mvi(@r)dy || — (@) (e1,0 + Mig1p)é + &1, q € Q, (8.27)

where di s = [V [lp| Z0VES] ol + WISV Zall + W

Let € > 0 be a design parameter fixed a priori. By Lemma 8.2.1, we have

&1 < ab(& tanh (5“ 16“’2) + %) < avl +62tanh( V1t )én+ kpca,
(8.28)

for arbitrary a,b > 0. By a direct calculation using (8.28), we have
1 ()diglé] < Qﬁ‘m,a& + )\19f:‘2(b1,b€1 + kpeOy, (8.29)

where 07 ;, ©1, and @, are given by the following recursive formulae with ¢ = 1:
* * k T
ez,s = [HWz,sH? ||V;,s||F7€i,S]

Oi = Vil + Wil + AV lle + Wil

&1+ 12 WTS'SHF>

)

B, = i(71) {\/1 + 1 ZWVESL |13 tanh

En/1+ 2HS’ VLZ||?

(1+ /14 15, V5] tanh ( ). —1]T. (8.30)

The classical adaptive neural control of nonlinear systems decouples the unknown

parameters ||[Wy || and [|[Vi||r in dis and then designs the leakage term af to elim-
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inate the remaining known positive functions [49]. However, this technique leads to
functions of high orders of error variables which might be avoided for dealing with
switching jumps. By (8.29), classical adaptive control is called for dealing with un-
certainties without increasing the orders of error variable &;.

By virtue of (8.29), let us consider the following leakage term
O{i = _éflljaq)17a - Alé’fb¢1,b7 (831)

where éLS are estimates of 0] ;. Substituting (8.29) and (8.31) into (8.27) yields

~—

gq,l('
90,1('

(aLd - Of{)fl < 71 ($1)(W17:a(‘§17a - Si,a)‘z?azl + chljagi,a‘?l%wazl)gl

~—

+ AIVI(xl)(WlT,b(gl,b - Si,b)f/szl + Wfbgi,bﬁﬂZl)ﬁl

— 0L, @108 — MOL, D138 + kpe©1,q € Q. (8.32)

In the right hand side of (8.32), the unknown variables W, , are in linear forms so
that they can be eliminated by appropriate NNs parameter update laws. However,
as discontinuous oy 4 given by (8.22) cannot be used for virtual control in recusive
design, we further apply Lemma 8.2.1 to obtain the following smooth approximation

of (65!

Orem = —ki& + (H—%(l—tanh (71(5“)(%(;2) — 1)77151)))771”? (8.33)

As1<g,1(-)/90.1(-) <7 (:) by Assumption 8.2.4, applying Lemma 8.2.1 for n = ;&

and € = 2¢/(y1(z1)(71(z1) — 1)), we have

9q,1 ()
9071(')

(016m — a1,0)&1 < kpe, Vg € Q. (8.34)

Consider the first virtual control oy = aj 4, given above. From (8.32) and (8.34),
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adding 0 = —aj g + a1 4 to o — o, we obtain

~—

gq,l('
90,1(’)

(al - O[{>£1 < M (xl)(wljja(gl,a - Si,a)‘/T Zl + WlTasi a‘/iTaZI)g

+ My (@) (W (S1p — 1) ViR 20 + WSV Z0)&

- éfaq)lﬂgl - Aléqu)l,bgl + 5NN,1, (835)

where 0wy 1 = (014 1)kpe is an unknown constant that can be made arbitrarily small

by adjusting . Substituting (8.35) into (8.19), we obtain

EQq,lUl < _kjlf% + 53 + ’yl(xl)(Wfa(‘gl7a - gi,a)f/lj,:zzl + Wfagi,a‘zTaZl)gl
+ /\171($1)(Wfb(§1,b - Si,b)V&ZI + Wfbgi,bf/ﬂzl)fl

; - 1
= 0T Prabt = MO Pros + s + 5 (8.36)

We are now ready to design the parameter update laws. Let 'y, . be the de-
sign adaptation gain matrices of appropriate dimensions and consider the Lyapunov
function candidate V; given by the following recursive formula with ¢ = 1

Loz 1 T -1 AT
Vi= Ui+ SWILIRE Wi, + 2tr{V TV } n 29“; 0,
A N for P
+ SWALR, Wiy + S {v oy va“,} + 505,010, (8.37)

Let Wi“én and w2 be the lower and upper bounds of the ideal NNs parameters wj ,

min

Le, wish X wi, X wie™, and let ProjWLS be the standard projection mapping [51].

We have the following update laws for W ¢

X def .
Wy g = T&,m = Projy, (rw, ). (8.38)
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where 7y, . are tuning functions given by the following recursive formulae for ¢ = 1

TWi,S - FWLS( 71(26@)(5 - Sz/ SVTZ )g O'Wi,SVAVi,S)
TV, :FVi,s( v (T )ZVVTS/SfZ ov; ZS)

T, = Loy, (Picks — 00, 0ic). (8.39)
where oy, . are small design constants. For each ¢ € Q, let us define the vector field:

Q1

def
- [ q, 1 (Tevl ) 7CO]‘(T‘“/1YG)T7 (T‘E[/Lb)T’ COl(T‘El’b)T’ (Tgl,a)T7 (Teul’b)T]T’ (8'4[))

7

From (8.36), by a direct computation using standard completing square and projection

computation [128,49]|, we obtain

1 .
Lo, Vi <~k — B} %UWLSHWLSHj? +& +01,0€Q, (8.41)
where
1
ZUWm”WlsHﬁ + Onng N (8.42)
Ww,S

is a constant that can be made arbitrarily small by adjusting design parameters: A, ¢,

and ow, .. This completes the first step.

Inductive Step (i =2,...,n):
Let & = x; — a1 and &,11 = u — o, where ;1 is the (i — 1)-th virtual control
designed at the (i — 1)-th step.

By a direct computation, we have the following dynamic equations for &;:

Oa_q .

Y
0Yq

& = Goi()Tiis + (20,01, b1y ya) — 1 Z Quil).q€Q, (8.43)
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where

—_

£ = F@) = S

J

da;
gx l(g”(q"])%*l + f45(Z5)) — ¢i,0 € Q
j

1

v
80@ 1 = Doy (k) a4 7 T
~ Ty, + ~ T-,>7¢i:[¢17"'7¢i]
]z;v;b< k=1 a‘/}fg) o 90; P

by = [80@—1 3041'—1 Oy

T
T T T
9ya | Om "”’3%—1} =y, (8.44)

In (8.44), the variables ¢;’s and 1);’s are computable and shall be included in NNs

input for reducing computation load, [;,, is the number of columns of V;U,

and VJ(?

and 7"(/? )U are k-th columns of \A/jw and 7y, , respectively.

Consider the following i-th Lyapunov function candidate

1 2

U=V |+ —£7. 8.45
1 290,1(‘7;1)5 ( )

By Young’s inequality and Assumption 8.2.4, we have the following estimates for

Lie derivatives at time ¢ of U; along the vector fields Q, o Q)i 1,Qqil" g € Q:

_ _ D7 go,i(-) o Doy .
Fan = fen b 3,0 €4 g (O 00+ 05,00 = T )
9q,i(*) * 9q,i(*) 9ai() 2
Lo, Vi L—ang + Z ‘
S Qq,i—1 1 + 9(2) ( )6 + 901< )( az )6 + gO,i( ) 5 49371()51
Oav;— 2 1
Pt (1RO [T ) €+ 1 (8.46)

where A; > 0 is a design parameter. As (8.46) has the same structure as (8.17),
following the same design with the same notations w,s, and § of the Initial Step, we

obtain

i) the i-th ideal control

of = — (L4 ki + m(Zi, i, 00)) &, (8.47)
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where k; > 0 is a design parameter and 7; is the smooth function satisfying

a4

Fail) + |

mi() > 21 : <@ + 9a:() + ﬁ( yM)Q),Vq €Q; (848

ii) the i-th virtual control oy = ;g given by

() — 1 i(T3) (Vi (T3) — 1)Mi&i .
o = kit (1 L il (1 _ tanh (7 (7:) (7 (i) = V)& )))n Lo
’ 2 2e
M = VVZY;S(‘A/;Y;ZJ + /\ZWE,S( Ai?z;Zz‘), Z; =[x} ya, ica, &) 07 1T,

aj = =08, @0 — N\OL, D, (8.49)

where \; > 0 is the design parameter 0. . are estimates of 6

» Ui ;o Wis are estimates

of the ideal NNs parameters w;, of the NNs approximation of o7, and 6, ©;,

79

and ®; are defined by (8.30) with obvious meanings;

iii) the parameter update laws

X def .
Wis = T‘uwi,s - PI‘OJWLS (Twi,s>’ (8.50)

with the tuning functions Tw, . given by (8.39); and
iv) the Lyapunov function candidate V; given by (8.37),

such that, for each ¢ € Q, we have

) 1 % 3
Lo, Vi <= &5 =5 > o llslf + &+ (8.51)

j=1 j=1 s=ab

where Q,;,q € Q are time-varying vector fields

Qi = QT (riy, ) col(rf, )T (e, )T scol(rh, VT, (74 )T, (7 )T, (8.52)
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['w, . are design adaptation gain matrices, and

1 ) 1

1

is a constant which can be made arbitrarily small by adjusting design parameters.
Step n: At this step, &,.1 = 0, we obtain the actual control u = «,, given by

(8.49) with ¢ = n and the final Lyapunov function candidate V,, satisfies

n 1 n ~
Lo, Vo< =D ki€ = 5D > ow /i +0n. g € Q (8.54)
=1

7j=1 s=a,b

This completes the design procedure.

8.4 Stability Analysis

In this section, based on Theorem 8.2.1, we show that for appropriate design pa-
rameters, the control u = a,, designed above achieves the proposed control objec-
tive. To this end, let us define the variables & = [£1,...,&]7, & = [WT, V7T and
E =& T, where

Wik, ..., Wh"

n,a’

W= WL, ... W7
.

= [col(Via)T, ..., col(V, )T, col (Vi) T, ... col(Vip) 7. (8.55)

Let Vg and Vg, be Lyapunov functions defined as

n

Ve (LE) =) mgf, and

i—1 Jo.i
1 & . . - -
Ve, (&) = 5 >3 (Wg;r;&sms + tr{Vf;F(,;SVi,S}). (8.56)
i=1 s=a,b
def

In terms of the above notations, let ng be the appropriate dimension of £, Ve = V,,,
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and Q, o Q> ¢ € Q. Then, Vg can be expressed as Ve(t,&) = Ve (£, &) + Ve, (E).

As the functions go; are lower bounded by Assumption 8.2.4 and the set a0 =
{1,...,n} is finite, there are positive numbers gmax and gmin such that gmmn < go,(¢) <
Gmax, V¢ € R Vi € . Let Ay > 0 be the number that is greater than all eigenvalues
of F‘_’Vas’i € N and c,¢ be the positive number defined by

1 1
Ce =75 min {2—)\0 min{awi’g}, Gmin min{cy, . . ., cn}}. (8.57)

Then, from (8.38), (8.54) and (8.56), we have
ﬁngg(f,g) < —QCngl (t, 51) — 205Vg2(52) + 0,,Vt > 0,Vq € Q. (858)
Consider the ball

BJn — {(c/' c R - e if? + CngQ(f;Z) < 6n} (859)

gmax i=1

Obviously, for £ ¢ Bs, , we have
Lo, Ve(t.E) < —ceVe(t,€),Vt > 0,q € Q. (8.60)

We proceed to consider a switching sequence o € S,[7,, Np|. Let {Tgﬂ-? }; be the
sequence of all starting times of dwell-time switching events of o, i.e., T2 41~ Toi7 >
7,V € N. As 0 € S;[rp, Ny, for each j € N, the number ny =7y —ij — 1 of
switching events between two consecutive dwell-time switching events of o satisfies
nf; < N,.

From the boundedness of sigmoid activation functions of NNs and their derivatives,

the boundedness of parameter estimates ensured by the adaptation laws (8.38) and

(8.50) [161, Lemma 4.1], the boundedness of ~;’s and their gradients from Assumption
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8.2.4, and the boundedness of the function fi,(z,y) = (a++v1 + 2?) tanh(yv/1 + bx?/¢)
and its derivatives, where x,y are independent variables and a,b > 0 are constants,
a direct computation shows that the derivatives of the virtual controls «;’s given by

(8.33) and (8.49) are bounded, i.e., there is a constant g, > 0 such that

da, |
|52 < o va e RE Wi € o (8.61)

0x;

We have the following proposition.

Proposition 8.4.1 At switching times 7,,;, we have
Vg (Ta,i7 S(TUJ)) < Q,uv€<7—o,i7 E” (Ta,i))7 (862)

and for every j € N, if (8.60) holds for all t € [To.’i;;+1, J’i;;ﬂ), then we have

‘/S(tu 5(t>) < quyp—i_lVS(TU,i?-l-lv g(ﬂr,i?-l—l))et_ﬁrmélﬂvVt € [Ta,i?—l—h To,i§+1]’ (863>
where
@ = 1+ 406 + 221+ (1 + 0)) (1 + )
0 if u=0
0 = ) (8.64)
gmax .
== af u#0
/’Lgmin
Proof: See Section 8.6.2. [ |

Theorem 8.4.1 Suppose that Assumptions 8.2.1-8.2.4 hold for system X7 given in
(8.2) and

(N, +2)Ing, < cemp, (8.65)

where g, is the constant defined in Proposition 8.4.1. Then, the control uw = o, given
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by (8.49), i = n together with parameter update laws (8.50), i € N guarantees that
all signals in the closed-loop system are bounded and the tracking error converges to
a neighborhood of the origin whose size can be made arbitrarily small by adjusting

design parameters undergoing (8.65).

Proof: We first consider the case there is a time ¢t* such that £(t*) € By, . In this case,
we know from the proof of Theorem 8.2.1 that £(t) escapes from Bjs, only through
switching jumps. Let 7, ; be the first switching time greater than t* at which £(7, ;) &
Bs, and let [7, i+, T, +(j41] be the first dwell-time interval after 7, ;. By virtue
of the proof of Proposition 8.4.1, we have Ve(7,;,E(75;)) < ¢.Ve(T0,,E (T55)) <
qu0n. Thus, as the number of switches between 7,; and 7, i 0) is bounded by
N,, using Proposition 8.4.1, we have Ve(t,E(t)) < ¢p"6,,Vt € [To.js Toit () and
Ve(Toit (3 €Tt () < g, As Toit ()41 — Toit(j) = Tp this coupled with (8.65)
implies that there is t € [Tw-fr( " m+(ﬂ)+1] such that Vg(t,£(t)) < d,. As such,
Ve(t,E(t)) < ¢nT'6,,Vt > t* and the conclusion of the theorem follows.

We now complete the proof by considering the case that there is no such t*, i.e.,
(8.60) holds for all £ > 0. Let us verify conditions of Theorem 8.2.1 as follows.

Since go;’s are both upper and lower bounded by Assumption 8.2.4, (8.16), (8.45),
and (8.37) imply that V¢ is both upper and lower bounded by quadratic forms of £.
Hence, condition (8.11) of Theorem 8.2.1 is satisfied. The satisfaction of (8.12) follows
directly from (8.60).

To verify condition i) of Theorem 8.2.1, let us consider a dwell-time interval
[TM Ty i +1] j € N. As (8.60) holds for all ¢, applying comparison principle [88|

for (8.60) and using Proposition 8.4.1, we obtain

—ceAT_ .p

%(Ta,i?—s—la 5(7_0,2'§’+1)) < QMVE (Ta,i';-’-‘rla S_(Ta,ié’-i—l)) < QMVS(TO' z”v E(Ta,i';-’))e 7
(8.66)
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Furthermore, as A7, ;» > 7, by definition, from (8.65) we have
)
—Ce AT _ .y
g2 e < gt < 1. (8.67)

Thus, combining (8.63) and (8.66) and using (8.67) yields

—ce AT p

vg(Tgﬂ.?—&-l’ 5<To,i§-'+1)) < qA]:[p+2V5<To,i'JD.75(Tcr,i;?))e T < ‘/5<To,i§’7g(7—a,i;7))' (868>

Since (8.68) holds for all j € N, it together with Proposition 8.4.1 implies that
Ve(t, £(t)) is bounded by ¢n* Vi (0, £(0)) for all t > 0. Thus, condition i) of Theorem
8.2.1 is satisfied.

Moreover, (8.68) together with the condition that £(t) stays outside the set B,
for all £ > 0 implies that the functions Ve (¢,E(¢)) is decreasing on the time interval
U;’io[Tad?,Taﬁ +1]. In addition, V¢ is lower bounded by construction. Thus, both
lim; o Vg(TU’Z-;v, & (Tg,i«;)) and lim;_, Vg(Tg’Zg: 1, € _(7'0’7;;7 + 1)) exist and are identical.
Therefore, the satisfaction of condition ii) of Theorem 8.2.1 follows accordingly.

Finally, satisfaction of iii) of Theorem 8.2.1 follows (8.62) directly. Thus, applying
Theorem 8.2.1, we conclude that £(t) converges to the set B, , i.e., all the state
variable of the closed-loop system are bounded and the tracking error & (t) = y(t) —
ya(t) satisfying |1 (¢)| < [|E(t)]| converges to a small region as desired. |

The inequality (8.65) in Theorem 8.4.1 can be satisfied for either large dwell-time
7, or small switching jumps gain p. In addition, when there is no jump in system
state, i.e., 4 = 0 implying ¢, = 1, (8.65) is automatically satisfied, and hence, the
introduced control achieves the control objective under arbitrary switching.

The inequality (8.65) also reflects the conservativeness of adaptive control in
switched systems. For improving accuracy, small OWZ.’S’S, leading to small cg¢, are

desired. However, (8.65) shows that the dwell-time property of the switching se-

quences and the switching jump gain p must be taken into account in selecting oy, ..
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Thus, given a switching sequence, arbitrary control accuracy cannot be achieved for
switched systems. Instead, the larger 7, and the smaller ;1 and N, the better accuracy

can be achieved.

8.5 Design Example

In this section, we apply the design procedure presented to design an adaptive neural

control for the switched system whose constituent systems are:

Iy = x9y/1+ 327+ e
21 .
iy = (14 0.5sin(xy29))u + z122
1 = (14 5x,tanhz)zy + 22
Sl ( ' e (8.69)
Ty = (34 cosza)u+ xoln(l+ ziz3).

The output is y = x4, the desired signal is y; = 0.5(sint + 0.3sin(3t)), and the
switching jump gain is u = 0.1. Clearly, Assumptions 8.2.2 and 8.2.3 are satisfied.
Let us select vp,1 = \/ri’)a:% and 92 = 0.5. Thus, Assumption 8.2.4 is satisfied with
v1 = 3.2 and vy, = 8.

Following the presented design procedure, we obtain the control u = «,, given by
(8.49), ¢ = 2, and the parameter update laws given by (8.50), i =1, 2.

For simulation, we choose Ay = Ay = A\] = A =10,¢1 = o =5, = O.Ol,awLS =
1073. At each step, the neural networks VT/ELS(IA/;{]Z), i = 1,2,v = a,b contain
10 hidden nodes, i.e., l;,, = 10. The activation function is assigned as s(z,) =
1/(1+e ) withy = 5. Ty,, =2x 107" xIjp,i = 1,2,v = a,b,Ty,, =Ty, =
2x 1074 x I, Iy, =Ty, =2X 10~* x Ig where I is the identity matrix of dimension
d. The parameter estimates w,,7 = 1,2 are all initialized at 0. The initial values

of state variables [x1, zo]” is [1,—1]7. The parameters of the switching sequence are

N, = 10 and 7, = 1.2s. The lengths of switching intervals between two consecutive
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actual output z(t)
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Figure 8.1: Tracking performance

dwell-time intervals are randomly generated between Os and 0.2s.

The simulation results are shown in Figures 8.1 and 8.2. As observed in Figure
8.1, the tracking objective is well obtained. The state variable x5, the control signal
and the switching history are shown in Figure 8.2. It is observed that the signals are
bounded while the switching sequence exhibits arbitrarily fast switching. The highly
oscillated control signal is due to the switching in control structure (8.22). Thus, the

simulation results well illustrate the theory presented.

8.6 Proofs

8.6.1 Proof of Theorem 8.2.1

To prove the theorem, let ¢ = ¢; + ¢2,b = a(a™!(c)) and, along the trajectory z(t),
let T4t € R be the sets {s € [7, ;- ), T,z 1) * V(s,2(s)) > b}t € RT. Let ()

T
be the operator defined as (t)7, = sup Z,; if 7., #0 and (t) 7, =7, - if Toi = 0.
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Figure 8.2: State x5(t), control signal, and switching history

We have the following inequality from condition ii)
D,V (t,z(t)) < —a(||z(t)]]) + c1,Vt € R, (8.70)

From (8.70), by an argument similar to the proof of Theorem 5.2.1, we know that if
V(t*, z(t*)) < b for some t* > 0, then V(s,2(s)) < b,Vs € [t 7, ;- (;y,,). This also
implies that if ¢ is such that V (¢, z(¢)) > b, then (), is well defined and V (s, z(s)) >
b,Vs € [1, - (t)7). Furthermore, if such ¢ exists, then V(¢,z(t)) > b for some
t > t* is possible only if ¢ is a switching time. As such, we are interested in the case
that there are infinitely many switching times 7, ; at which V(7,,;,2(7,;)) > b as, by
(8.11), the inverse case trivially implies that ||(¢)|] < a~!(b),Vt > T for sufficiently
large T € R*.

To continue, let {72;}; be the sequence of all switching times of ¢ satisfying

(19:)7. — T9; > e, Vi € N. (8.71)
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We now show that for every time sequence {t?;}; satisfying ¢} ; € [72,,(72,)7,),

V(th ;, x(t;)) converges to the set B = {s € Rt : s < b}, as i — co. Indeed, assume

o,
that the converse holds, i.e., there exist ¢ > 0 and a subsequence {t}; }; of {t}},
such that

VI, x(th.)) > b+e=ala(c) +e,Vj > 0. (8.72)

U,ij’ O’,ij

As noted above, (8.72) also implies that V(t,z(t)) > bVt € [1,,-p ,(t5,) 7).

o 0,ij

Thus, from (8.11), the nondecreasing property of @, and the above convention that

T

O

W )= Tgi)j, we have
a(llz@))) > eVt € [, (t5,)2),55 > 0. (8.73)

Using (8.73) and the facts that ¢ > ¢y, (72, )7 — T(’,”Z-j > ¢, to integrate both sides

TO‘,ZJ‘ :

of (8.70) over [Tbﬂ«j, (72.)7,), we obtain

o 0,ij

(Tg,ij)ﬁz
V(g a(r:)) = V((755) 7,27 ((75,) 7)) = /b (a(llz(s)]]) — e1)ds

7515

N\t

(to.1,)% def
> [ allel)l - eds o, 874
t

i.)er
0,

where [(tf’m-j);, (tf’,“);) is any subinterval containing tf’m-j of [Tab’ij, (Tgsz) 7.), whose

length is e,. Since V (¢, z(t)) is decreasing on [r2, | (72, )7 ) and V (¢, z(t)) is bounded

O’,i]’ ? a,ij

by condition i), the sequence {v;,}, is bounded and hence has a subsequence that

J

converges. Without loss of generality, we assume that {v;, }j converges. Noting that

(Tf,’ﬂ-j)gz < T,z )41 and taking the limits of both sides of (8.74) as ¢ — oo using
i

condition ii), we have

Tecz > lim (V{75 2(75,)) =V (755 7,07 (75) 7)) = /t " (a(llz(9)]=er))ds.

J—00
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Since z(t) is uniformly continuous on time intervals [7,, 7,;+1],7 € N, Q is finite, the
norm function || - || and «(-) are continuous, and V' (¢, z(¢)) is bounded by condition
i), (8.72) implies the existence of d € (0,&,] such that a(||lz(t;,, +5)||) > c+¢’ for all
s €[0,0/2] if tf;,ij < (tf’,vij); +e,/2 and for all s € [—§/2,0] if tf;,ij > (tf’,vij); +e./2.
Let

tg’i~ if tlf” > l()Ti- - tér 2

7b _ »Lj ( ,J>E7- / . (876)
b . . b b _
tU,ij B 5/2 if if ta,ij > (to-,ij>57_ + 57’/2

0yij

e

Obviously, [2 o M +6/2] C [(t 0i;)e, (t’;’ij);],Vj € R*. Thus, using (8.75), we have

o,i;10/2 02]4—5/2 ' e’
0= [ @l - nas> [T Sas=F 0w
. . 2 4

which is a contradiction. Therefore, V (

b x(th;)) converges to B as i — oo. As

{t ;}; is arbitrary, this implies that

lim dist(V (¢, z(t)), B) = 0. (8.78)

t) 7, -7 Z,,(t)>57,t—>oo

To continue, let us define Tb+ o (b )41 and consider the sequence {Tgbj}z By

Oyig

definition of 77, we have either V (Tt

177<7'07i)) < b or Tﬁf = (Tgl)yx implying that

0'17

o= €[l (t2:)7), Y6 > 0. Hence, due to the continuity of V and the trajectories

of subsystems, we have

lm V(725 27 (r21)) = lim lim V(725 = 6, 2(72% — 6)) < b. (8.79)

1—00 ’ d—0t+ 1—o0

We proceed to consider the sequence of time intervals [be, 72.41):1 € N. For

g

each i € N, let {72!, ... 72™} be the sequence of switching times in [7%F, 70, ). As

0'17 ’ 0'2 o, o+l

. b0 _ b+ bm+1 b
o € Sa[r,, Ny, we have n; < N, Vi € N Let 7,; = 7,7 and 7, = Ty for

convenience. For each i € N, let AV, = V(75 2(75,)) — V(704,27 (75:))-
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Again, from (8.70) and condition iii), we have

V(t,z(t)) < max{b,V(7,4,x(75,))} < max{b, uV (75i, 2 (75:))}, Yt € [Tois Toit1)-

(8.80)
Therefore, considering all switches in [r2F,72,, ) using (8.80), we have
V(t,x(t)) < max{b, u™V (707, x~ (10} YVt e t € [101,7011). (8.81)
This coupled with (8.79) above gives rise to
lim V(t, z(t)) < max{b, u"*b}. (8.82)

t—o0,telT, b+ tozu(7 it1)

As Rt =[50, 7'},’70) U(Us[8,, 72 U (U [Tff’f, £z+1))7 the conclusion of the theorem

0,40 o

follows (8.78) and (8.82). |

8.6.2 Proof of Proposition 8.4.1

Since the parameter estimates are controller’s state, there is no jump in & at switch-
ing times. Therefore, Ve(7,:,E (754)) = Ve, (764, &1 (T64)) + Vo (E2(754)), Vi € N.
Consider an arbitrary switching time 7,;. Since go; are bounded by Assumption

8.2.4, using the mean value theorem, we have

|V€(Tai7 S(Tai)) - V€<Tai7 g_(To,i))| = |V€1 (Ta,i781<7_a,i)) - VSI (Ta,iagl_(Ta,i»’

() = () e~y 1 Lo
- Z 903 s Tal)) N Z (gO,s(js(Ta,i» Yo, s( (ng))>€i (Td,l)) ’

i=1

(8.83)

where & = [€1,..., &1, & € [€ (70.4),8i(76.4)],5 = 1,...,n. As the second term in the

second equation of (8.83) is zero if u = 0, defining g = g, ginax and 4, = 0 for =0
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and d,, = qi/p for p # 0, we obtain the following inequality from (8.83)
|V5 (Ta,iv E(Ta,i)) - vf,' (Tcr,i; E” (Ta,i>> |
< 20 |ELNIEN (T00) = ET (o) || + 4110, Ve, (7o, E7 (700)). (8.84)

By Assumption 8.2.3 and the designed boundedness of derivatives of virtual controls

(8.61), we further have

1€1(70.6) = Ev (To.0) | = 120 (7o.0) = (7o) = (T (To.0) — @, ()

< N2 (700) = 2 (To.0) | + 1000/ 00|z =2, |20 (70.6) = T, (T0,0)

< ple” (To3)| + qaple” (7o) = (1 + ga)le (7o.)], (8.85)
where &y, = [yg, a1, ..., an |7, T, =[], ..., 207, 2k € [x] (T50), zi(T00)],i = 1,...,n.

Since [[E1[] < [|€ (To.0) | + 1€1(70.i) — Er (7o) | and |e™ (704)] = [€1 (70.0)] < €7 (700)],
using (8.84) and (8.85), we have

V5 (Ta,i7 E(Ta,i)) S VE (TO',i7 & (Ta,i)) + |V€(Ta,i7 g(Ta,i)> - V5 (Ta,iy & (Ta,i))|

< Vc‘:(Ta,h g_<7-a,i)) + 29;111n(||51_(7-0,z>|| + M(l + (]a)|€_(7—a,i)|)p“<1 + C]a)|@_(7—a,i)|
+ 4/1/5/,4‘/51 (TU,i’ 51_ (7—0'71))

< (L+4p6,)Ve, (& () + 200 (14 (1 + @) (1 + ga) 1€ CIIP + Ve, (€5 ()
< (1 +4pd, + 4gep(1 + (1 + qa)) (1 + ¢a)) Ve (Toi, €1 (T6.4)) + Ve, (€5 (754))

< Ve, (To0, €1 (70.0)) + Ve (€5 (T0,0)) < 4uVe (70, € (T,0))- (8.86)

This proves (8.62).

We proceed to prove (8.63) as follows. Applying comparison theorem for differen-
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tial inequality (8.60) with initial condition &(7,;) satisfying (8.86), we obtain

Ve(t,E(t) < Ve(Toi, 8(7'071'))6765(1577—”@)

< ¢, Ve(To4, 8_(7'0,1-))6_65@_””'), Vit € [Tois Toit1)- (8.87)

Since the number n; of switches between 7, ;» and 7, in,, I8 less than N,. Applying
] ]

Y

consecutively (8.86) and (8.87) through intervals [TM?, Toum sl 7o

—1» Ta,z”jH]

;D
i1

we arrive at (8.63). Hence, the conclusion of the proposition follows.



Chapter 9

Conclusions

This thesis advances our understanding on qualitative properties of switched sys-
tems and our ability to control uncertain switched systems. Transition model of
dynamical systems amenable to developing qualitative theories of generic dynamical
systems was presented. Elements for studying dynamical properties in the space of
continuous state including limiting switching sequence, transition indicator, transi-
tion mappings, and quasi-invariance property were introduced. Invariance principles
addressing destabilizing behavior were obtained for locating attractors of switched
non-autonomous, switched autonomous, and switched time-delay systems. The gauge
design method was introduced for control of uncertain switched systems. Adaptive
neural control was obtained for output tracking of a class of uncertain switched sys-

tems undergoing uncontrolled switching jumps.

9.1 Summary

In Chapter 2, we have introduced the transition model of dynamical systems and its
realizations to classical model of dynamical systems, hybrid systems, and switched

systems. The model was obtained as a generalization of the classical description of

209
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dynamical systems using evolution mappings. By dropping the semi-group hypothesis
on transition mapping and the topological structure of the state space, we exposed the
rich time-transition property of trajectories of dynamical systems. By decomposing
the abstract state space into manifest and latent spaces, we followed the idea that re-
vealing time-transition properties of interacting trajectories of signals in a dynamical
system 1is essential in order to obtain richer results. Accordingly, we have obtained
the notions of switching sequence, transition indicator, and transition mappings to
bring out transition models of switched dynamical systems amenable for developing
qualitative theories.

In Chapter 3, we built up an invariance theory for delay-free switched systems on
the time-transition properties of transition mappings obtained in Chapter 2. We have
exposed the existence of limiting switching sequences in switched systems. It turned
out that the qualitative properties on limiting behavior of trajectories of continuous
state in switched systems are governed by the limiting switching sequences. The
quasi-invariance property of limit sets of trajectories of switched systems was proven
accordingly. Invariance principles with relaxed switching conditions were obtained for
switched non-autonomous and switched autonomous systems. Through examples, we
have demonstrated that conclusion on the converging-input converging-state prop-
erty of switched systems can be made by examining the attractors of the systems.
By virtue of the results achieved in this chapter, it turned out that other types of
motions, to which pullback motion is a special case, can be considered for establishing
invariance properties for qualitative theories of dynamical systems.

In Chapter 4, we developed invariance theory for switched time-delay systems.
We established the compactness and the attractivity of limit sets of trajectories in
the function state space that asserted that asymptotic properties of switched time-
delay systems can be studied through these limit sets. In the framework of transition

model, the quasi-invariance and invariance principle for switched time-delay systems
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obtained. The consideration on destabilizing behavior gave rise to the role of the
relative sizes of delay-time and periods of persistence on converging behavior of the
overall trajectories. It was shown that the Razumikhin condition at switching times
can be used to remove the needs for functions estimating state growth in destabilizing
periods. A time-delay approach to delay-free switched systems was presented.

In Chapter 5, we presented the principle of small-variation small-state for asymp-
totic gains of switched systems. The conditions were formulated in terms of com-
parison functions so that convergence of Lyapunov functions implies convergence of
the state via norm estimates. It was shown that the positive definite and radially
unbounded properties of Lyapunov functions plus with their bounded ultimate varia-
tions gave rise to further relaxation on switching conditions. Stability conditions was
also presented for asymptotic gains of switched time-delay systems in the framework
of Lyapunov-Razumikhin functions. It was shown that if the dwell-time is larger than
the delay-time, then the Razumikhin condition also provides estimates for verifying
decreasing behavior.

In Chapter 6, the gauge design method was introduced for switching-uniform
adaptive control of uncertain switched systems with unknown time-varying param-
eters and unmeasured dynamics. Separating the unknown time-varying parameters
from state dependent functions, output regulation was achieved in the sense of dis-
turbance attenuation. In this way, parameter estimates were not included in the
state of the resulting closed-loop systems and hence the problem of slow parameter
convergence in traditional adaptive control as well as the problem of increasing dif-
ficulty in verifying switching conditions were not encountered. The method exposed
the principle of driving system behavior through converging modes of its component
systems. It was also shown that relation between growth and decreasing rates of
the appended dynamics and the persistent dwell-time and period of persistence of

switching sequence is essential in verifying switching conditions of switched systems
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undergoing persistent dwell-time switching sequences. The novelty also lies in the re-
cursive design paradigm, where the destabilizing terms were step-by-step eliminated
instead of being canceled all at once in each single step.

In Chapter 7, adaptive high-gain observer was designed for switching-uniform out-
put feedback stabilization. It was pointed out that destabilizing terms in estimation
error dynamics caused by discrepancy between control gains might not be avoided for
non-conservative results. Condition on variation in control gains was introduced for
the effectiveness of the proposed observer. Application of the CPLF design method
gave rise to an adaptive output feedback control effective in the presence of unknown
time-varying parameters and full-state dependent control gains.

The results in Chapters 2-7 were obtained for switched systems undergoing per-
sistent dwell-time switching sequences.

Finally, in Chapter 8, we presented a combined adaptive neural control for output
tracking of uncertain switched systems undergoing switching jumps and average dwell-
time switching sequences. The underlying principle also lied in the use of dwell-
time intervals to compensate the growth raised in destabilizing periods. In achieving
this performance, we used parameter adaptive mechanism for dealing with unknown
constant bounds of approximation errors without increasing the orders of functions
of signals with discontinuity. A condition in terms of design parameters and timing

properties of switching sequences was introduced for verifying stability conditions.

9.2 Open Problems

Among the stability conditions presented, there is a question of how to verify the
boundedness condition on ultimate variations of auxiliary functions (cf. (3.51), (3.79),
(3.86), (4.35), (5.11), and ii) of Theorem 5.3.2). This condition appears to be nec-

essary for converging behaviors. It automatically holds in the classical Lyapunov
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theorem for ordinary dynamical systems and switched systems satisfying switching
decreasing condition. In Chapter 6, this condition was satisfied by utilizing the stabi-
lizing behavior on dwell-time intervals to render the sequences of values of composite
Lyapunov function at starting times of dwell-time switching events non-increasing.
However, at its high level of relaxation, this condition expresses that once the station-
ary evolution has been established, the auxiliary functions are still allowed to increase.
Therefore, it is obvious that there are possibly further mechanisms for satisfaction of
this condition.

With the introduction of the stability conditions on Lyapunov-Razumikhin func-
tions and the introduction of the gauge design method, it opened the possibility
of switching-uniform control for switched time-delay systems. It is worth mentioning
that the Razumikhin condition provides estimates over a continuum of the past states.
Hence, control design for switched systems with distributed delay terms is possible.

Finally, the invariance principles developed in Chapters 3 and 4 can finds their
applications in complex systems [141,35,27|. In such systems, due to limited inter-
action range and individuals’ independent decision, the connection topology changes
frequently and does not follows a specific rule and hence the models of these sys-
tems are of switched systems in nature [117,143|. Understanding the plentiful col-
lective behavior of these systems such as flocking, consensus, and pattern forma-
tion [117,47,116,37,125,40,76] call for structures of attractors which are of invariance-
principles relevance. In systems such as engineered robot swarms, due to limited
capability of sensing units, communication delay [117] arises and hence the result-
ing systems become relevant to invariance principles of switched time-delay systems

presented in Chapter 4.
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