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Abstract

A hybrid system is a dynamical system that exhibits both continuous and discrete dynamic
behavior. Hybrid systems arise in a wide variety of important applications in diverse
areas, ranging from biology to computer science to air traffic dynamics. The interaction
of continuous- and discrete-time dynamics in a hybrid system often leads to very rich
dynamical behavior and phenomena that are not encountered in purely continuous- or
discrete-time systems. Investigating the dynamical behavior of hybrid systems is of great
theoretical and practical importance.

The objectives of this thesis are to develop the qualitative theory of nonlinear hybrid
systems with impulses, time-delay, switching modes, and stochastic disturbances, to develop
algorithms and perform analysis for hybrid systems with an emphasis on stability and
control, and to apply the theory and methods to real-world application problems.

Switched nonlinear systems are formulated as a family of nonlinear differential equations,
called subsystems, together with a switching signal that selects the continuous dynamics
among the subsystems. Uniform stability is studied emphasizing the situation where both
stable and unstable subsystems are present. Uniformity of stability refers to both the
initial time and a family of switching signals. Stabilization of nonlinear systems via state-
dependent switching signal is investigated. Based on assumptions on a convex linear
combination of the nonlinear vector fields, a generalized minimal rule is proposed to
generate stabilizing switching signals that are well-defined and do not exhibit chattering or
Zeno behavior.

Impulsive switched systems are hybrid systems exhibiting both impulse and switching
effects, and are mathematically formulated as a switched nonlinear system coupled with a
sequence of nonlinear difference equations that act on the switched system at discrete times.
Impulsive switching signals integrate both impulsive and switching laws that specify when
and how impulses and switching occur. Invariance principles can be used to investigate
asymptotic stability in the absence of a strict Lyapunov function. An invariance principle is
established for impulsive switched systems under weak dwell-time signals. Applications of
this invariance principle provide several asymptotic stability criteria. Input-to-state stability
notions are formulated in terms of two different measures, which not only unify various
stability notions under the stability theory in two measures, but also bridge this theory with

the existent input/output theories for nonlinear systems. Input-to-state stability results
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are obtained for impulsive switched systems under generalized dwell-time signals. Hybrid
time-delay systems are hybrid systems with dependence on the past states of the systems.
Switched delay systems and impulsive switched systems are special classes of hybrid time-
delay systems. Both invariance property and input-to-state stability are extended to cover
hybrid time-delay systems.

Stochastic hybrid systems are hybrid systems subject to random disturbances, and are
formulated using stochastic differential equations. Focused on stochastic hybrid systems
with time-delay, a fundamental theory regarding existence and uniqueness of solutions
is established. Stabilization schemes for stochastic delay systems using state-dependent
switching and stabilizing impulses are proposed, both emphasizing the situation where all
the subsystems are unstable. Concerning general stochastic hybrid systems with time-delay,
the Razumikhin technique and multiple Lyapunov functions are combined to obtain several
Razumikhin-type theorems on both moment and almost sure stability of stochastic hybrid
systems with time-delay.

Consensus problems in networked multi-agent systems and global convergence of ar-
tificial neural networks are related to qualitative studies of hybrid systems in the sense
that dynamic switching, impulsive effects, communication time-delays, and random distur-
bances are ubiquitous in networked systems. Consensus protocols are proposed for reaching
consensus among networked agents despite switching network topologies, communication
time-delays, and measurement noises. Focused on neural networks with discontinuous
neuron activation functions and mixed time-delays, sufficient conditions for existence and
uniqueness of equilibrium and global convergence and stability are derived using both
linear matrix inequalities and M-matrix type conditions.

Numerical examples and simulations are presented throughout this thesis to illustrate the

theoretical results.
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List of Notations

This following list aims to provide a quick reference for some mathematical notations used

in this thesis. Other notations will be defined at their first appearance.

RN
R+

Z

zZ+
Rxm

C(A; B)

Cl(4; B)

CI,Z

PC([a,b]; R™)

PC([a,0); R™)

PC
PC[O]

the n-dimensional Euclidean space.
the set of all nonnegative real numbers.
the set of all integers.

the set of all nonnegative integers.

the space of n x m real matrices.

the set of all continuous functions from A to B, where A C R" and
BCR™

the set of all continuously differentiable functions from A to B.
brevity for C([—r,0]; R"),if r > 0 is known and fixed.

brevity for C12(RT x R"; R"), the set of all functions from R x R"
to R that are continuously differentiable in the first variable and twice

continuously differentiable in the second variable.
the class of piecewise continuous functions from [a, b] to R".

all functions ¥ : [a,00) — R" with V|4, (¥ restricted on [a, b]) in
PC([a,b]; R™) forall b > a.

brevity for PC([—r,0]; R"),if r > 0 is known and fixed.

a subspace of PC, which contains functions that are continuous on

[—r, 0]\ ® and may have jump discontinuities at the set ® C (—r,0].

x| = \/xf —I—xg + ... +x,21 for a vector x = (x1,x2, ...,xn)T e R"

|A| = y/trace(ATA) = \/Z?:l Z]"il ‘aij‘z for amatrix A € R™™.
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Dt Vi(t, x)
Vi(t, x)
DtVi(t, ¢)

D*Vi(t, ¢(0))

IAl = v Amax(ATA) foramatrix A € R™™; ||p]l = SUP_, < ;< [¢(5)]
for ¢ € C or PC.

two index sets. Particularly, Z is used for switching, and J for im-

pulses.

a switching signal from R" to Z or an impulsive switching signal
{(triksjik) }» where ik € T, jk € T, tk < tiq forall k € Z and

ty — ooask — oo.

a certain class of (impulsive) switching signals.

the class of functions {h € C(RT x R™; R1) : inf;x) h(t,x) = 0}.
a pair of two functions in I" used as stability measures.

the set of (impulsive switching) signals with dwell-time 7 in the ith

mode.
the set of signals with reverse dwell-time 7 in the ith mode.

the set of signals with reverse dwell-time 7 in the modes indexed by
T, CT.

the set of signals with average dwell-time 7 in the ith mode.
the set of signals with reverse average dwell-time 7 in the ith mode.
the set of signals with weak dwell-time 7 in the ith mode.

the upper right-hand derivative of V; with respect to the ith mode of
a system with switching modes.

the derivative of V; with respect to the ith mode of a system with

switching modes if V; is differentiable.

the upper right-hand derivative of a functional V; with respect to the

ith mode of a delay system with switching modes.

the upper right-hand derivative of a function V; with respect to the

ith mode of a delay system with switching modes.

Xiii



(2, F,P)

W (1)

E{}

LY([a,b]; R™)

EZ([(Z, b], Rnxm)

EVi(t, ¢)

a given complete probability space with {F;}; > as a filtration satis-

tying the usual conditions.

an m-dimensional standard Wiener process defined on (€2, F, P) and
adapted to {F}; > -

the mathematical expectation with respect to the probability measure
p.

the family of all F;-measurable PC-valued random variables ¢ such
that E{||¢]I’} < oo.

the family of PC-valued random variables that are bounded and F;-

measurable.

the space of all R"-valued F;-adapted processes {f (t)}, << such
that fab ‘f(t)‘ dt < oo almost surely (a.s.).

the space of all R"*™-valued F;-adapted processes {g(t)},<:<»p
such that fab ‘g(t)‘2 dt < oo a.s.

a differential operator from R x PC to R of a function V;inC L2 cor-
responding to the ith mode of a stochastic delay system with switching

modes.
the maximum of two real numbers a and b.
the minimum of two real numbers a and b.

the composite function defined by (f o g)(x) = f(g(x)).
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Introduction

1.1 Hybrid Systems

Due to their many important applications, hybrid systems are currently becoming a large
and growing interdisciplinary area of research (see, e.g., [55], [142], [158] and references
therein). A hybrid system is a dynamical system that exhibits both continuous and discrete
dynamic behavior. Typical examples that involve hybrid characteristics of both continuous

and discrete dynamics include

[J switched electrical circuits, in which voltages and currents change continuously ac-
cording to classical laws of electrical networks and also undergo abrupt changes due

to switching on and off.

O classical mechanics, in which velocities of a multibody system change continuously
according to Newton’s second law but undergo instantaneous changes in velocity and

momentum due to collisions.

[J biological systems, in which continuous changes are maintained during normal oper-
ations and sudden changes occur due to impulsive stimuli. Further examples include
seasonal harvesting in population dynamics [21], periodic treatment and/or vaccina-
tion in epidemic models ([114], [166]), and seasonality in ecosystems ([159], [166]),

which all lead to interactions of discrete and continuous dynamics.

[J embedded systems, in which digital software interacts with an analog environment.

Particular examples include automotive electronics, ranging from simple software-

1



1.1 HYBRID SYSTEMS 2

based automatic gear shifting to complex products such as autonomous cruise control
systems [165].

[ communication systems, in which each individual system changes continuously ex-
cept that, at discrete times, state variables are sampled and sent from transmitter to
the receiver to update the receiver’s states ([87], [88], [89], [145], [191]). Therefore,

communications here are achieved by sudden impulses.

[0 complex networks, in which each coupled dynamical system often evolves continu-
ously, while the network topology can change abruptly due to reasons such as node and
link failures/creations, packet-loss, and formation reconfiguration. Collective prop-
erties, such as consensus and synchronization, are largely affected by the changing
network structures ([147], [148], [167]). In addition, many biological systems over
a network communicate by sudden impulses, e.g., neuron firing, firefly flashing, or
cricket chirping [167]. As the study of networks pervades all areas of science [167], it is
no surprise that hybrid systems can find applications in a wide variety of disciplines.

[J control systems, in which stabilizing hybrid controllers (continuous, switching, im-
pulse, or a combination of these) can be designed to control a plant described by a
nonlinear system. This type of control appears in a wide class of industrial applica-
tions, where logic controllers and microprocessors are programmed for automation.
In these applications, discrete states are used to implement control logic to incorporate
decision-making capabilities into the control system [55]. A typical digital control
system is shown in Figure 1.1.

The interaction of continuous- and discrete-time dynamics in a hybrid system often
leads to very rich dynamical behavior and phenomena that are not encountered in purely
continuous- or discrete-time systems [55]. In the following, we further introduce two
subclasses of hybrid systems, i.e., switched systems and impulsive systems, that are most

commonly encountered in applications.

1.1.1 Switched Systems

A switched system is a hybrid dynamical system consisting of a family of continuous
subsystems and a logic-based rule that actively selects the continuous dynamics. Switched
systems are appropriate models for many systems encountered in practice that exhibit
switching among several subsystems in a dynamically changing environment. Switched

systems have found applications in control of mechanical systems, automotive industry,
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Discrete
Control
Device

Physical
Plant

Figure 1.1 A typical digital control system.

aircraft and air traffic control, switching power converters, and many other fields (see, e.g.,

[106], [107], [142], [158], [161] and references therein).

Example 1.1.1 (Mass-Spring System) As a motivating example for switched systems, con-
sider the vibration of a mass with an elastic support as shown in Figure 1.1.1. The mass is
connected to a spring of stiffness K to the left and subjected to an external force F(¢). On
the right, there is an elastic wall consisting of a spring of stiffness k and a dashpot damper
with damping coefficient c. The equilibrium position of the system is denoted by the dashed
line. Denote by x; the displacement of the mass with respect to the equilibrium position.

According to the sign of x1, this mechanic system consists of two modes:
(i) Mode 1: for x; <0,

5(:1 = X2,

1
Xy = J\_/I[F(t) — Kx1],
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Figure 1.2 Vibration of a mass with an elastic support.

(ii) Mode 2: for x; > 0,
561 = X,

X = AL/I[F(t) — (K + k)x1 — cxz]. O

Example 1.1.2 (Temperature Control) As another motivating example of switched sys-
tems, consider the heating and cooling in a house controlled by a furnace and an air
conditioner. A simple thermostat controls the temperature with set values of Tyin (lowest
desired temperature) and Tmax (highest desired temperature) as follows. Let T denote the

current temperature.

(1) If Tmin < T < Tmax, both the furnace and air conditioner are kept off. The evolution
of T is govern by T = f,(T).

(ii) If T > Tmax, the air conditioner is turned on and the furnace is off. The evolution of
T is govern by T = f,(T).

(iii) If T < Tmin, the the furnace is turned on and the air conditioner is off. The evolution
of T is govern by T = f5(T).
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U Switching Signal
1

— Controller i —0

U
— Controller j O Measurements

Uy
— Controller k —@

=3 y

Figure 1.3  Switching control.

Therefore, the dynamics is described by a simple switched system with three different

modes. [
The above example can be generalized to a more general and practical setting.

Example 1.1.3 (Switching Control) Consider a nonlinear control system given by

x = f(x) + g(x)ui(x), (1.1.1)

where u;(x) is the feedback control chosen from a family of functions {u; : i € Z}, where
7 is an index set, and f and g are both nonlinear functions of x. The switching among
the controllers can be autonomously driven by time or state or both, or be controlled by a
“higher process” called a supervisor, as shown in Figure 1.3. Here we have assumed that the
measurements are sent to the supervisor instantly and decision is made in a prompt sense so
that there is no delay in the switching control process (r = 0 in Figure 1.3). System (1.1.1)

describes a typical situation where switched systems arise from applications. H

1.1.2  Impulsive Systems

Systems of impulsive differential equations or impulsive systems model real world processes

that undergo abrupt changes (impulses) in the state at discrete times [97]. Particularly,
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impulse control and stabilization as a powerful tool to achieve stability for dynamical
systems that can be highly unstable, in the absence of impulses, has gained increasing
popularity ([13], [119], [130], [160], [178], [193]) and found successful applications in a
wide variety of areas, such as control systems ([10], [120]), control and synchronization
of chaotic systems ([87], [88], [89], [122], [124], [123], [128], [191]), complex dynamical
networks ([108], [200]), large-scale dynamical systems [192], secure communication ([87],
[88], [191]), spacecraft maneuvers [31], population growth and biological systems ([112],
[121]), neural networks ([116], [123]), ecosystems management [146], and pharmacokinetics
[12].

Impulsive dynamical systems can be naturally viewed as a class of hybrid systems that
consist of three elements: a continuous differential equation, which governs the continuous
evolution of the system between impulses; a difference equation, which governs the way the
system states are changed at impulse times; and an impulsive signal for determining the

impulse times.

Example 1.1.4 (Impulsive Synchronization) Consider a cryptosystem based on impulsive
synchronization between a drive system and a receiver system. Only samples of the drive
system state at discrete times t,k = 1,2, - - - , are transmitted to the receiver system through
a public channel. We use x(#) to denote the drive system state and u(t) the receiver system
state. The objective is to use the sequence of states {x(tx) : k = 1,2, - - -} sampled from the

drive system to update the receiver system according to

u(t) = u(ty) — B [x(t) —u(t)], k=1,2,--,

where each By isa constant matrixand u(t, ) denotes the leftlimit of u at #y, so that in the long
term the receiver system and drive system are synchronized, i.e., the error e(t) = x(t) — u(t)
goes to 0 as t — oo. This procedure is illustrated in Figure 1.4. We have assumed that the
sampled data are sent to the receiver instantly and there are no communication time-delays

(rx = 0in Figure 1.4). Now suppose that the drive system is given by
x = Ax + Q2(x).

Then the receiver system subject to the same nonlinear dynamic and the impulsive synchro-

nization scheme is given by

u=Au+ Qwu), (1.1.2a)
{ Au = —Bge(t;,). (1.1.2b)
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Transmitter Receiver

X u

(b)) x(t)  x(tiy)

[ [ ]

Public Channel

Delay r;

Figure 1.4 Impulsive synchronization.

Therefore, the error dynamics is given by

e=Ae+[Qx)—Qw)], (1.1.3a)
Ae = Bye(t; ). (1.1.3b)
Both system (1.1.2) and system (1.1.3) are examples of impulsive systems. O

Both as hybrid systems, impulsive systems and switched systems can be naturally com-
bined to form a more comprehensive model, i.e., impulsive switched systems. As early as
in 1984, switching and impulses were combined to provide control for a reflected diffusion
[105]. Stability analysis of impulsive switched systems has received increasing attention in
the past decade (see, e.g., [129], [185], [188], [189], [190]).

The following example shows a simple situation where both impulses and switching can

be integrated in the same framework.

Example 1.1.5 (Water Level Control) Figure 1.5 shows a simple on/off water level monitor
system. A sensor is used to measure the current level of the water tank, denoted by y(t).
Based on the current water level y(t), a digital control device sends a signal S(¢) to control

the pump:
(i) if y(t) =10,S(t) = 0O is sent to turn the pump off; and
(ii) if y(t) <2,S(t) = 1is sent to turn the pump on.

Suppose that there are 2 seconds delay for the signal to reach the pump. We use x(t) to

denote the time elapsed since last signal. The dynamics of the system is shown in Figure 1.6,
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Sensor for Measuring y(t)

S(t) e{0,1}

SUULg

Sensor = Pump
2 Seconds Delay

Figure 1.5 An on/off water level control system.

which has four different modes. The equations of dynamics are

Z' = fy(t,2), o €{1,2,3,4},
Azzga(fk;z)) k:1)2)"',

where z = [x y]T, Az = z(t) — z(7; ),and

8o (Th, 2) =
—x(7;.)
0

, o=2,4,

where 7y are the impulsive switching times and z(z, ) denotes the left limit of z at 4. O

1.2 Hybrid Systems with Time-Delay

Most of the hybrid models currently considered in the literature use ordinary differential
equations (ODEs). These ODE-based models assume that the system under consideration
is governed by a principle of causality, i.e., the future state of the system is independent of

the past states and depends only on the present state. It is well-known that the principle of
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A

x=2 x=2
signal signal
received received

Figure 1.6  Four modes of the water level control system.

causality is usually only a first approximation to the real situation. In many applications,
a more realistic model has to include some of the past states of the system, which leads to
time-delay models using delay (retarded or functional) differential equations in the classical
setting (see, e.g.,[44],[45],[61],[62], (93], [94]) or its stochastic counterpart, stochastic delay
(retarded or functional) differential equations (see, e.g., [93], [140], [143]).

Incorporating time delay in the hybrid models gives rise to hybrid (time-)delay systems.
Two important classes of hybrid delay systems are impulsive delay systems and switched
delay systems, both of which received increasing attention in recent years. The following

are two examples of hybrid delay systems.

Example 1.2.1 (Delayed Feedback Control) If time-delay r is not 0 in Example 1.1.3, the

dynamics of the switching control system is governed by
x = f(x) + gu(x(t — 1)), (1.2.1)
which is a switched system with a constant time-delay of size r. [

Example 1.2.2 (Impulsive Synchronization with Delay) If time-delays r are not 0 in Ex-

ample 1.1.4, then the dynamics of receiver system and the error dynamics is given by
u=Au—+ Qw), (1.2.2a)
Au= —Bre((ty — 1)), (1.2.2b)
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and

e=Ae+[Qx)— Qw)], (1.2.3a)
Ae = Bre((tr — 1) 7). (1.2.3b)

which are both impulsive systems with various constant time-delays given by ry, k =
1,2,---. O

Communication delays usually play a key role in the performance of a control system.
Including time delay also makes a hybrid system infinite dimensional and hence its stability
analysis more involved and challenging, which is in accordance with what has been observed
in stability analysis of delay differential equations. Moreover, the combination of impulse
and delay effects in impulsive delay systems gives rise to a myriad of problems when studying

some basic properties of impulsive delay differential equations ([8], [9], [111]).

1.3 Stochastic Hybrid Systems

The theory of stochastic differential equations was originally developed by mathematicians
as atool for explicitly constructing the trajectories of diffusion processes with given drift and
diffusion coefficients [80]. In the physical and engineering sciences, stochastic differential
equations arise in a quite natural manner in systems with the so-called “white noise” effects
[2]. For example, the investigation of various engineering systems subjected to parametric
and external random excitation leads to stochastic differential equations [187]. Typical
examples include buildings under earthquake and wind loads, ocean platforms subjected
to wave-induced loads, vehicle running on a rough road, aircrafts in a turbulent stream.
Stability of these systems are of practical importance.

Even though deterministic hybrid models can capture a wide range of behaviors encoun-
tered in practice, stochastic features are also very important, because of the uncertainties
inherent in most applications and environmental noise ubiquitous in the real world. There
has been increasing interest in stochastic hybrid systems due to their many applications
in areas such as insurance pricing, power industry, flexible manufacturing, fault tolerant
control, maneuvering aircraft, and communication networks (see, e.g., [16], [32], [137] and
references therein). The theory of stochastic differential equations and stochastic processes

provides necessary tools to formulate and study stochastic hybrid systems.
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Example 1.3.1 (Stochastic Impulsive Control) Impulsive control haslong been used in the
control of stochastic systems [95] (see also [96]). Let (€2, F, P) be a complete probability
space equipped with a filtration 7;. In [95], an impulsive control is given by sequence of pair
{CEr ) : k=1,2,---},where 7y is a sequence of {F;}-stopping times with 7j < 7j4; — 00
as k — o0, and & is a sequence of random variables that are F;, -measurable. Consider an
It6 process given by

dx(t) = b(x(t))dt + o (x(t))dW (t), (1.3.1)

where W (t) is a standard Wiener process on (€2, 7, P). Applying the impulsive control
{r-tx) : k=1,2,---}to (1.3.1) gives

dx(t) = b(x(t))dt + o (x(£))dW(t), t # 14, (1.3.2a)
Ax(t) = D&, t=r1, (1.3.2b)
where D is a matrix, which is understood in the integral sense as

t

t t
x(t) = x(0) + f b(x(s))ds + / o(x(s))dW(s)+ Y D
0 0 0<g <t
As pointed out in [96], compared with a continuous control, there is usually a positive cost
for setting up an impulse control, and a cost associated with the magnitude of the control.
Once a cost function (or functional) is specified and one is asked to minimize the cost of an

impulse control, an optimal impulse control problem is proposed. [

Example 1.3.2 (Stochastic Switched Systems) Consider the Lotka-Volterra equations for

the population dynamics of two species in a random environment

{ x(t) = x(a; — Biy) + AidW1(2), (1.3.3a)
y(t) = —y(yi — 8ix) + pnidWa (1), (1.3.3b)
where «;, Bi, vi, and §; are parameters representing the interaction of the two species, and
A; and u; are the noise intensities. Here the environmental noises are modeled with two
independent scalar Wiener processes W and W,. The changes in parameters are modeled
by allowing them to switch among a family {(«;, Bi, ¥i> 8i» Ai» 4i) : i € T}, driven by a time-
dependent process i(t) or by the state (x(¢), y(t)) in the sense that i = i(x(t),y(t)) is a
function of (x(t), y(t)).

This model is motivated by the fact that the growth rates and the carrying capacities

of the species in an ecosystem, determined by the parameters «;, B;, ¥i, and §;, are often
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not only subject to environmental noises, but also to seasonal, regional, or other changes.
These changes usually cannot be described by the traditional (deterministic or stochastic)
Lotka-Volterra models. For instance, the growth rates of certain species can be higher in
the rainy season than in the dry season; the carrying capacities can vary due to changes in

nutrition and food resources. System (1.3.3) is understood in the It6 sense. O

Stochastic hybrid systems can be formulated either by adding noise effects to a deter-
ministic hybrid system or by adding hybrid effects, such as parameter switching and/or
state jumps, to a continuous stochastic differential equation. The dynamical behavior of a
stochastic hybrid system can be very different from its deterministic counterpart. Different
notions of stability, such as almost sure (sample) stability and moment stability, arise in the
stochastic setting.

Asin the deterministic case, one of the major difficulties encountered in studying stochas-
tic hybrid systems with time-delay is caused by a fundamental difference that impulse
effects bring to the studies of delay differential equation, which is that, due to the impulse ef-
fects, solutions of impulsive delay differential equations are no longer continuous functions
of the time and hence they have to be considered to be evolving in the space of piecewise
continuous functions. This key difference causes a myriad of problems when studying
some basic properties of impulsive delay differential equations as shown in [8], [9], and
[111]. These problems naturally carry over to the stochastic setting and are part of the main

issues to be addressed later in this thesis.

1.4 Scope of The Thesis

This thesis focuses on the qualitative studies of hybrid dynamical systems, emphasizing
systems with nonlinear structures, time-delays, and stochastic disturbances. The thesis is
divided into three parts, i.e., Part I: Deterministic Hybrid Systems, Part II: Stochastic Hybrid
Systems, and Part III: Applications.

We begin by a systematic study of switched nonlinear systems in Chapter 2. Mathematical
formulation is given for switched nonlinear systems, followed by a detailed discussions on
stability. The main stability problems are then formulated and studied. Particularly, two
important problems, i.e., uniform stability for switched nonlinear systems with both stable
and unstable subsystems, and switching stabilization of a family of unstable nonlinear

systems, are investigated.
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Chapter 3 presents qualitative studies of impulsive switched systems. Impulsive switched
systems are formulated and several classes of impulsive switching signals are presented.
Under this formulation, an invariance principle is first established under weak dwell-time
signals, and input-to-state stability properties are investigated, taking both impulsive and
switching effects into account.

Chapter 4 studies hybrid systems with time-delay. Both switched delay systems and gen-
eral hybrid systems with time-delay are investigated. An invariance principle is obtained for
switched delay systems under weak dwell-time signals and input-to-state stability proper-
ties are investigated for general hybrid systems with time-delay. The results in this chapter
partially extend the results in Chapter 3 to hybrid systems with time-delay.

Chapter 5 is the only chapter in Part II, which focuses on stochastic hybrid systems with
time-delay. We begin by presenting a general mathematical formulation and establishing
the fundamental theory regarding existence and uniqueness of solutions. Before presenting
general stability theorems of stochastic hybrid systems with time-delay, we investigate two
particular situations, in which impulses and switching are applied, respectively, to stabilize
otherwise unstable switched delay systems. Then in a very general setting, we apply the
Razumikhin method and multiple Lyapunov functions to obtain several Razumikhin-type
theorems on both moment and almost sure stability of stochastic hybrid systems with
time-delay.

Part III presents two application problems that are related to qualitative studies of hybrid
dynamical systems. In Chapter 6, we investigate the consensus problem in networks of
dynamical systems, in which stochastic noise, switching network topology, and communi-
cation time-delays are studied in the same framework and sufficient conditions for reaching
consensus among networked agents are obtained. Chapter 7 presents a study of the dynam-
ical behavior of delayed neural networks, in which we follow a recently developed model
and focus on neural networks with discontinuous neuron activation functions and mixed
time-delays. Sufficient conditions for existence and uniqueness of equilibrium and global
convergence and stability are derived using both linear matrix inequalities and M-matrix
type conditions.

Numerical examples and simulations are presented throughout this thesis to illustrate the
theoretical results. Finally, Chapter 8 presents some conclusions and discusses some future

research along the lines of this thesis.



PART 1

Deterministic Hybrid Systems






Switched Nonlinear Systems

As introduced in Chapter 1, a switched system is a hybrid system consisting of a family of
continuous subsystems and a logic-based rule that actively selects the continuous dynamics.
Switched systems are appropriate models for many systems encountered in practice that
exhibit switching between several subsystems, and have numerous applications in a variety
of areas. In this chapter, we will focus on switched nonlinear systems and investigate some

relevant stability issues.

2.1 Mathematical Formulation

Switched systems can be mathematically understood as differential equations with discon-
tinuous righthand sides, which are well studied in the monograph [48]. However, one has
to get familiar with concepts such as Carathéodory differential equations and differential
inclusions to understand the results in [48], which would complicate the study and applica-
tions. Here we prefer a more straightforward approach, which regards a switched system as
a family of continuous-time systems, together with a switching rule that chooses an active
subsystem from the family at every instant of time [107].

In this sense, a general nonautonomous switched nonlinear system can be described by

x(t) = fo (1, x(1)), t=to, (2.1.1)

where o, called a switching signal, is a function defined on R™ x R" and valued in an
index set Z. The role of a switching signal is to select the right-hand side of (2.1.1) from a
parameterized family of nonlinear vector fields {f; : i € T}, where f; : R* x R" — R",

16
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depending on evolution of time t and state x. The time instants at which o changes its
value are called switching times of this particular switching signal. If explicitly considered,
the switching times (together with the initial time #o) are always denoted by {t : k € Z*},
where ;. < t;y1 forallk € Z* and Z denotes the set of all nonnegative integers.

The arbitrary nature of the switching signal o causes difficulties in the study of (2.1.1).
We formulate two particular types of switching signals that have been most studied in the

literature.

[J Time-dependent switching: o is a function of the time ¢ alone, i.e., o is a function
from R to Z. A typical example is that o is a piecewise constant function from R*
toZ.

[J State-dependent switching: o is a function of the state x alone, i.e., o is a function
(possibly multi-valued) from R" to Z. A typical example is when the space is parti-
tioned into a finite or infinite number of regions by means of a family of switching
surfaces. In each of these regions, a single subsystem is activated and the system

changes mode when crossing a switching surface.

However, even if we know that o is solely time-dependent or state-dependent, there are some
extreme cases which may complicate the study of (2.1.1). In the case of time-dependent
switching, a common problem is caused by the so-called Zeno behavior when the switching
instants have a finite accumulation point [107]. In the case of state-dependent switching, a
sliding mode occurs when the vector fields on both sides of a switching surface are pointing
toward this surface [107]. This difficulty can be overcome by introducing the concept of
differential inclusions [48]. However, we are not going to pursue this approach for reasons
explained earlier. In what follows, we will propose reasonable assumptions to rule out
these singularities and focus our attention on the stability analysis of switched systems.
Moreover, note that it is actually difficult to make a formal distinction between state-
dependent and time-dependent switching, since every possible trajectory of the system with
state-dependent switching is also a solution of the system with time-dependent switching
for a suitably defined switching signal.

System (2.1.1) is more general than the autonomous switched system

X = fo(x), t=0.
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Moreover, under time-dependent switching, a key distinction between system (2.1.1) and

the nonautonomous (time-varying) system
x = g(t,x), t=ty, (2.1.2)

where g(t,x) = f51)(t,x), t =1y, is that one typically associates a family of admissible
switching signals S to (2.1.1) and studies the properties of solutions to (2.1.1) as o ranges
over S. Of particular interest are the properties that remain uniform with respect to all &
over S, which have been well-studied in [69] for switched linear systems. This distinction
is based on the fact that solutions to a switched system such as (2.1.1) are parameterized
by a set of initial conditions as well as a set of admissible switching signals S in which o
is assumed to lie, which is in contrast with a time-varying system such as (2.1.2), whose
solutions are parameterized solely by a set of initial conditions. This observation poses
important questions related to the uniformity of properties, such as stability, boundedness,
and convergence, as o ranges over S. Even if system (2.1.1) is linear, it has been shown in
[69] that uniformity of these properties is not easily obtained; under certain conditions, a
smaller set of admissible switching signals S has to be specified to guarantee the uniformity
of asymptotic properties [69]. Clearly, when a single time-dependent switching signal
o is specified, (2.1.1) and (2.1.2) represent exactly the same object. Another important
distinction between a switched system and a time-varying system is that the switching
signal in a switched system can be chosen by some “higher process” such as a controller,
computer, or human operator, which results in switching control for a family of systems

[20].

2.1.1 Remarks on the Existence and Uniqueness of Solutions

The existence and uniqueness of solutions of system (2.1.1) with initial condition x(fy) =
xp € R is almost trivial in the time-dependent switching case, since it follows from the
fundamental theory of ordinary differential equations (ODEs) plus a method of steps, i.e.,
we can solve the initial value problem for the current switching interval [#, fx+] and use
the value of x(#x;1) as an initial value to formulate and solve the initial value problem on
the next switching interval [t 1, tx42], and so on. Conditions on the vector fields, such as
continuity in ¢ and Lipschitz continuity in x that guarantee existence and uniqueness for
ODEs, can be carried over to this case. A general assumption is that each f; in (2.1.1) is

locally Lipschitz in its second variable and continuous in the first. However, uniqueness of
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Figure 2.1 Individual phase portraits for systems (2.2.1) and (2.2.2).

solutions is not essential while developing the stability theory for systems such as (2.1.1),
which is in accordance with similar remarks for nonlinear systems without switching [60].
Even without this uniqueness assumption, we may still show that all possible solutions will
converge to a unique equilibrium point (trivial solution) if stability is concerned, and the
uniqueness of the trivial solution is usually implied by stability (i.e., x(fp) = 0 implies
x(t) = O0forallt >1ty).

In contrast to the fundamental theory, the stability analysis of switched systems is not a

trivial one, as we shall show in what follows.

2.2 Discussions of Stability and Problem Formulation

The challenge to analyze the stability of switched systems lies partly in the fact that even
if the individual systems are stable, the switched system might be unstable, which is well

illustrated in the following example.

Example 2.2.1 Consider a switched system with two subsystems:

—0.1 1
x(t) = x(t) (2.2.1)
—~10 —0.1
and
. —0.1 10
x(t) = x(1). (2.2.2)
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Figure 2.2  Phase portrait for the switched system given by (2.2.1) and (2.2.2).

Specify a state-dependent switching signal o : R?* — {1,2} by letting o ((x1,x2)) = 1 if
x1x2 <0and o ((x1,x2)) = 2ifx1x, > 0,i.e., when x;x, <0, system (2.2.1) is activated, and,
when x;x; > 0, system (2.2.2) is activated. While the individual subsystems (2.2.1) and
(2.2.2) are both stable, the switched system given by them is unstable, as shown in Figures
2.1and 2.2. O

The idea behind Example 2.2.1 is well illustrated in Figure 2.3, where a system switching
between two stable subsystems is shown to be unstable. Similarly, a system switching
between two unstable subsystems could be stable, as shown in Figure 2.4. Based on these

observations, the following can be concluded:

[0 Unconstrained switching can destabilize a switched system even if all the individual

subsystems are stable.

[0 Itis possible to stabilize a switched system by means of suitably constrained switching

or designed switching even if all individual subsystems are unstable.

As one can imagine, when all the subsystems are stable, if we can make the switched
systems stay in each of its stable subsystems for as long as possible, the possibility becomes
large that the resulted switched system will be stable. This is the basic idea of stability of

switched systems under slow switching and motivates the definitions of dwell-time and



2.2 DISCUSSIONS OF STABILITY AND PROBLEM FORMULATION 21

X2

Follow
Subsystem 2
in the 1st quadrant

Follow
Subsystem 1
in the 2nd quadrant

Follow
Subsystem 2
in the 3rd quadrant

Follow
Subsystem 1
in the 4th quadrant

Figure 2.3  Switching between stable systems.
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Figure 2.4 Switching between unstable systems.
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average dwell-time [107]. However, this requires stability of all subsystems. When this is
not the case, we are faced with the problem of finding a switching signal to stabilize the
switched systems. Note that when there exists at least one stable subsystem, this problem is
trivial since we can let the system dwell in the subsystem forever. However, this also assumes
that we can arbitrarily choose our switching signal. If this can not be done, e.g., although
some of the unstable subsystems are undesirable, they have to be activated for a certain
amount of time to make the model practical. In this case, we still face a nontrivial problem.
The last case is when all the subsystems are unstable, we have to design a switching rule to
stabilize the switched systems. This also turns out to be a nontrivial matter. Thus one can

approach the stability analysis of system (2.1.1) in the following three directions.
I. Find conditions that guarantee stability of system (2.1.1) under arbitrary switching.

I1. Specify classes of switching signals under which system (2.1.1), with the presence of

both stable and unstable subsystems, is uniformly stable.

I1l. Design a particular switching signal to stabilize system (2.1.1) if none of its subsystems

are stable.

We shall elaborate these three approaches in the following.

I. Stability under Arbitrary Switching

Lyapunov’s second method has a direct extension which provides a basic tool for studying
stability of the switched system (2.1.1). This extension requires the existence of a single
Lyapunov function whose derivative along solutions of all subsystems of (2.1.1) satisfies
suitable differential inequalities. This is known as the common Lyapunov function ap-
proach [107]. Following this approach, all the classical Lyapunov stability theorems can
be extended to provide stability criteria for switched systems and the stability holds under
arbitrary switching. We are not going to elaborate on this approach since it is essentially the

same as the stability theory of ordinary differential equations.

I1. Stability under Slow or Constrained Switching

Since different subsystems of a switched system may have very different structures, the
differential inequalities imposed by a common Lyapunov function for all subsystems can
become very restrictive. In such cases,a common Lyapunov function is usually hard to find

or simply does not exist. A remedy for this is to introduce a useful tool called the multiple
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Lyapunov functions method. Stability analysis of deterministic switched systems using
multiple Lyapunov functions first appeared in [150] and has evolved over a series of articles
(see, e.g., [20], [34], [74], [150]; see also [161] for a recent survey and references therein).
It is well known that a switched system is stable if all individual subsystems are stable and
the switching is sufficiently slow, so as to allow the transient effects to dissipate after each
switch. To characterize slow switching, notions of dwell-time and average dwell-time have

been proposed [107].

Dwell-Time Switching. Given t > 0, a switching signal is said to have dwell-time t it
inf {ti —t: ke 2%} =1 (2.2.3)
The set of switching signals with dwell-time 7 is denoted by Sin¢ (7). O

Stability can be proved if all subsystems are stable and the switching signals have suf-
ficiently large dwell-time. It turns out that specifying a dwell-time condition may be too
restrictive since the (exponential) stability is an asymptotic property. We may allow the pos-
sibility of switching fast at some time and then compensating for it by switching sufficiently

slowly later. The concept of average dwell-time from [68] serves this purpose.

Average Dwell-Time Switching. Given r > 0 and Ny > 0, let S,(t, Np) denote the set of

switching signals satisfying
T—t
N, (T,t)<No+ ——, VT=t=>1, (2.2.4)
T

where N, (T, t) is the number of switching times of o between t and T This set of switching

signals are said to have average dwell-time t and chatter bound Ny. O

Clearly, Sint (t) C S,(7, 1). Moreover, both dwell-time and average dwell-time switching
signals have the properties of finite switches in finite time, i.e., have only a finite number of
switching times within any bounded time interval. All switching signals with finite switches
in finite time are denoted by Sy. It is shown in [68] that, if all the subsystems are stable, an
autonomous switched system is stable under switching signals in S,(t, Ny) for sufficiently
large 7.

We shall pursue this approach later in Section 2.4 of this chapter in a broader sense that

not all the subsystems have to be stable.
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I11. Stability under Designed Switching

There is another trend in the stability analysis of switched systems, i.e., one can choose
a specified state-dependent switching signal to stabilize a family of systems with certain
properties. In [182], Wick et al. considered a switched system consisting of two individual

systems

x(t) = A1x(t) and x(t) = Ayx(t),

where A} and A, are assumed to have a Hurwitz linear convex combination A + (1 —a)A;
with 0 < o < 1. Under this assumption, they proved that a state-dependent switching rule
can be constructed to stabilize the system.

We will elaborate this approach and extend it to the stability analysis of fully nonlinear

switched systems in Section 2.5 of this chapter.

2.3 Comparison Functions, Multiple Lyapunov Functions,
and Derivatives

Comparison functions, commonly know as class X and class KL functions, have been
proved very useful in deriving unform stability as well as input-to-state stability for non-
linear systems [90]. We introduce these two classes for the use in this and subsequent

chapters.

Definition 2.3.1 A function o : RT — R is said to be of class IC and we write « € K,
if « is continuous, strictly increasing, and «(0) = 0. If @ € K also satisfies «(t) — 00 as
t — 00, we say that « is of class KCoo and write @ € Koo. A function 8 : RT x RT — RT
is said to be of class ICL and we write B € KL, if B(,t) is of class K for each t € R and
B(r,t) decreases to 0 as t — oo for each fixedr € R™. O

As mentioned in Section 2.2, the method of multiple Lyapunov functions provides a
powerful tool for stability analysis of switched systems. By a family of multiple Lyapunov
functions candidates, we mean a family of functions {V; : i € Z}. The classical Lyapunov
stability analysis requires computing the derivative of a Lyapunov function candidate along
the trajectories of the system under investigation. As for a switched system, we have to

compute this derivative along the trajectories of each subsystems. We consider two cases.
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Continuously Differentiable Lyapunov Functions. If f; € C/(RT x R"; R"), we define

. ; Vi 3V 1\ 9V
Vilt,x) = == (6%) + = (60) - fi(t,0) = — = (60 + ; o, OO, (23.0)
where - means dot product in R" and f;, (¢, x) denotes the dth component of f;(t, x). [

Locally Lipschitzian Lyapunov functions. If f; € C(R™ x R"; R™") and f; is locally Lip-

schitz continuous in the second variable, we define

1
D" Vi(t,x) = limsup ; [Vi(t + h,x + hfi(t,x)) — Vi(t,x)] . (2.3.2)
h—0t
Lipschitz continuity of f; in x is needed to prove relation (2.3.3) below. [

Remark 2.3.1 If there happens to be a common Lyapunov function V, equations (2.3.1)
and (2.3.2) are understood as V; = V for all i € Z on the right-hand sides. O

It is clear that, in either case, V;(t,x) and DT V;(t, x) are dependent on the equation of
the ith subsystem. Hence, Vi(t, x) and D V;(t, x) will be different for different subsystems.
The intuitive idea behind the Lyapunov stability analysis is that if V;(, x) or D* V;(t, x) is
negative, then V;(t,x(t)) will decrease along the solutions of the ith subsystem of (2.1.1),
since both (2.3.1) and (2.3.2) yield the following relation

Vi(t,x) = DT Vi(t,x) = lim sup% [Vi(t + h,x(t + h)) — Vi(t,0)], (2.3.3)

h—0t
where x(t) is a solution of the ith subsystem of (2.1.1) on a small interval [t, ¢t + h] with
x(t) = x. A proof for relation (2.3.3) is standard in the Lyapunov stability theory for ODEs
(see, e.g., [197]).

2.4 Uniform Stability of Switched Nonlinear Systems

This section will be devoted to study the uniform stability, uniform asymptotic stability,
and uniform exponential stability for nonautonomous switched nonlinear systems, where
uniformity refers not only to the multiple solutions that one obtains as the switching signal
ranges over a given admissible set, but also to the stability and convergence in the usual
sense.

As mentioned in Section 2.2, several Lyapunov-like theorems are available for switched

systems by employing multiple Lyapunov functions (see, e.g., [20], [41], [150], [152], [196]).
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Particularly, the recent work of [104] investigated uniform asymptotic stability for general
nonlinear and time-varying switched systems. The results are particularly useful in the
sense that a generalized version of the celebrated Krasovskii-LaSalle theorem for general
nonlinear and time-varying switched systems has been proposed. However, all of these
results deal with only the case when all the subsystems of (2.1.1) are stable, which is often
not the case in many practical hybrid control systems. For example, if one wants to control
a hybrid system, it might be difficult and expensive to stabilize each of the subsystems.
Therefore some control strategy can be taken to ensure stability of the switching control
system by achieving a balance between the activation of the stable subsystems and unstable
subsystems. This kind of balance condition will be the main issues to be addressed in this
section for a general class of nonautonomous switched nonlinear subsystems.

The results in this section are partially inspired by the work of [199] on linear switched
systems with both stable and unstable systems, as well as by the work of [69] on uniform
stability of switched linear systems.

The remainder of this section is organized as follows. In Section 2.4.1, necessary nota-
tions and preliminaries are given so as to formulate the main problem. Uniform stability
is discussed in Section 2.4.2, uniform asymptotic stability in Section 2.4.3, uniform expo-
nential stability in Section 2.4.4, and stability of linear switched systems in Section 2.4.5.

Several numerical examples are presented in Section 2.4.6.

2.4.1 Definitions of Uniform Stability

In this section, we focus exclusively on time-dependent switching signals'. Let Sy denote
the set of all (time-dependent) switching signals that are piecewise constant, continuous
from the right, and have only a finite number of discontinuities over any finite time interval.

To emphasize a set S C Sy of switching signals, system (2.1.1) can be written as
x = fo (1, %), ocesS, t=t. (2.4.1)

A solution to the switched system (2.4.1) can then be interpreted as a pair (x, o) such that

o € Sandx : [ty,00) — R" solves the following time-varying system

X = for)(t, x), t=1. (2.4.2)

IState-dependent switching signals can also be covered if the signals can be interpreted as time-dependent signals of the classes defined

in this Section.
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We will consider the case when system (2.4.1) has both stable and unstable subsystems.
For this purpose, the index set 7 is divided into two subsets Z; and Z,,, where Z; is used to
index the stable subsystems and Z,, the unstable ones. With this partition of the index set,
we can now introduce different sets of admissible switching signals which will be considered

in this section. For any § > 0, let Sg,,(8) denote the following

S;‘up(a) =30€8y: WP (tgy1 —t)<8;.
o(t)ely
The idea behind defining Sq () is that the switched system is not supposed to dwell on
its unstable subsystems for overly long. To achieve a balance between the activation of
unstable subsystems and stable subsystems, denote by 7;(¢) the total activation time of
the stable subsystems and 7, (¢) the total activation time of the unstable subsystems on
the time interval [#, ¢]. Clearly, to guarantee the switched system to be stable, the unstable
subsystems are not supposed to be activated for verylong compared to the stable subsystems.
For this purpose, for some r >0 and T = ¢, the set S(r, T') is defined as

7u(t) <r, Vt= T}.
t)

Sr,T) = {0 eSp:

TTs

Moreover, for T > 0 and Ny > 0, let S;(7, Ny) denote the switching signals with average
dwell-time 7 and chatter bound Nj as defined by (2.2.4).

Assume that f;(t,0) = 0, forall t >ty and i € 7, so that (2.4.1) has a trivial solution for
all o. Given a set of admissible switching signals S, uniform stability for (2.4.1) over S is

defined as follows.

Definition 2.4.1 The switched system (2.4.1) is said to be uniformly stable (US) over S if,
given any ¢ > 0, there exists some p = p(¢) > 0, independent of f; and o € S, such that

lx(to)|l < p implies ||x(¢)|| < &, for (x,0) witho € S that solves (2.4.1). O

Definition 2.4.2 The switched system (2.4.1) is said to be globally uniformly asymptoti-
cally stable (GUAS) over S if it is uniformly stable over S and, for each pair of ¢ > 0 and
n > 0, there exists some T = T'(e, n7), independent of fy and o € S, such that ||x(t)[| < n
implies ||x(¢)|| < &, YVt =1ty + T,for (x,0) witho € S that solves (2.4.1). 0

Definition 2.4.3 The switched system (2.4.1) is said to be globally uniformly exponentially

stable (GUES) over § if, given any ¢ > 0, there exist positive constants C and ¢, independent
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of topand o € S, such that
lx(®)]l <Clx(t0)[ e 2, =10,
for (x,0) with o € S that solves (2.4.1). O

The main problems studied in this section are to seek sufficient conditions such that
system (2.4.1) is uniformly stable, uniformly asymptotically stable, and uniformly expo-
nentially stable over a certain set of admissible switching signals. Note that we will only
consider global stability to make the results easier to present. The global results can be easily
adapted to obtain local ones.

We will assume in this chapter that the Lyapunov functions are continuously differen-
tiable. Similar results can be easily proved by employing locally Lipschitzian Lyapunov

functions and Dini derivatives [98] as defined by (2.3.2).

2.4.2 Uniform Stability

Consider {V; : i € 7} as a candidate family of multiple Lyapunov functions. We stipulate
the following assumption on the evolution of V; over switching times, which is the same as

that adopted in [20]. This assumption involves a set S of admissible switching signals.

Assumption 2.4.1 Let (x,0) be a pair with 0 € § that solves (2.4.1). For eachi € 7 and

every pair of switching times #; < t; such that o (tx) = o (t;) = i, we have

Vit x(1)) < Vit x(tx)). O

Theorem 2.4.1 Suppose 1 is a finite index set and there exist a family of continuous differen-

tiable functions {V; : i € 1} and functions u, v € K such that

u(llxl) < Vitt, x) <v(lxl), VieZ,

holds for all t = ty and x € R". Moreover,

Vi(t,x) < uVi(t,x), Vie Ty

and

Vi(t,x)<0, Viel,
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hold for some 1 =0, all t >ty and x € R". If, in addition, Assumption 2.4.1 holds over S and
S C Sgyp(8) for some § > 0, then system (2.4.1) is uniformly stable over S.

Proof. Let N denote the cardinality of Z. Given any ¢ > 0, we can define positive numbers
P1> Pys - > Py in the following manner. Denote p, = &. Recursively, P < Py is found
such that

v(,oj)e““‘S < u(,oj_l) (2.4.3)

forj = 1,2,--- ,N. We claim that choosing p = p,, shows uniform stability of (2.4.1).
Clearly, this p is independent of ¢y and any particular choice of o. It suffices to show that
lx(to) |l < p implies ||x(¢)|| < &, where x together with some o € S solves (2.4.1).

Assume ||x(tp)|| < p. We claim that
lx( < oN_p> t = to, (2.4.4)

where n = n(t) is the number of subsystems that have been activated up to time ¢ (not
counting multiplicity). This claim would imply stability, since p; <& for 0<i<N and,

clearly, n only takes values from 1 to N.

Proof of the Claim. The claim can be shown by induction. Bear in mind that n(t) is
a nondecreasing right-continuous function, which takes integer value from 1 to N. We

complete the proof in three steps.

(i) We first show it holds for all ¢ such that n(t) = 1, thatis for t € [ty, t;), where t; is the first
switching time for o (if such a switching time does not exist, i.e., the switched system dwells
on one subsystem forever, then let t; = 00). Depending on whether the first subsystem
activated is in Z or Z,,, two cases are discussed. If o (¢y) € Z;, then conditions on V;,i € Z;,

imply that V4, (¢, x(t)) is nonincreasing on [#o, t;). It follows that
u(llx () < Vo (1) (8, X(£)) < Vi (1) (0, X (f0)) < v(I|x(£0) I|)
<V(IO) < u(ION_l)) vVt € [tO) tl)) (245)

where the last inequality is given by (2.4.3). If o (#y) € Z,, then conditions on V;,i € 7,,
imply that
Va(t())(t)x(t)) </’L‘/(J'(l‘())(t)x(t))) Vt € [t0> tl)-

It follows that

Vo (10 (£ X(1)) < Vi 1) (0, X (1)) 10, Yt € [to, ).
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Sinceo € S C Sgyp(8), we have t; — to < § and the previous inequality implies
8
VO’(to) (t) X(t)) < VU (to) (t0> x(tO))eM > Vt € [t0> tl)-
Conditions on V;,i € Z, further imply that, V¢ € [ty, t1),

u(IX(0) ) < Vo r0) (£, X (1)) < Vg (1) (t0, X (£0) ) e

<v(l|x(to)|Ne™ <v(p)e"® < u(oy_,), (2.4.6)

where the last inequality is still given by (2.4.3). Now either (2.4.5) or (2.4.6) implies
lx(t)|l < py_; fort € [y, t1). The claim is shown for all ¢ such that n(t) = 1.

(ii) Now assume that the claim is proved for all ¢ such that n(t) <k, where k<N. If k = N,
then the claim is already proved since n(t) <N forall t > ¢t,. It k<N — 1 and n(t) <k for
all £ > ty, then the claim is also proved. Thus we can assume k<N — 1 and there exists a
switching time ¢, of o such that n(t,) = k + 1, i.e., some subsystem that is not activated

before is now activated at t = t,, for the first time.

(iii) We proceed to show that ||x(#)|| < py_,_, for all £ such that n(t) = k + 1. Assume
the next switching time beyond ¢, is t,,+1; if t,41 does not exist, take t,,11 = oco. Then
n(t) = k + 1 on [t, tpy1). We want to show [ x(t)|l < py__; fort € [tm, tms1). Since for
t < tm,wehave [|x(¢)|| < py_, by the inductive assumption, it follows that [l x(t) | < py_y
by continuity. We can use the same argument as we did on [ty, t;). Then (2.4.5) and (2.4.6)

become
u(llx@® 1D < Vo 1, (6 x(1) < Vo (1,,) (bm> X (tn))
<v(lx@tmI) <v(py_g)
<ulpy_p_)s Yt E [t tmr1)s (2.4.7)
and

u(1X() ) < Vi 1) (£ X(8)) < Vg (1) (s X () ) €10
<v(llx(tm) e <v(py_)e*
< u(pN_k_1)> vVt € [tma tm-l—l); (248)

both of which imply [x(£)[| < py_,_; fort € [tm, tmt1). If n(tmi2) = k + 2, then we have
already shown |lx(¢)|| < py_,_, for all £ such that n(t) = k + 1; if n(t) remains k + 1 on
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[tm+1> tm+2), Where ¢, is the next switching time beyond t,,41, then some subsystem, say
the ith one, activated once before is activated again at t = t,,4;. Let t,,;y < t,,; be the first
switching time such that o (¢,y) = o (t;y+1) = i. Then since, n(t) <k for t < t,y, it follows
that

x| < oy _po (2.4.9)

by the inductive assumption and continuity of x(¢). Now by Assumption 2.4.1, we have
Vo (tmi1) Emt 15 X (Em1)) < Vo (1,) (b s X (Enr))- (2.4.10)
Applying the same argument on [t,,1, tmt2) as we did on [#, t;) and by virtue of (2.4.9)
and (2.4.10), we have, analogous to (2.4.5) and (2.4.6), either
u(llx® 1D < Vo (1) (6 %(6)) < Vo (t4.1) 15 X (Emg1))
< Vo t,) (b X(tw)) < v(lIxEm) D) < V(o5 1)

< u(pN_k_1)> Vt € [tm-i-la tm+2)’ (2411)
or

u(llx@®I) < Vot (6x() < Vo 1) Gm15 X(Emt1))
< Voo, ) (bor> X (b)) < v(|[x(tm) ) €™
<v(py_pe"’

<u(py_j_1)> VI € [tms1,tmi2). (2.4.12)

In either case, it follows that ||x(t)|| < py_;_, for t € [tm+1, tm+2). This argument can be
repeated until some switching time t,,~ is found such that n(t,,») = k + 2. If no such ¢,
exists, thenn(t) <k+1forall t >ty,and (2.4.11) and (2.4.12) can show ||x(¢) || < py_,_, for
all  such that n(t) = k + 1. By induction, ||x(¢)|| < py_, for all t such that n(t) = k, where
1 <k <N. The claim of (2.4.4) is now proved and uniform stability of (2.4.1) follows.  [J

Remark 2.4.1 Based on the proof of Theorem 2.4.1, it can be seen that Assumption 2.4.1

can actually be replaced by the following weaker one: for each i € 7 and every pair of

switching times t; < ¢; such that o (t;) = o (tj) = i and ¢; is the first time the ith subsystem
is activated, we have

Vi(t), x(8)) < Vi(ti, x(8))- (2.4.13)

0
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Remark 2.4.2 As a special case when 7,, = §, i.e., there exist no unstable subsystems, and
system (2.4.1) is autonomous, Theorem 2.4.1 reduces to Theorem 2.3 in [20]. Even in this
special case, if one considers the built-in “uniformity” notion and the weaker assumption

(2.4.13), Theorem 2.4.1 is a slight improvement over the results in [20]. O

Remark 2.4.3 However, it should definitely be noted that Assumption 2.4.1, even in its
weaker form (2.4.13), remains quite strong an assumption in the case when unstable sub-
systems are present. In applications, for the assumption to hold, we usually need a certain
decay rate of the stable subsystems and require that the stable subsystems are activated for
a sufficient amount of time while the unstable systems are only activated for an allowable
amount of time. This will be addressed in further details shortly when we discuss the
asymptotic stability of of system (2.4.1) in Section (2.4.3), where Assumption 2.4.1 is absent
and only a certain balance of the total activation time of stable subsystems and unstable

subsystems is required. 0

Remark 2.4.4 As mentioned in [20] and [69], in hybrid control systems, the switching
signal o is often generated by a supervisory logic (“higher process”) that guarantees, by

construction, that assumptions such as Assumption 2.4.1 or (2.4.13) hold. [

2.4.3 Uniform Asymptotic Stability

The following lemma is useful to prove asymptotic stability. To present the lemma, some
more notations are in order. Let I/ (t) be a piecewise continuous function on [ty, T] with
t1, ta, - -+, ty as discontinuities. Assume U/(t) is right-continuous over these discontinu-
ities. Let Z,(T) and Z,(T) be two collections of intervals such that Z,(T) N Z;(T) = ¢

and
LT UT(T) = T(1) = {[to, ], [, 2], [0, T,

Denote

mu(T) =Y _ I,

Iel,

and

m.(T) = Y Il

Iel,
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where |I| denotes the length of interval I. It is easy to see that 77, (T) and 7, (T) are both
continuous in T. Moreover, the trivial identity ,,(T) + m,(T) = T — t; holds. By U(¢7)

we mean lim,_, .- U(s).

Lemma 2.4.1 If U(t) satisfies
Uy <uld(t), VteleT, (),
U< — MU@), Yrele (D),

for some w, A =0, and

Ut <pU(tT), 1<i<N, (2.4.14)

for some p =0, then

U(T) <U(tp) pN et D =AmlT) (2.4.15)

Proof. We show (2.4.15) by induction. If N = 0, then clearly either Z,(T) = ¢ or
Z,(T) = §. Assuming 7, (T) = ¥, we have

Uty <uld(t), Yt e [ty, T,

which immediately gives
U(T) <U(tg)e T, (2.4.16)

In light of the fact that 7, (T) = T — ty and 7, (T) = 0, (2.4.16) proves (2.4.15) for N = 0.
The proof for the case Z,,(T) = ¥ is exactly the same.

Now we assume (2.4.15) is true for N = k. We proceed to show that (2.4.16) holds for
N =k + 1. Forany t € [ty, tx4+1), the inductive assumption actually implies

U <U(ty) pFetTnO—Am®), (2.4.17)
Letting t — 1, ,,(2.4.17) gives
Ut ) <Uty) p* et ter) =4m i) (2.4.18)

By (2.4.14) and (2.4.18), we have

U(trsr) <U(to) p"H et trr) =Am ) (2.4.19)
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Now consider the interval [tj1, T']. Assume [ty11, T] € I,,(T) first. Then we have
U <pdt), Ve [t T,

which immediately shows
U(T) <U(tgqq)e T D) (2.4.20)

In light of the fact, implied by [tx41, T1 € 1,,(T), that w,,(T) = 7, (tg41) + (T — t41) and
1. (T) = my (tk41)> (2.4.15) for N = k + 1 follows from (2.4.19) and (2.4.20). By induction,
(2.4.15) holds for all N and the proof is complete. O

Theorem 2.4.2 Suppose there exist a family of continuous differentiable functions {V; : i €

7} and functions u, v € K such that
u(llxll) < Vit x) <v(lixl), Viel, (2.4.21)

holds for all t = ty and x € R". Moreover, for some =0 and A > 0,
Vitt,x) <uVi(t,x),  VieT,

Vi(t,x) < — AVi(t,x), VieT,
forallt=tyandx € R", and
Vi(t,x) <pVj(t,x), Vi,jel, (2.4.22)

forsome p =1, allt =tyand x € R". Then system (2.4.1) is globally uniformly asymptotically
stable over S, provided that S C S(r, T) N S,(t, Ny) for some T =ty with
In r—aA
np |
T 1+r
Proof. Given o € S, consider V1) (t,x) as a candidate for multiple Lyapunov functions.
Let

<0. (2.4.23)

U(t) = Vo) (8, x(1)),
where (x,0) is a solution to (2.4.1). Then U(t) is a piecewise continuous function on
[£9, 00). We proceed to give an estimate for {/(¢) on [ty, 00).
First, we consider U/ (t) on [to, T]. Let t1, ta,- - - , t,, be the switching times on [#, t] with
t € [tg, T]. Since o € S,(t, Np),

t— 1t

T
no <Ny + <N+ —=c.
T
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Although this upper bound c of ny depends on 7, T, and Ny, it is independent of a particular
choice of 0. Put ty+; = t and define

.,y = |J {ttotil},

o(t)ely
and
.= |J {ttl}.
o (t;)el;
Then

my(t) = mu(t),  ws(t) = ma(t).
Since U(t) satisfies all the assumptions of Lemma 2.4.1, we can apply Lemma 2.4.1 and

obtain
U(t) <U(ty)p™ T () — Aty (1)
<U(ty) pCelsOrrmu®)

< U(to)pce“(t_t‘))

<U(ty)pe"T,  Vt € [to, T, (2.4.24)
where we have used the fact that u >0=> A and 7r4(¢t) + 7,(t) =t — t,.
Second, we consider U(t) on [T, 00). Let t;, t3,- - - , ty be the switching times on [#, t]
with t € [T, 00). Since 0 € S;(t, Ny), we have
N <Np + i ; t().

Moreover,o € S(r, T) gives
mu(t) <rms(t),
which together with the identity 7z;(t) + 7,(t) = t — to yields

t— 1t
1+7r

ws(t) =
Then by Lemma 2.4.1 and (2.4.23), we have
U() < U(to)pNeM”u(l‘)—kﬂs(t)
<U(tg) pNoT =2 r=mms(t)

=fy _n)h
<L{(t0),0N°e = Inp+(ur—1) 1

Inp | pr—»a _
<U(t0)pN°e( ) Wt e [T, 00). (2.4.25)
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Based on (2.4.24) and (2.4.25), we can now show uniform asymptotic stability of (2.4.1) by

definition. We first show uniform stability. Given any ¢ > 0, choose § > 0 such that
v(8)petT < u(e). (2.4.26)
Then inequality (2.4.21), together with (2.4.24) and (2.4.25), gives
u(lx®) <v(llx(to)hpe"”, Vi € (1, 00), (2.4.27)

where Ny < ¢, uT =0, and (2.4.23) has been used. Now if | x(#p) || < &, then, by (2.4.26) and
(2.4.27), we have

u(lx@) < v(I8Dpe"” < u(e), Vi € [k, 00),

which shows || x(t)|| < e forallt > t. Since § is independent of ¢ and ¢, this proves uniform
stability.

We can now show uniform convergence. Given any pair of ¢ > 0 and n > 0, and
assuming ||x(tp)|| <n, the estimate (2.4.27) and the fact that u(r) — oo asr — oo show
that x(t) is bounded for all > #;. This guarantees the global existence of solutions with a
given 0. Now from (2.4.21) and (2.4.25), we have

Inp | ur—»
= T )“‘to)

u(llx(®) < v(n)pN°e< , VtelT,o0). (2.4.28)
Clearly, by (2.4.23), inequality (2.4.28) implies that there exists some T, depending on &
and 7, but independent of #, and o, such that

m—p+—“"’\)(t—t0)

u(llx@®l) < V(??)pN"e( o < u(e), Vt =1ty + To,

which implies
lx(®)| <e, Vt=to+ To,

as required. The proof is complete. [

Remark 2.4.5 As a special case when there are no unstable subsystems present, we have
Zs = 7 and therefore S,(t,Ng) C S(r, T) for r = 0. Then (2.4.23) becomes 7 > |HT,0 and
Theorem 2.4.2 gives the same results as [34, Theorem 2.12]. O

Remark 2.4.6 When one employs a single common Lyapunov function, then (2.4.22) is

trivially satisfied with p = 1. Since p = 1, the estimate (2.4.28) becomes

r—A
u(lx(®)]) < v(p)e 1 0,
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Therefore, (2.4.23) reduces to
ur —x < 0. (2.4.29)

Moreover, since no average dwell-time conditions are imposed, system (2.4.1) is GUAS over
S C S(r, T), provided that (2.4.29) holds. O

2.4.4 Uniform Exponential Stability

Theorem 2.4.3 Suppose there exist a family of continuous differentiable functions {V; : i €

T} and positive constants cy, ¢ such that
allxlI> <Vitt,x) < lIx||*, VieT, (2.4.30)
holds for all t = ty and x € R". Moreover, for some =0 and A > 0,
Vi(t,x) < uVi(t, x), Vi € I, (2.4.31)
Vilt,x) < — AVi(t,x), VieT, (2.4.32)
forallt=tyand x € R", and
Vi(t,x) <pVj(t,x), Vi, jel, (2.4.33)

forsome p =1, all t >ty and x € R". Then system (2.4.1) is globally uniformly exponentially
stable over S, provided that S C S(r, T) N S,(t, Ny) for some T =ty with

In r—A
Inp  u
T 1+4+7r

< 0. (2.4.34)

Proof. In the proof for Theorem 2.4.2, two estimates are obtained as

U <U(ty)pSerT, vt e [, T], (2.4.35)
and
No ("2 + 4 ) e to)
U <U(ty)p e\ © 17 , VtelT,o00), (2.4.36)

where Ny < c and ¢ is independent of #; and o, and

Ut) = Vo) (£, x(1)).
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Putting

In r—A
_/O + s
T I1+7r
then ¢ is positive and independent of ty and 0. We claim that

= —8,

U) < Cold (tp)e 1) Vi>1,, (2.4.37)

with
(/H—S)T'

Co = p‘e
Actually, on [#y, T], (2.4.35) shows
Ut) <U(to)p eT < pe DT (tg)e T
< Coll (tg)e 7). (2.4.38)
Moreover, on [T, 00), (2.4.36) immediately gives

U@ < Z/{(to)pNoe—S(t—to) < Cou(to)e—e(t—to),

since p™N0 < Cy. Now (2.4.37) together with (2.4.30) gives

C 1
lx(B)]| < f@wmmfﬁW@
1

= Cllx(to)] e 250 Vi=1, (2.4.39)

where C = /%Co is independent of #; and o. It follows from (2.4.39) that (2.4.1) is GUES
overS C S(r, T) NS, (1, Np). O

Remark 2.4.7 According to (2.4.39), when the assumptions of Theorem 2.4.3 are satisfied,

then the switched system has an exponential decay rate of no less than £, where
1 (In r—A
£ == =p + i .
2\ 1 1+r

2.4.5 Uniform Stability of Switched Linear Systems

Now let us consider the case when (2.4.1) is linear, i.e., the switched system
x = Asx, cesS, t=0, (2.4.40)

where o : [0,00) — T is the switching signal. The family {A; : i € 7} of n x n matrices

consists of a subfamily of Hurwitz stable subsystems {A; : i € Z;} and a subfamily of
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Hurwitz unstable subsystems {A; : i € Z,,}. Assume that there exist a family of positive

definite symmetric matrices {Q; : i € Z} such that
ATQi 4 QAi< —AQ;, VieT, (2.4.41)

and
ATQi+ QAi<uQi, Viel, (2.4.42)

for some A > 0 and u = 0. Moreover, there exists some constant p > 1 such that
Qi<pQj, Vi, jel. (2.4.43)
The following theorem can be seen as a corollary of Theorem 2.4.3.

Theorem 2.4.4 System (2.4.40) is globally uniformly exponentially stable over S, provided
that S C S(r, T) N S,(t, No) for some T = ty with

Inp  ur—Aa

T 1+4+7r

< 0. (2.4.44)

Proof. Define V;(x) = xTQix. It is easy to see that the family {V; : i € 7} satisfies all
the assumptions of Theorem 2.4.3. Actually, (2.4.41), (2.4.42), and (2.4.43) imply (2.4.31),
(2.4.32),and (2.4.33), respectively. GUES of (2.4.40) is guaranteed by Theorem 2.4.3. O

Remark 2.4.8 Theorem 2.4.4 can be easily applied by an LMIs (linear matrix inequalities)
based approach. Suppose we have in mind a desired average dwell-time t and a minimal
ratio of activation time of the unstable subsystems r, we can start from (2.4.44) and let
i, A, p be any numbers such that (2.4.44) is satisfied. Then we can seek solutions of the
LMIs (2.4.41), (2.4.42), and (2.4.43). If such solutions exist, then we can claim exponential
stability of the switched system under the desired switching signals. [
2.4.6 Examples

Example 2.4.1 Consider the switched system (2.4.1) with 7 = {1, 2} and
filt,x) = xsin’t, folt,x) = —xt.
Stability Analysis. Construct a common Lyapunov function V = %xz. Then

Vi(x) = x?sin’t <2V (x),
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and

Vo(x) = —x*t<0.

By Theorem 2.4.1, the system will be uniformly stable on any S such that S C Sg,(8) for
some § > 0 and Assumption 2.4.1 or (2.4.13) holds. W

Example 2.4.2 Consider the switched system (2.4.1) with Z = {1, 2} and

—x1 + %3 2x1 + x1%2
filt,x) = P LX) = )
—X2 — X1X; 2%y — X3
Stability Analysis. Choose V(x) = x? 4 x3 as a common Lyapunov function candidate.

Then

Vi(x) = 2x1%1 + 2% = 2x1(—x1 + X3) + 2x2(—x2 — x1%3)

= =-2V(x),
and

Vz(x) = 2x1X1 + 2x2% = 2x1(2x1 + x1%2) + 2%, (2%, — x%)

=4V (x),

One can choose u = 4 and A = 2 and apply Theorem 2.4.2. According to Theorem 2.4.3

and Remark 2.4.6, system (2.4.1) is uniformly exponentially stable over S C S(r, T') for any

1
3-

T =ty provided that r <
Simulation. (i) In order that system (2.4.1) is stable, we can activate subsystem 1 and
subsystem 2 for time periods of 2.1 and 0.9, respectively, e.g., we can choose the following
switching signal

1, te[3k,3k+21), keZt,

o1(t) = (2.4.45)

2, te[3k+21,3k+3), keZt.
Figure 2.5 shows the simulation results for this particular switching signal.
(ii) To show our results are tight, define the following switching signal

1, te[3k,3k+2), keZt,

oy (t) = (2.4.46)
2, te[3k+2,3k+3), keZ".
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Figure 2.5 Simulation for Example 2.4.2 with switching signal (2.4.45) and initial condition
x(0)=[5 5].
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Figure 2.6 Simulation for Example 2.4.2 with switching signal (2.4.46) and initial condition
x(0)=[5 5].
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Figure 2.7 Simulation for Example 2.4.3 with switching signal (2.4.47) and initial condition
x(0)=[-5 5].
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Simulation results given in Figure 2.6 indicate that the switched system is no longer asymp-

totically stable under the switching law o, which is nevertheless in S (%, T)forall T. 0
Example 2.4.3 [199] Consider the switched system (2.4.40) with Z = {1, 2} and

A1: > A2: >
1 3 1 -2

where A is unstable while A, is stable.

An LMI Approach. According to Remark 2.4.8, we may solve the LMIs (2.4.41), (2.4.42),
and (2.4.43) directly when p, u, and X are preset. Nowwitht = 2andr = %,we can set

such that (2.4.44) is satisfied as

Inp  ur—»a

T 1+4+7r

= —0.5423 < 0.

Solving (2.4.41), (2.4.42), and (2.4.43) gives

Q 272.0306 85.0468
1= ’
85.0468 178.5387

and

225.9363 53.2988

Q= .
53.2988 225.9363

Therefore, by Theorem 2.4.4, the switching system is uniformly exponentially stable over
S CS,2,Np)NS (%, T) for any Ny > 0 and T, > 0. Moreover, according to Remark 2.4.7,
the exponential decay rate of the system is guaranteed to be no less than % =0.2712. In
[199],it has been shown that, when choosing T = 2.5,r = %, the decay rate is 0.25. Therefore
even with a smaller average dwell-time and a longer total activation time of the unstable
subsystem, the decay rate of the switched system guaranteed by our results is still greater
than that in [199]. This shows that, even as a very special case, there is a slight improvement

of our results over the ones in [199], at least in this particular numerical example.

Simulation. In order that system (2.4.40) is stable, we can activate subsystem 1 and
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subsystem 2 for time periods of 0.45 and 3.85, respectively, e.g., we can choose the following
switching signal

1, t e [4k,4k +0.57), k e ZT,

o3(t) = (2.4.47)

2, te[4k+0.57,4k +4), ke Z,
such thatos € S;(2,Ny)NS (%, T) when Ny and T are sufficiently large. Figure 2.7 shows the
simulation results for this particular switching signal, which verify the predicted exponential
stability. [

2.5 Switching Stabilization of Nonlinear Systems

In [106] and [161], some basic problems related to the stability issues of switched systems
are surveyed, among which we note, in particular, the problem of constructing stabilizing
switching rules for a family of unstable systems. In [182] (see also [183]), the following
problem is addressed:
Given two linear system x' = A1x and X' = A,x, where A and A, are not Hurwitz in that they
both have some eigenvalues in the right half plane, determine if there exists a switching rule such

that the resulting switched system is stable.

It is established in [182] that, if there exists a Hurwitz convex linear combination of A;
and A,, i.e., there exists some « € [0, 1) such that «A; + (1 — o)A, is Hurwitz, then a
stabilizing switching rule does exist. This result can be easily generalized to the case of a
switched system with finitely many subsystems. Namely, consider a family of linear systems
with coefficient matrices Aj, A, - - -, Ay and assume there exists a Hurwitz convex linear
combination of these matrices, i.e., there exist real numbers «; € (0, 1) with Zfi i =1
such that Zf\rzl «;A; is Hurwitz. Then a stabilizing switching rule can also be constructed.
The idea of proof involves constructing a common quadratic Lyapunov function and the
stability obtained is actually quadratic stability. In [168], time-dependent fast periodic
switching rules are constructed for families of linear systems, based on a more direct
approach analyzing the state transition matrix.

Later, the work of [182] is extended in [181], by using piecewise quadratic Lyapunov
functions as opposed to quadratic Lyapunov functions. It is also extended in [6] to the
cases when there exists a convex combination of A; and A, with the property that all of
its eigenvalues have nonpositive real parts and any eigenvalues on the imaginary axis are

simple.
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All the results above, however, rely on the existence of a quadratic Lyapunov function
and only apply to switched linear systems. It is natural to ask if similar results can be
obtained for switched nonlinear systems. We aim to address this problem this section. The
main results will deal with general switched nonlinear systems. Under a suitably modified
assumption on the property of a convex linear combination of the nonlinear vector fields,
it is shown that a state-dependent switching rule can be constructed so that the resulting
switched system is asymptotically stable. It is formally proved that the stabilizing switching
signal, which is generated to stabilize the family of individually unstable subsystems, does
not exhibit chattering. Moreover, we can further prove that Zeno behavior can be prevented
by introducing a generalized rule to generate stabilizing switching signals. It should be
mentioned that, in the recent paper [5], the authors also investigate the stabilization of
nonlinear systems using discontinuous feedback, corresponding to switching stabilization
to be considered in the section. Their results can be applied to general families of nonlinear
systems. A key difference between the results in [5] and the results to be presented in this
section is that their results deal with solutions in the Krasowski sense and a switching signal
is only required to be measurable, whereas we focus on classical solutions and require that
the stabilizing switching signals are piecewise constant and well-defined in the classical
sense.

Since the concept of stability in terms of two measures provides a unified notion for
Lyapunov stability, partial stability, orbital stability, and stability of an invariant set of
nonlinear systems ([100], [118]), it would be desirable that we can formulate the stability
results in terms of two measures. It is worth noting that this notion has been adopted in the
framework of switched systems in [34].

The rest of this chapter is organized as follows. In Section 2.5.1, necessary notations and
definitions are given, including the (hg, h)-stability notion for switched systems. The main
results are presented in Sections 2.5.2 and 2.5.3. Both the minimal rule and generalized
rule are introduced, and two types of stabilizing switchings are proposed, both based on
a partition of the time-state space. A sequence of propositions are presented to establish
some important properties of both the minimal rule and the generalized rule. Particularly,
it is shown that the switching signals constructed do not exhibit chattering, and, under
the general rule, Zeno behavior is also excluded. The main theorems then show that
the resulting switched system is indeed (hg, h)-globally uniformly asymptotically stable
and (ho, h)-globally uniformly exponentially stable, respectively. Applications of the main
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theorems are shown by several examples in Section 2.5.4, where the simulation results are
also presented to both illustrate and verify the stability analysis. Particularly, following
Example 2.5.1, an in-depth discussion on the comparison between a minimal switching
solution and a generalized rule switching is presented. Finally, this chapter is summarized
by Section 2.6.

2.5.1 Notions of (hy, h)-Stability

We introduce the following special class of functions
r= {h € CRT xR";R"): Inf htx) = o} :
t,x

Let hy, h € I" and x(t) = x(¢; to, x0) denote a solution of system (2.1.1) under a particularly
designed switching signal o and with initial condition x(f)) = xo. We define uniform
stability, global uniform asymptotic stability and global exponential stability in terms of
two measures for the switched system (2.1.1) under this particular switching signal. Other
stability notions in terms of two measures can be defined similarly based on those given in

[100].
Definition 2.5.1 The switched system (2.1.1) is said to be

(S1) (ho, h)-uniformly stable if, for each ¢ > 0, there existsa§(¢) > 0such that hy(ty, x9) <
8 implies that h(t, x(t)) < ¢ forall t = t;

(S2) (ho, h)-globally uniformly asymptotically stable if (S)) is satisfied and, for each p > 0
and each ¢ > 0, there exists T = T'(p,¢) > 0 such that hy(ty, x9) < p implies that
h(t,x(t)) < eforallt =ty + T;

(S3) (ho, h)-globally uniformly exponentially stable if there exist positive constants K and
A, independent of ¢, and xo, such that

h(t, x(t)) < Kho(to, xo)e 10,

forall t > t. 0

2.5.2  (hg, h)-Global Uniform Asymptotic Stabilization

The following assumption plays an important role in the construction of a stabilizing

switching rule.
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Assumption 2.5.1 Suppose that the index set 7 is finite and given by {1,2,--- , N}. There

exists a convex linear combination of {f; : i € 7},1i.e,,

N
fa = Zaifi:

with o; € [0,1) and Zflzl o; = 1, a function V € CRT x R" R*], and functions
ho, h e I'ya, b € Koo, ¢ € K such that

a(h(t,x)) < V(t,x) <b(hy(t,x)), VY(t,x)eR" xR", (2.5.1a)
FA% FA%
E(t,x) + 8—(t,x) Sut,x) < — c(ho(t,x)), V(t,x) € RT x R". (2.5.1b)
X
In addition, V satisfies the following:

(i) a solution that satisfies any of the subsystems of (2.1.1) with (fp,x(ty)) € 'y =
{(t, x) e RT x R": V(t,x) = O} will stay in I for all £ > ty; and

(ii) the set
U(S, P> [tO) T]) = {(tax) € [t0> T] xR": ¢ < V(tax) </0} >

where0 < e<p <ocand0<ty < T < 00,is bounded. O

Remark 2.5.1 Inequality (2.5.1a) states that the function V is h-positive definite, h-radially
unbounded, and hy-decrescent. Inequality (2.5.1b), inspired by the well-known results
in [182], [181], [183] for linear systems, essentially proposes an assumption on the nonlin-
ear vector fields {f; : i € I} in terms of a smooth Lyapunov function for a linear convex
combination of the nonlinear vector fields. Part (i) of the additional conditions says that
the set 'y is positively invariant with respect to each of the subsystems. In particular, if
hyo = h = |x|, this corresponds to that the trivial solution x = 0 is the unique solution for
each of the subsystems in (2.1.1) on [y, 00) with x(fp) = 0. In part (ii), boundedness of the
set U(e, p, [to, T]) is very easy to check and usually follows from radially unboundedness
of the function V. Moreover, continuity of V and boundedness of the set U(¢, p, [to, T])
implies that it is compact, a key property to be used later. [

Based on this assumption, we proceed to construct a switching signal. Define

Q= {(t,x) eRT xR": Vi(t,x)< — C(ho(l‘,x))},
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where the function V;(t, x) is defined by (2.3.1) (see Remark 2.3.1). A switching signal will
be constructed based on this partition of the time-state space. The idea of hysteresis-based
switching [107] is important here to prevent chattering and maintain the property that the
switching signal function o (¢) has only a finite number of discontinuities on every bounded
time interval. To define the hysteresis switching, the regions 2; are enlarged so that they can

have some overlaps near the boundaries. Define Q! as
. 1
2 = {0 e RT x R™: Vit 1)< - Ec(ho(t,x))},

where ¢ > 1 can be arbitrarily chosen. A switching signal o can be constructed by the

following minimal rule.

(R;) Starting from some t = ty, if V (ty, x9) = 0,let o (t) = iy for all t = ty, where iy € I can
be arbitrarily chosen. If V (ty, x9) # 0,let

o (to) = argmin Vi(to, x(to)),
1
where arg denotes the value of the argument i such that the minimal is attained;
(Rz) Maintain o = iaslongas (¢, x(t)) € Q:and o (t7) = i;

(R3) Once (t1,x(t1)) hits the boundary 89:. of Q; for some t1, let ty = t; and start over
according to (Ry).

To guarantee that the switching is well-defined, we first show that {2;} forms a covering

of the time-state space.

Proposition 2.5.1 If Assumption 2.5.1 holds, then U Q; = Rt x R™.

Proof. Suppose UY Q; # Rt x R", i.e., there exists a pair (£,x) € R" x R" such that
(t,x) & Uf.\]: 1S2;. By the definition of €2;, this implies

. oV A%
Vi(t,x) = E(t,x) + E(t,x) fi(t,x) > —c(ho(t, x)).
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It follows that

N N
oV Vv Vv A%
m (t,x) + T (t,x) - fo(t,x) = o (t, x) ;_1 o + ™ (t,x) - ;—1 oifi(t, x)

N

A% aVv
— Eai[g(t,x) + a(t, x) - fi(t, x)}

N
> Y ail—c(ho(t,x))]

i=1

= —c(ho(t,x)), (2.5.2)

where the coefficients «; are from Assumption 2.5.1. Since (2.5.2) contradicts inequality
(2.5.1b) in Assumption 2.5.1, one must have Ufi 12 = R+ x R™if Assumption 2.5.1 holds.
This completes the proof. [

The following proposition, as an immediate consequence of Assumption 2.5.1, plays an

important role in the sequel. Denote
;= {(t,x) e Rt x R": argmin Vi(t,x) = i} , i1el.
1
Clearly, each I'; is a closed set and U;c/I"; = RT x R™.

Proposition 2.5.2 Under Assumptions 2.5.1, the set 89;. nr;N 8SZJ/. NU(e, p, [to, T]) is empty

foralli,j e ,0 <e<p <o00,and0<ty < T < oo.

Proof. It suffices to show that 852;. NU(e, p,[to, T]) and T'; N U (s, p, [to, T]) are disjoint for
alli € 1. Suppose this is not true and let (¢, x*) be an element in both dQ; N U (e, p, [to, T1)
and I'; N Ufe, p, [to, T]). It is clear that V(t*,x*) > 0 and hence c(ho(t*,x*)) > 0. Note
that (t*, x*) € Q} implies

. 1

Vi(t*’ x*) = _EC(hO(t*) x*)):
and (t*,x*) € I'; implies

Vi(t*, x*) = Vi(t*, x*), Vjel
It follows that )
Vi(t*, x*) = — Ec(ho(t*,x*)), Vjel,
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which in turn implies that
oV oV 1
_(t*’ x*) + _(t*> x*) 'fot(t*) x*) = — _C(hO(t*> x*)) > _C(hO(t*) x*)):
ot ox e
where c(ho(t*,x*)) > 0, which contradicts Assumption 2.5.1. W

The following proposition formally confirms that no chattering occurs in a switching

signal o constructed according to the minimal rule (R;)-(R3).

Proposition 2.5.3 Under Assumption 2.5.1, a switching signal o constructed according to the

minimal rule (R1)-(R3) obeys the following:

(i) Let t* be a switching time of o. There exists a positive constant &, which may depend on

(t*, x(t*)), such that no switching occurs within [t*, t* + ¢);

(ii) The switching signal o has a positive dwell-time as long as

(t) x(t)) € U(S’ P> [tO) T]),

where U (g, p, [to, T1) is from Assumption 2.5.1, i.e., there exists a constant § > 0, which
may depend on the set U (e, p, [to, T1), such that any two switching times of o on [ty, T']

is separated by at least § unit of time;
(iii) Givent' =t =ty, we have V(t',x(t')) < V (t, x(t)) < V (to, x(tp)).

Proof. (i) Note that t* being a switching time of o implies (t*, x(t*)) € 0Q’ for some i € I.
If V(t*,x(t*)) = 0, the conclusion is true, since it is defined by the minimal rule that o (t) =
i for some fixed iy € I and all ¢ > t*. Now suppose V' (t*, x(t*)) # 0 and (t*, x(t*)) € 9.
It is clear that we can choose a set U(g, p, [ty, T']) such that (t*,x(t*) € Ul(e, p,[to, T1).

Moreover, the minimal rule chooses the next mode to be j by letting o (t*) = j, where
j = argmin Vi(t*, x(t*)),
1

ie, (t*,x(t*)) € I'j. Proposition 2.5.2 says that (t*,x(t*)) ¢ 852]/.. Therefore, it takes a

positive amount of time for (¢, x(t)) to reach QJ/ and for the next switching to take place.
(ii) Let t* be a switching time of o, which implies that (t*, x(t*)) € 0] for some i € I.

As shown in part (i), the next mode j, j # i, is determined by the minimal rule such that

(t*,x(t*)) € Tj, and the next switching time is when (¢, x(t)) € 852]/. occurs. According to
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Proposition 2.5.2,9Q; N T'j and BSZJ/- are disjoint within U (e, p, [fo, T1), and U (s, p, [to, T])
is compact by Assumption 2.5.1. Therefore, as long as (¢, x(¢)) remains in U (g, p, [ty, T]), it
takes a minimal time for (¢, x(t)) to travel from 0 Q2;NI'j to 0 Q]’., considering that 9Q;NT"j and
852]’. are both closed sets and disjoint in U (e, p, [ty, T]), and that each element of the vector
fields { firiel } is continuous and hence bounded on the compact set U(s, p, [y, T]).
Note that each 0Q} can be finitely partitioned as 9$2; = U;cr(d€2; N I';) and the index set I
is finite. It follows that a positive dwell-time exists if (¢, x(¢)) remains in U (e, p, [to, T]).

(iii) Differentiating V (¢, x(¢)) with respect to ¢ gives

av )4 oV
— (HxX0) = - (6x(0) + —(6X(0) - fo ) (6 x(D)).

According to the construction of o, one has

dv 1

o (bx®)< — Ec(ho(t,x(t))) <0, (2.5.3)
which implies that V (¢, x(t)) is nonincreasing for t > t;. The proof is complete. O

Although Proposition 2.5.3 shows that a switching signal generated by the minimal rule
(R1)-(R3) has no chattering, the minimal rule alone cannot exclude the possibility of Zeno
behavior, i.e., the switched system undergoes an infinite number of switchings within a
finite interval of time. To guarantee that no Zeno behavior occurs, based on the minimal

rule (R;)-(R3), we further propose a generalized rule. Define
Dy = {(t,x) eRT x R": 2F < V(t,x)<2k+1}, ke Z,

where V is from Assumption 2.5.1 and Z denotes the set of all integers. A switching signal
can be constructed by the following generalized rule. Let T > 0 be an arbitrary positive real

number.

(GR;) Starting from some t = fy, it V(tp,x9) = 0,let o (t) = ij for all > ¢y, where iy € I
can be arbitrarily chosen. If V(fy,x9) # 0 and (ty,x9) € Dy, for some kg € Z,
maintain the minimal rule (R;)-(R3) until (t1,x(t;)) € m for some t; and
proceed to (GR3);

(GRy) Ift; — to =1, let t; = ty and start over according to (GR;). If t; — #p < T, maintain
o unchanged until £, — tp =1 or (f2,x(t2)) € D_ko for some t,, whichever occurs
first. If t — to =t occurs first, let ty = t, and start over according to (GR;). If
(tr, x(tp)) € D_ko occurs first, proceed to (GR3);
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(GR3) Maintain the minimal rule (R;)-(R3) until (#3,x(t3)) € Dg,—, for some t3. Let
t1 = t3 and proceed according to (GR3).

We call it a cycle of the generalized rule (GR;)-(GR3) and, unambiguously, a cycle of a
switching signal generated by (GR;)-(GR3), once we start over according to (GR;). Each
cycle consists of two portions of time: a portion spent while the minimal rule (R;)-(R3) is
engaged, which we call the minimal rule time, and the other spent without the minimal rule
engaged, which we call the wandering time. The positive constant 7 is called the (minimal)

cycle time. We observe the following crucial properties of the generalized rule.

Proposition 2.5.4 Under Assumption 2.5.1, a switching signal constructed according to the

generalized rule (GR1)-(GR3) obeys the following:
(i) The switching signal is well-defined;
(ii) Let ty be the starting time of any cycle. We have V (t, x(t)) < V (to, x(to)) for all t = ty;
(iii) Let ty < ty < t; be the starting times of any three consecutive cycles. We have

1
V(tg,x(ty)) < EV(fo,x(to));

(iv) Each cycle lasts for at least T unit of time. If a cycle contains an interval of the form
[t — t,t' + T] with some T > 0 (i.e., the duration of this cycle is strictly greater than
7), then the minimal is maintained on the interval [t',t' + T]. Moreover, picking any

t* € [t',t' 4+ T, we have V (t,x(t)) < V(t*,x(t*)) for all t = t*.

Proof. (i) Note that each cycle lasts for at least v unit of time. Fix any finite interval of
the form [Ty, T>] C R*. We have to show that at most finitely many switchings can occur
during this interval. Since there are only a finite number of cycles contained in [T}, T>], it
suffices to show that each cycle in [T}, T>] contains at most finitely many switching times.
Let [11, 72] denote such a cycle, where 7, is either the end of this cycle or T, (the end of
the finite interval considered). Without loss of generality, suppose V(71,x(7;)) # 0 and
(t1,x(71)) € Dy, for some kg € Z (the trivial case V (11, x(71)) = 0 would imply that [z, 73]
is continuously spent as minimal rule time and there is no switching). Note that, during
[71, 2], the minimal rule is engaged only when (¢, x(t)) € m, where kg € Z is

fixed for each cycle, which implies that the minimal rule time of this cycle is spent (not
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necessarily continuously) in U (2ko=1 2kot1 [, 7,]). According to Proposition 2.5.3 (ii),
only a finite number of switchings can occur during the minimal rule time in [7}, 72]. In
addition, note that there is no switching during wandering time. The only possibility to have
infinitely many switchings during [t;, 7,] is switching back and forth between the wandering
time and minimal rule time infinitely many times. However, note that the wandering time
starts from (¢, x(t)) € Dy,_, and ends when either the minimal cycle time 7 is achieved or
(t,x(t)) € D_ko In the former case, the cycle also ends. In the latter case, since ky is fixed,
it can be shown that it takes a minimal amount of time for (¢, x(¢)) to travel from m
to D,. Therefore, the end point 7, is reached through a finite number of switching out
from the wandering time. It has been shown that it is impossible to have infinitely many
switchings during [y, 7], and so is it during [T}, T%], an arbitrarily fixed finite subinterval
of R*. The proof of part (i) is complete.

(ii)-(iv) The proof follows from the construction of a switching signal according to the
generalized rule (GR;)-(GR3) and the monotonicity property of the minimal rule shown

in Proposition 2.5.3 (iii). The proof is complete. 0

The above proposition first confirms that a switching signal generated by the generalized
rule (GR;)-(GR3) is actually well-defined, and then establishes some important mono-

tonicity properties of generalized rule for later use.

Remark 2.5.2 The intuitive idea behind the generalized rule (GR;)-(GR3) is to prevent
V(t,x(t)) from converging to 0 through an infinite number of switching within a finite
interval of time. The minimal rule is maintained if V' (¢, x(t)) is converging to 0 “not too
fast”, which in this case means not faster than a certain exponential decay. If V (¢, x(t))
is decreasing too fast, the minimal rule time is succeeded by a portion of “wandering
time” in which the switching signal is maintained constant without engaging the minimal
rule. During the wandering time, it is expected that V (t,x(¢)) would rise, since each of
the subsystem is assumed to be unstable. Therefore, the simple monotonicity property
of the minimal rule, as shown in Proposition 2.5.3, can be violated. Nevertheless, we can
establish certain monotonicity properties of the generalized rule, as shown in the above

proposition. [

Remark 2.5.3 The problem whether a state-dependent switching rule based on a parti-
tion of the state space is actually well-defined and can be converted to a piecewise time-

dependent signal is difficult. Very few results are available on this topic. In [33], the author
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investigates systems with finite valued discontinuous feedbacks and gives some necessary
conditions to cause Zeno phenomenon in the finite valued feedback laws. Our general-
ized rule (GR1)-(GR3) not only considers the partition of the time-state space, but also
takes advantage of the properties of the Lyapunov function V. As shown in Propositions
2.5.3 and 2.5.4, both chattering and Zeno phenomenon are prevented under the generalized
rule. Therefore, the switching signals constructed and the resulting switched systems are
well-defined in the classical sense. It should also be pointed out that the generalized rule
(GR1)-(GR3) introduces a dependence on the time (due to the minimal cycle time), while
the minimal rule (R;)-(R3) is purely state-dependent (although with memory due to the
hysteresis switching). [

Before stating the main theorem, we make the following remark regarding the existence

of solution by the boundedness of h(t, x(t)) in future time.

Remark 2.5.4 In the classical Lyapunov stability theorems, the existence of every solution
in the future time is guaranteed by the fact that the theorem conditions imply solutions
are bounded in the future and hence exist globally. A similar thing can be said for (hy, h)-
stability analysis, i.e., the boundedness of h(t, x(¢)) implies future existence of the solution
, where xT = (g,9); and h(t,x) = d(x(t),A), where A is a
compact invariant set and d(-) is the distance function. Thus we assume that, if h(¢, x(t)) is

bounded for all ¢ > t, then the solution x(t) exists for all t > t. O

x(t). For example, h(t,x) = |g

Theorem 2.5.1 If Assumption 2.5.1 holds, then the switched system (2.1.1) is (ho, h)-globally
uniformly asymptotically stable

(i) under the switching signal o constructed according to (R)-(R3), with the possibility that

o has a finite accumulation point t* for its switching times, and x(t) = 0 for all t = t*;

(ii) under the switching signal o constructed according to (GR1)-(GR3), and o is well-
defined.

Proof. (i) Since V in Assumption 2.5.1 is h-positive definite, h-radially unbounded, and

ho-decrescent, there exist functions u, v € K such that
u(h(t,x)) < V(t,x) <v(ho(t,x)), V(t,x) e R" x R". (2.5.4)

Given ¢ > 0 and fp >0, choose § = §(¢) independent of f; and sufficiently small such that

v(8) < u(e). We proceed to show that every solution x(¢; to, xo) of (2.1.1) with ho (9, xp) < &
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verifies

h(t,x(t)) <&, t=t. (2.5.5)

According to Proposition 2.5.3 (iii) and (2.5.4), one has
u(h(t, x(t))) < V(t,x(t)) < V(to, x0) < v(ho(to, x0)) < v(8) < u(e), (2.5.6)

for all t >1¢,. Since u € K, (2.5.5) is verified and (hy, h)-uniform stability follows. We
proceed to show (hy, h)-global attraction. Still let & > 0 and ¢, be arbitrarily fixed. Choose
8 = 5(e) independent of fH >0 and sufficiently small such that v(§) < u(e). For an
arbitrarily fixed p > 0, let T(p,e) = ¢v(p)/c(§) + 1 and x(¢; ty,x9) be an arbitrary
solution with h(ty, x9) < p. Since u € K, one can choose n large such that u(n) > v(p).
Then, by (2.5.4), one has

u(h(t, x(1))) < V (8, x(2)) < V(to, x0) < v(ho(to, x0)) < v(p) < u(n),

for all t > t;, which implies h(¢, x(t)) is bounded in the future and hence, by the assumption
in Remark 2.5.4, x(t) exists for all t > t,.

Claim. There exists t* € [ty, typ + T] such that ho(t*, x(t*)) < 6.

Proof of the Claim. Suppose the claim is not true. Then ho(t, x(¢)) = forall t € [ty, to+T].
It follows, from (2.5.4) and (2.5.3), that

fo+T c(8)T
0<V(T,x(T)) < V(ty, x9) — 2/ c(ho(s,x(s)))ds<v(p) — T <0,

fo

which is a contradiction and the claim is proved.

Since § > 0 is the same (hy, h)-stability constant as above, it follows from (2.5.6) that
h(t,x(t)) < € forall t = t* and hence for t >ty + T. This completes the proof for part (i).

(ii) The proof of part (ii) is based on that of part (i). The proof for (hy, h)-uniform
stability remains the same, since the estimate (2.5.6) remains valid in view of Proposition
2.5.4 (iii). To show (ho, h)-global attraction, let ¢ > 0, ty, 4, p, T, and x(t; ty, xo) be the same
as in the proof of part (i).

We aim to show that there exists some T’ > 0, independent of #j, such that h(t, x(¢)) < ¢
forall t >ty + T'. It is clear that there exists a positive integer k¢ such that 275y (p) < u(e).
We choose T" = (2kg + 1)(T + 1) and show that h(t, x(t)) < ¢ forall t >ty + T'. Suppose

there are more than 2k + 1 cycles of the generalized rule between ¢y and ty + T'. Then (iii)
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of Proposition 2.5.4 implies that
V(t,x(1) < V(" x(t") <270V (19, x0) <27%v(p) < u(e),

forall t =ty + T’ =t*, where t* is the starting time of the (2ky + 1)-th cycle, which in turn
implies that h(t,x(t)) < ¢ forall t >ty + T'. Suppose there are at most 2k, cycles of the
generalized rule between fy and t) + T’. Then there must exist at least one cycle lasting
at least time T + 7. By Proposition 2.5.4 (ii), during this cycle, at least time T is spent
continuously on the minimal rule (R;)-(R3), say on some interval [¢/,t' + T] C [to, to+ T'].
Following how we proved the claim in part (i), we can show that there exists t* € [¢/,t' + T
such that ko (t*, x(t*)) < §. It follows from Proposition 2.5.4 (ii) that

V(t,x(1)) < V(" x(t")) <v(ho(t", x(t*))) <v(8) < u(e),
for all t >ty + T’ =t*, which implies that h(t,x(t)) < ¢ for all t=1ty + T’. The proof is
complete. O

2.5.3 (hy, h)-Global Exponential Stabilization

In this subsection, we propose a stronger version of Assumption 2.5.1, and show that, under
this stronger assumption, we can construct an exponentially stabilizing switching signal for
system (2.1.1), based on the minimal rule (R;)-(R3) and generalized rule (GR;)-(GR3).

Assumption 2.5.2 Assumption 2.5.1 is satisfied with Koo-functions a(s) = c¢;sP, b(s) =

c2sP,and c(s) = c3sP, where ¢y, ¢, ¢3, and p are positive constants. O
The corresponding partitions of the time-state space are replaced by
A = {(t,x) eRT xR": Vi(t,x)< — C3]’I€(t,x)},
and
A= {(t,x) ERTXR": Vilt,x)< — C{—shg(t,x)},

where { > 1 can be arbitrarily chosen. The minimal rule (R;)-(R3) and the generalized
rule (GR1)-(GR3) can now be employed to construct a switching signal.

The following theorem is the similar to Theorem 2.5.1, except that now we have (hy, h)-
globally uniformly exponentially stability, which is a more desirable stability property in

many applications.
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Theorem 2.5.2 If Assumption 2.5.2 holds, the switched system (2.1.1) is (ho, h)-globally uni-
formly exponentially stable

(i) under the switching signal o constructed according to (R;)-(R3), with the possibility that

o has a finite accumulation point t* for its switching times, and x(t) = 0 for all t = t*;

(ii) under the switching signal o constructed according to (GR;)-(GR3), and o is well-
defined.

Proof. (i) Assumption 2.5.2 says that
ahf(t,x) < V(t,x) <chh(t,x), V(t,x) e RT x R", (2.5.7)
and
av
dt
which, according to the construction of o, implies that

vV EA%
(t,x) = E(t,x) + a(t,x) fu(t,x), Y(t,x) e RT x R,

dv )4 9V
—p Bx(0) = —(6x(0) + Z—(,x(0) - fo (1) (8, x(5))

Cc3 c3
< — ?hg(t,x)< — EV(t,x(l‘)), Vi = 1.

Therefore,
_8
VL, x() < V(to, x0)e 22 V=1, (2.5.8)
and
c _B 4
h(t)x(t))g(_Z)l/ph()(t())xO)e ;czp(t tO): Vt}t()a
5]

i.e.,system (2.1.1) is (ho, h)-globally uniformly exponentially stable.

(ii) Note that (2.5.8) gives an estimate of V (¢, x(¢)) in terms of an exponential decay. We
show that under the assumption of the theorem, each nontrivial cycle (by which we mean a
cycle starting with V (¢, x(#p)) # 0) of the generalized rule has an upper bound. Suppose
there exists a nontrivial cycle with its duration strictly greater than t and this cycle contains
an interval of the form [t' — 7, + T],where T > 0. According to Proposition 2.5.4 (iv), on

[¢,t 4+ T1], the minimal rule is engaged. Similar to the argument in part (i), we can show
V(E + T,x(t + T)) < V(E, x(t))e . (2.5.9)

Moreover, during the minimal rule time, we have (¢,x(t)) € Dj,—1 U Dg,, and the cycle

would end once (%, x(t)) hits the boundary of Dy, _, (since the minimal cycle time is already
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achieved). Therefore, we must have in the same time
V(i x(t)) <20t V(I + T, x(t 4+ T)) =251,

which, according to (2.5.9), implies that

T< {Czlnz’
C3

which further implies that a cycle lasts for at most T = 7 + Cczc_inZ unit of time. Recall

that Proposition 2.5.4 (iii) shows the value of V (¢, x(t)) decreases at least by half every two
cycles. We claim that

V(t,x(t)) <MV (ty, x0)e 70 Vr>1p,

where u = |£1f2 and M = e are positive constants independent of #, and x,. We denote
the consecutive nontrivial cycles by I}, I, - - -, and 7; = fg, 1, - - - are the corresponding

starting times. On I; and I, we clearly have, from Proposition 2.5.4 (ii),
V(t,x()) < V(to, x0) < MV (g, xg)e * 710,
It follows from Proposition 2.5.4 (ii) and (iii) that, on I3 and I4, we have
V(t,x(1)) < V(13,x(13)) < 5 V (t0, X0) < 3 MV (£, xg) e @710
< %eszMV(to,xo)e_“(t_tO) = MV (ty, xo)e H(—10).
This procedure can be carried on for all subsequent nontrivial cycles. The proof can be
completed by induction. Note that, if there exists a subsequent trivial cycle, i.e., V (¢, x(t))

becomes 0 in a finite time, it follows from the minimal rule and Assumption 2.5.2 that
V (t, x(t)) stays 0 for all future time, and therefore the claim still holds. [

2.5.4 Examples

We shall discuss a few examples in this subsection to illustrate our results obtained previ-
ously in this section.
The purpose of the following example is to show that the minimal rule can exhibit Zeno

behavior, while the generalized rule can avoid it.

Example 2.5.1 Consider two subsystems given by

X=ftx) =] 1'%, (2.5.10)
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and
x'=f(t,x) = - (2.5.11)
3
—2x;
Both subsystems are decoupled and admit explicit solutions. However, since both subsys-
tems have non-Lipschitz vector fields for x; = 0 and x, = 0, solutions are not unique for

both subsystems. Particularly, the solution for subsystem (2.5.10) with initial condition

x(to) = xo, where xo = [x10 x20],is given by

8]

2 0, t= 10+ 53Xy
Xi = | 2 2
: x2 — 2(t — o) to<t < to+ >x3
10 3 0)> 0= 0 27100
0,
2 5 t=1ty, x20=0,
x23 = g(t— t());

2
5,2
X505 —t), t=ty xp0#0,

and the solution for subsystem (2.5.11) with the same initial condition is given by

0,
2 5 t =1y, X10 = O)
x) = 5t — to),
2
x130 + 5(t — to), t=>ty, x107#0,
3 2
3
% _ O’ t= tO + szoy
& 34 3.3
x5 = 3t —t0)y o<t <fo+ 3.
Therefore, subsystem (2.5.10) admits multiple solutions when x9 = 0 and subsystem

(2.5.11) admits multiple solutions when x;¢p = 0.
It is clear that, for both subsystems, one of the components of a nontrivial solution goes
to infinity and the other goes to 0 in finite time. Therefore, both subsystems are unstable.

To apply the switching stabilization method, one can let

=

f(t’x) = %fl(t)x) + %fz(t,x) = —%

=
BN Gopm — Lol

and V(t,x) = xf + x%. Then

N

2

A% 4 4 2
8—(t,x) flt,x) = —x; —x; < — V3(t,x),
X
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for all (t,x) € RT x R", and the set 'y in Assumption 2.5.1 is given by 'y = R x {0}.
Following the explicit solutions, solutions for (2.5.10) and (2.5.11), starting from (t,, 0),
may leave the origin through the x,-axis (x; = 0) and the x-axis (x, = 0) , respectively.
Therefore, item (i) of Assumption 2.5.1 does not hold. Nevertheless, in the following, we can
still apply the switching stabilization scheme to show that a switching solution will converge
to the origin, by following the minimal rule and the generalized rule. Moreover, we will
discuss the differences between the minimal rule and the generalized rule.

We choose hy = h = |x|,a(s) = b(s) = s?,and c(s) = s%,wheres > 0. With ¢ = 2,0ne

can define
A%
Q) ={(t,x) e RT x R": a_(t,x) St x) < — % 1x|3)
X
4 4
= {(t,x) e RT x R": —8x] +4x; + x|3 <0}

={(t,x) e RT x R": x| <clx1l},
and

9V
@ ={(tx) e RT X R": ——(1,%) - b,x) < = L 1x13)

4 4

= {(t,x) e Rt x R": 4x7 — 8x] + |x|3 <0}

={t,x) e RT xR": |al <clxl},

where ¢ = 1.3548 ... > 1is a root of the equation 4c*/> 4 (1 +¢?)?* —8 = 0. A switching
signal can now be constructed by the minimal rule (R;)-(R3) and the generalized rule
(GR1)-(GR3).

Discussion. In the following, we discuss in more detail how the minimal rule and the
generalized rule make a switching solution converge to the origin in this particular example.

First, we show that a switching signal constructed using the minimal rule actually exhibits
Zeno behavior as a solution converges to the origin. It is easy to check that the minimal rule

implies that
w < — Lyix(). (2.5.12)

We suppose that V (g, x9) # 0 (i.e., we consider a solution starting away from the origin).
Integrating the differential inequality (2.5.12) gives

V3 (6,x(0) < V3 (to,x0) — =(t — 1), t=>1o, (2.5.13)
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aslongas V(t,x(t)) # 0, which shows that V (t, x(t)) becomes 0 in finite time (so does |x|).
Moreover, based on the explicit solutions, we know that a solution of subsystem (2.5.10)
approaches the x;,-axis and a solution of subsystem (2.5.11) approaches the x;-axis, both
in finite time. In neither case can the solution converge to the origin, provided that the
solution does not start from a point not on the axes. Note that €] does not contain the
x;-axis except the origin and €2 does not contain the x;-axis except the origin. Following
the minimal rule, a nontrivial solution eventually enters the common region ] N €} and
remains in the region for all future time. Therefore, in order that a solution converges to the
origin in finite time, as implied by (2.5.13), a switching solution has to switch between the
two subsystems infinitely many times in a finite time (i.e., exhibits Zeno behavior).

Second, we can show that, in this example, a switching solution generated by the gener-
alized rule may still enjoy the property of converging to the origin in finite time, while we
know from Proposition 2.5.4 that the generalized rule can avoid Zeno behavior.

During the minimal rule time, inequality (2.5.13) shows that, if V (o, x(#y) is sufficiently
small, where f; is the starting time of any cycle with (ty, x(ty)) € Dy, for some ky € Z,
V(t, x(t)) would decrease faster than any given exponential rate and therefore it takes less
than 7 unit of time for V(t,x(t)) to reach the boundary of Dy,_,. Therefore, by the
generalized rule, following a portion of minimal rule time, there must be a portion of
wandering time, the starting time of which is denoted by t;. Without loss of generality,
suppose that x;(t;,x(t1)) # 0, x2(t1,x(t;)) # 0, and o(t;) = 1, i.e., the first mode is
maintained during this portion of wandering time. The wandering time ends only if
T — (t — tp) unit of time has elapsed or V (¢, x(t)), starting from V(t;,x(t;)) = 2ko—1,
reaches Dy, i.e., V(t2, x(f)) = 2ko for some t, > t;, whichever occurs first. If |x; (t1, x(¢1))|

is sufficiently small, we claim that
Claim. (¢, x(¢)) will hit the x,-axis first before V (¢, x(t)) increases to 2%0.

Proof of the Claim. For sufficiently small |x; (t;,x(;))], the explicit solution of (2.5.10)
implies that it will not take T — (#; — t() unit of time for x (¢, x(t)) to become 0. Moreover,
it can be easily computed that, once x; (¢, x(t)) becomes 0 for some ¢ > 1],
3

V@) = {53 (0, x(00) + 557 (0,5() ) (2.5.14)

while

V(t1, x(t1)) = x2(t1, x(11)) + x> (t1, x(t1)) = 271, (2.5.15)
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Following (2.5.10), we have

dV (t,x(t)) 4 4 _

T = _4x1 (t,X(t)) + 2X2 (tax(t))> t e (tla t))
which shows that the dynamic of V (¢, x(¢)) during the interval [#1, f] is characterized by a
possible initial decrease and a subsequent increase in the value of V (¢, x(¢)). Particularly, we
know that the maximum of V (¢, x(t)) during the interval [t;, ] is attained either at t = t;

ort = t. Therefore, if we can check
V(T x(D) < 2V(ty, x(f)) = 2%, (2.5.16)

then the claim must be true. In view of (2.5.14) and (2.5.15), inequality (2.5.16) would
follow from
@+ 3b)?® <2a® +20°, a>0, b>0, (2.5.17)

which can be easily proved using Young’s inequality about products®. Therefore, (2.5.17)
implies that (2.5.16) is true and the claim is proved.

The following dynamics of the switched system by the generalized rule follows two
possibilities. While V(¢,x(t)) continues to rise until it hits 2ko | the minimal rule will be
activated and the solution will continue in the second mode. Since the solution is now on
the x,-axis (x; = 0), the explicit solutions of the second subsystem (2.5.11) can either stay
on the x;-axis and follow the second mode for all future time (as simulated in Figure 2.8),
or it can exit the x,-axis by following x; () = :I:[% (t— t*)] 2 , where t* is the time of exit. In
the former case, we can see from the explicit solutions that x, converges to 0 in finite time
(hence x(t) converges to the origin in finite time). In the latter case, eventually the solution
will hit the boundary of ), and the first mode will be activated either immediately or after a
portion of wandering time. The solution will go on according to the generalized rule. While
the trajectories may behave differently depending on whether or not they would exit the

axes, the proof of Theorem 2.5.2 still guarantees that the solutions converge to the origin.

Simulation. In Figure 2.8, typical switching solutions with the same initial condition are
shown. Both the minimal rule switching and generalized rule switchings with different
cycle times are plotted. It can be observed that, in this particular example, generalized rule

switchings can lead to convergence of the solution to the origin in finite time, by exiting the

2 Applying Young’s inequality, xy < xP /p + y1/q, where x >0, y > 0,1/p + 1/q = 1 with p > 0 and g > 0, to the products (a%)(3b/2)
and (a)(3b2/4), one can prove (2.5.17).
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Figure 2.8 Stabilized switching solutions with initial data [5.5 4.5] at to = 0 for the switched

system given by (2.5.10) and (2.5.11).
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minimal rule switching and converging to one of the axes first, after only a finite number of
switchings. As discussed above, the simulations only show the trajectories that stay on the

axes once they enter them. [

Remark 2.5.5 As pointed out in Remark 2.5.1, under the special case of hy = h = |x/|, the
positive invariance of the set Iy imposed by Assumption 2.5.1 translates to that the trivial
solution x = 0 is the unique solution for each of the subsystems on [fy, 00) with x(#y) = 0.
This is certainly not the case for this particular example. Nevertheless, by focusing on only
convergence of solutions to the origin, we present this example to show that the minimal

rule can exhibit Zeno behavior in some cases, and the generalized rule can be used to avoid
this. O

Remark 2.5.6 As shown in Figure 2.8, if we choose the minimal cycle time t sufficiently
small, switching solutions generated by the minimal rule (R;)-(R3) and the generalized
rule (GR;)-(GR3) are indistinguishable from a finite precision simulation. Therefore, in

the following examples, simulations are performed for the minimal rule switchings only. [J

Example 2.5.2 (Lyapunov Stability) Consider two subsystems given by

2x1 + 2x3
x'=fi(t,x) = ! 2 ) (2.5.18)
—2x + x1%5
and
, —3x1 — xg
X' =f(t,x) = X (2.5.19)
Xy — 2x1%5

By linearization near the origin, it can be shown that both subsystems are locally unstable.

To apply the switching stabilization method, one can let

3
1 1 1 —X1 +x

[0 = 360 + 300 = 3 .

—X2 — X1X5

and V(t,x) = xf + x%. Then
A%
o6 f6x) = —af —x3 = =V,

forall (r,x) € R™ x R",and the set I'y in Assumption 2.5.1 is given by [y = R™ x {0}. A
solution for either (2.5.18) or (2.5.19), starting from (#y, 0), certainly stays 0 for all £ > #,. It
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Figure 2.9 Stabilized switching solutions with initial data [2 2], [-2 —2], [-2 1.5], and [2 —1.5]
at tp = 0 for the switched system given by (2.5.18) and (2.5.19).

is easy to see that Assumption 2.5.2 is satisfied with hp = h = |x|,c; = ¢ = ¢3 = 1,and

p = 2. By choosing { = 2, 0ne can define

oV
Al ={(bx) € RY x R": S (6x) - filhx) < — 2 1x%)

={(t,x) e RT x R": 9x] — 7x5 + 12x1x3 <0},
and

v
Ay = {(bx) € RY x R": S (6x) - falty0) < — 1 1x%)

={(t,x) e RT x R": —11x] + 5x5 — 12x1x; <0}.

A switching signal can now be constructed by the minimal rule (R;)-(R3) and the gener-
alized rule (GR;)-(GR3). Theorem 2.5.2 then guarantees the resulting switched system is
(ho, h)-globally uniformly exponentially stable. Since iy and h are both chosen to be | x|, the
(ho, h)-stability concluded here is actually equivalent to Lyapunov stability.

Simulation. Typical switching solutions with various initial conditions are shown in Figure

2.9. It is observed that the switching solutions converge to the origin as expected. 0
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Example 2.5.3 (Partial Stability) Consider two subsystems given by

—3x1 +x
X = filt,x) = R (2.5.20)
X2
and
2x1 — X2 + x1x0e "
X =fhtx)=4 " 2T (2.5.21)

—x} — xe!

By linearization near the origin, it can be shown that both subsystems are locally unstable.

To apply the switching stabilization method, one can let

—x1 + x1x2e" "

1 1 1
f(t,X) = ifl(t)x) + TfZ(t)x) = E 2 ;
Xy — xl — Xpe
and V(t,x) = x? + x3e~". Then
A% A%
57 (6% + (6% (%) = —x] — x3,

forall (t,x) € R™ x R", and the set [y in Assumption 2.5.1 is given by I'o = R x {0}. A
solution for either of the two subsystems (2.5.20) and (2.5.21), starting from (ty, 0), certainly
stays O for all £ > . It is easy to see that Assumption 2.5.2 is satisfied with hy = |x|,h = |x1],

p =2,and ¢; = c; = ¢3 = 1. By choosing { = 2, one can define
oV A% 1
Ap = {0 e RY xR S5t + (00 il ) < — 3 x|
= {(t,x) e RT x R": —lle +x§ + 2x§e_t +4x1x2<0},
and
oV A% 1
8y = {0 e RF X R": St + (60 - (b0 < — 5 Ixl? |
= {(t,x) eRT X R": 9x7 —3x3 — 2x3e” " — 4x1x2<0}.

A switching signal can now be constructed by the minimal rule (R;)-(R3) and the gener-
alized rule (GR;)-(GR3). Theorem 2.5.2 then guarantees the resulting switched system is
(ho, h)-globally uniformly exponentially stable. Since hy = |x| and h = |x;], the (ho, h)-

stability concluded here is equivalent to partial stability of the first component. [
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Example 2.5.4 (Orbital Stability) Consider two subsystems given by

—x; +3(1 — xf — x%)xl

x'=fi(t,x) = (2.5.22)

x1—(1— x% — x%)xz
and

—x; — (1 — x% — x%)xl

x' = fH(tx) = (2.5.23)

x1+3(1 — x% — x%)xz
It is easy to see that x = 0 is a trivial solution for both subsystems. Moreover, x =
(cost, sint) is a periodic solution for both subsystems. By linearization near the origin, it
can be shown that both subsystems are locally unstable. To apply the stabilization method
to study the periodic solution, one can let
—x; + (1 — x% — x%)xl

ft,x) = 2AEX) + 2f(t,x) =

x4+ (1— x% — x%)xz
and V(t,x) = (1 — x% — x%)z. Then
A4 2 202..2 2
a(t,x) f(tx) = —4(1 — x7 — x3)"(x] + x3), (2.5.24)

for all (£,x) € R™ x R", and the set Iy in Assumption 2.5.1 is given by Iy = RT x
{(xl, x) - xf + x% = 1}. A solution for either of the two subsystems (2.5.22) and (2.5.23),
starting from (fo, xp) with xfo + x%o = 1, will stay in I'g for all > #,. To see this, we observe
that x = (cost, sint) is a periodic solution for both subsystems and it is unique with respect

any initial condition on I'y (the argument is that both vector fields are locally Lipschitz in

x). If one chooses hg = h = ‘1 — x? — x2|, then (ho, h)-stability is equivalent to stability
of the periodic solution (cost, sint). Since x = 0 is a trivial solution of both subsystems,
one cannot expect global attraction of the periodic solution. However, it can be shown that
(2.5.24) implies Assumption 2.5.2, except in an arbitrarily small neighborhood of the origin.

Actually, one has
oV
a(t, x) - f(t,x) < —4e(1 — x} — x3)%, (2.5.25)

for all (t,x) € Rt x R"\B(¢), where ¢ > 0 can be arbitrarily chosen. Moreover, by
virtue of (2.5.24), any solution starting from R"\B(¢) remains in R"\B(¢) for all t > t,.
Similar argument as in the proof of Theorem 2.5.2 can show any solution starting from

R™\B(¢) is attracted to the periodic solution (Cc0St, sint). It is easy to see that Assumption
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2.5.2 is satisfied with hy = h = !1 - xf — x%
(t,x) € Rt x R™\B(¢). To construct a stabilizing switching signal, one can define, by

,p = 2,c1 = ¢ and ¢3 = 4e, for all
choosing ¢ = 2,
A%
Al = {(t,x) eRY X R": = (t,x) - filh) < — 20} - (] +x§)}
= {(t,x) eRTxR": |x 2\/g|x2| orxi + x5 = 1},
and
A%
Al = {(l‘,X) e Rt xR": g(t,x) flt,x)< — 2h§ . (xf —|—x§)}
= {(t,x) e RT x R": |25 | 2\/g|x1| orx%+x§ = 1},

A switching signal can now be constructed by the minimal rule (R;)-(R3) and the gener-
alized rule (GR;)-(GR3). Theorem 2.5.2 then guarantees the resulting switched system is
, the (ho, h)-
stability concluded here is equivalent to stability of the periodic solution ( cost, sint).

(ho, h)-globally uniformly exponentially stable. Since hp = h = |1 — x} — x3

Simulation. The phase portraits for both subsystems are shown in Figure 2.10. It can be
observed that the periodic solution is unstable for both subsystems. The switching domains
A’ and A, are shown in Figure 2.11. Typical switching solutions with various initial con-
ditions are shown in Figure 2.12. It is observed that the switching solutions converge to the

periodic solution as expected. O

Example 2.5.5 (Stability of Conditionally Invariant Set) Consider two subsystems given
by

—x1 — 2xe !
x'=fi(t,x) = 2x1 , (2.5.26)
x3Sint
and
—x1 SiN%x3
x' = fo(t,x) = —x,e! ) (2.5.27)

—x1e~" + x; cost
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Figure 2.10 Phase portraits for subsystems (2.5.22) (left) and (2.5.23) (right).

Figure 2.11 Stabilizing switching domains for the switched system given by (2.5.22) and
(2.5.23).
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Figure 2.12 Stabilized switching solutions with initial data [5 5], [5 — 5], [-5 5], and [-5 — 5]
at tp = 0.

Let
—x1(1 4+ sin?x3) — 2x,e”!
1 1 1
flt,x) = Sht,x) + 7holtx) = 5 2x1 — xe!
—xje~ " 4 x;, cost + x3 Sint

V(t,x) = x% —|—x§e_t,h(t, x) = d(x,B),and hy(t,x) = d(x,A),where A = {x e R3: x; =
x, = 0}and B = {x € R?®: x; = 0}. Therefore, hy(t,x) = xf + x% and h(t,x) = x%. It is
easy to see that A C B,

W (t, x) < V(t,x) < hi(t, x),
and A% A%
= 60+ ——(6x) fhx) < - hi(t, x),
for all (t,x) € Rt x R?, and the set Iy in Assumption 2.5.1 is given by Iy = R x
{(x1,x2,x3) : x1 = x, =0}. A solution for either of the two subsystems (2.5.26) and
(2.5.27), starting from (o, xp) with x;9 = x30 = 0, will stay in Iy for all t>1f. Actu-
ally, for (2.5.26), the equations for the first two components and the third one are decou-
pled. It is easy to see that x; = 0 and x, = 0 is the unique solution with respect to

x10 = X209 = 0. Therefore, a solution will stay in Iy for all t >t,. For (2.5.26), one can
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observe a unique solution (0, 0, x39) for xj0 = x30 = 0. Therefore, Assumption 2.5.2 is

satisfied with ¢; = ¢; = ¢3 = 1 and p = 2. By choosing { = 2, one can define
A, = {(t,x) e Rt x R": E)a—‘t/(t,x) + %(t,x) it x) < — %hg(t,x)}
= {(t,x) e RT x R": —3x7 4+ x5 — 2x5e” ' <0},
and
A, = {(t,x) e Rt x R": aa—‘t/(t,x) + 83—:(t,x) it x) < — %hg(t,x)}
= {(t,x) e RT x R": x¥ — 4xisin®x; — 3x5 — 2x§e_t<0}.

A switching signal can be constructed by the minimal rule (R;)-(R3) and the generalized
rule (GR;)-(GR3). Theorem 2.5.2 guarantees that the resulting switched system is (hg, h)-
globally uniformly exponentially stable. Since h(t,x) = d(x, B) and hy(t,x) = d(x, A), the
(ho, h)-stability concluded here is equivalent to stability of conditionally invariant set B with

respect to A (see [100]). O

2.6 Summary

In this chapter, we have presented a general formulation of switched nonlinear systems and
studied two types of stability problems, i.e., uniform stability under constrained switching
and switching stabilization via designed state-dependent switching.

The results in Section 2.4 extend the work of [69] and [199] on stability analysis of
switched linear systems to the general nonlinear setting. For a general class of nonau-
tonomous switched nonlinear systems with both stable and unstable subsystems, sufficient
conditions for uniform stability, uniform asymptotic stability, uniform exponential stability
are derived via multiple Lyapunov functions. The results have also been verified through
numerical simulations. It should be pointed out that the main results of Section 2.4 assume
that the Lyapunov functions evolve in a single time-scale and there exists a global compar-
ison (the p factor) among the multiple Lyapunov functions. Although this is a common
assumption in the literature, it can be restrictive in some cases. Future work can be done to
consider different time-scales of Lyapunov functions instead of a single time-scale and the
situation when a global comparison among Lyapunov functions fails to exist. Difficulties
in this direction can be expected in formulating the average dwell-time conditions and the

balancing conditions on the activation time of stable and unstable modes.
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In Section 2.5, we have investigated the problem of switching stabilization for a family of
nonlinear systems. We propose two general rules to construct stabilizing switching signals,
i.e., the minimal rule and the generalized rule. Not only have we shown that the result-
ing switched systems are globally uniformly asymptotically stable and globally uniformly
exponentially stable, we have also rigorously proved that the switching signals generated
by the generalized rule are well-defined in that the signals do not exhibit chattering and
Zeno behavior. The stability analysis has been performed in terms of two measures so
that the results can unify many different stability criteria, such as Lyapunov stability, partial
stability, orbital stability, and stability of an invariant set. We have presented both numerical

examples and simulations to illustrate the applications of the main results.



Impulsive Switched Systems

As introduced in Chapter 1, systems of impulsive differential equations or impulsive dy-
namical systems model real world processes that undergo abrupt changes (impulses) in the
state at discrete times. Particularly, impulse control and stabilization as a powerful tool to
achieve stability for dynamical systems that can be highly unstable, in the absence of im-
pulses, has gained increasing popularity and found successful applications in a wide variety
of areas. Impulsive dynamical systems can be naturally viewed as a class of hybrid systems.
Moreover, impulsive systems and switched systems can be naturally combined to form a
more comprehensive model, i.e., impulsive switched systems.

In this chapter, we will present a general formulation for impulsive switched nonlin-
ear systems and study two stability problems related to this hybrid system model. The
general mathematical formulation for impulsive switched systems is given in Section 3.1.
Particularly, Section 3.1.1 summarizes some important types of impulsive switching signals
to be used in this thesis. In Section 3.2, we will extend the classical LaSalle’s invariance
principle to hybrid systems with impulses and switching. In Section 3.3, we will study the

input-to-state stability of such systems.

3.1 Mathematical Formulation

To consider both impulse and switching in the same framework, we first introduce the
notion of impulsive switching signals. Let 7 and J be two index sets. By an (time-

dependent) impulsive switching signal associated with (Z, ), we mean a sequence of

74
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triples { (tx, ik, ji) : k € Z}, where i € Z,jx € J,tx < txy1 forallk € Z*,and f — o0
as k — oo. The instants t; are called the impulsive switching times.

An autonomous impulsive switched system is defined by a family of vector fields {f; : i €
T}, a family of impulse functions {I; : j € J},both f; and I; are defined from R" to R",and

an admissible set of impulsive switching signals S. It can be written as

X (t) = i, (x(£), t € (tstrr1)s (3.1.1a)
Ax(t) =L, (x(t7)), t=t, (3.1.1b)
x(to) = Xo, (3.1.1¢)

where {(tt, ir, ji) } € S, Ax(t) = x(t) — x(t7),and x(¢™) is the left limit of x at . Roughly
speaking, we can say that the impulsive switched system consists of a switched system given
by (3.1.1a) and a family of difference equations given by (3.1.1b). More specifically, in
(3.1.1), the impulsive switching signal {(tk, ixs jk)} imposes the following:

[J A sequence of indices ik to switch the right-hand side of (3.1.1a) among the family
{fi:iell
[ A sequence of indices ji to select the impulse functions I, from the family {I; : j € J}

to reset the system state according to the difference equation (3.1.1b); and

[J A sequence of discrete times t, called the impulsive switching times (except the initial

time to!), to determine when the switching and impulse occur.

We point out that this general formulation allows switching in the discrete dynamics as well.
Therefore, both discrete- and continuous-time switched systems are covered by (3.1.1) in a
certain sense.

It can be expected that, besides the family of functions {f;: i € Z} and {I; : j € J},
which govern the continuous dynamics and the discrete dynamics of system (3.1.1), re-
spectively, it is expected that properties of solutions to system (3.1.1) (e.g., asymptotic
stability and input-to-state stability properties to be investigated in this chapter) can also
be significantly affected by the set S of impulsive switching signal. Hence, it is of interest
to characterize properties of solutions that are uniform over a certain class of impulsive
switching signals. Also for this reason, one usually has to specify a certain class of signals

in order to perform stability analysis for system (3.1.1). We will introduce different types

'While a switching mode is assigned by ig at t = t, we do not consider a solution to instantly undergo an impulse at the initial time t;.
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of impulsive switching signals in the next subsection. Particularly, weak dwell-time signals
and generalized dwell-time signals will be used to investigate invariance and input-to-state

properties, respectively, in Sections 3.2 and 3.3 of this chapter.

3.1.1 Classes of Generalized Impulsive Switching Signals

In Chapter 2, we have introduced the classes of dwell-time and average dwell-time switching
signals, denoted by S(t) and S, (7, Np), respectively, as well as a particular class of switching
signals (S(r, T)) that balance stable and unstable modes of a given switched nonlinear
system.

Now we formulate certain classes of impulsive switching signals. The convenience of

doing this will become more evident as we progress in this thesis.

Generalized Dwell-Time Signals

We first introduce two classes of impulsive switching signals that generalize the well-known

dwell-time conditions to dwell-time conditions with respect to specific switching modes.

Definition 3.1.1 (Dwell-Time) Given 7 > 0, we say that an impulsive switching signal

o = {(tk» ik-ji) } belongs to Si . (7) or it has dwell-time T in the ith mode, if it satisfies
inf {tk-l—l —t: ke Z+, I = i} =T.

It is said to belong to S; (7) or have reverse dwell-time § in the ith mode if

up
SUp{tk_H —t: ke Z+, Ik =i} <T.

i

In other words, an impulsive switching signal o belongs to S ¢

(8) or Séjp (8),if it assumes
a dwell-time lower bound or dwell-time upper bound §, respectively, with respect to the ith
mode. For a fixed § > 0, the original dwell-time and reverse dwell-time signals (see, e.g.,

[69]) are recovered by

Sinf(8) =[Sk (8), and  Ssp(8) = (1) Skp(®).
iel iel

Generalized Average Dwell-Time Signals

If dwell-time is considered in the average sense, we have the following class of generalized

average dwell-time signals.
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Definition 3.1.2 (Average Dwell-Time) Given t > 0 and Ny > 0, an impulsive switching
o = {(tk, ik, jk)} is said to belong to S ";(r, Np) or have average dwell-time t (and chatter
bound Ny) in the ith mode, if

i (£, T1; |
N (T, t)<No+ ——21, VT=t=t,
T

where Nf,(T, t) is the number of times the ith mode is activated by o between ¢ and T,
and [t, T]f7 is the union of all subintervals of [, T'] on which the ith mode is activated and

[t, T]f7 | is the total activation time of the ith mode

|| denotes its total length. Therefore,
under the signal o from ¢ to T. Reversely, it is said to belong to Si_(t, Ny) or have reverse
average dwell-time 7 in the ith mode if

i [, T1; |
NG(T,t)>f—N0, YT =t>=1.

Weak Dwell-Time Signals

The following notion of weak dwell-time generalizes the original dwell-time condition in
the sense that a dwell-time condition is satisfied only in an asymptotic sense and only for
a specific mode. We will use this notion to investigate invariance properties of impulsive

switched systems in Section 3.2.

Definition 3.1.3 (Weak Dwell-Time) Given 7 > 0, an impulsive switching signal o =
{(tk> ik ji) } is said to belong to 8¢ () or have weak dwell-time T in the ith mode, if one

of the following equivalent statements holds:

(i) for each T =0, we can find a positive integer k such that t;; — ty =t with fy, > T and

ix = i (the ith mode is called a T-persistent mode of the signal); or

(ii) the union of all the intervals of the form [#, tx) with length greater than t and iy = i,
denoted by D;, has an infinite Lebesgue measure (we call D; a T-persistent domain of

the signal with respect to the ith mode). H

The set of all signals with weak dwell-time 7 can be written as

Sweak(T) = ) Shearc(0)-
ieZ
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Remark 3.1.1 Clearly, the above definitions only involves the sequence of pair {(t, ix)}.

Given an impulsive switching signal {(tk, ik jk) }, we can define

o(t) =i, tE€ltitir1), keZT,

which defines a switching signal o. Reversely, any switching signal o has an equivalent
sequence representation {(t, ix)} by letting i, = o (tx). Therefore, all the above definitions
apply to switching signals as well. With this observation, we will again use o to denote a given
impulsive switching signal if the sequence {(f, ik, jk) } itself is not explicitly considered. In
the sequel, when we write 0 = {(tk, ik, jk)}, we have in mind both the impulsive switching
signal {(tk, ik, jk)} as a whole and a switching signal o constructed in the above sense.
We find it convenient to make this overloading of notion, and make this remark to avoid

possible confusion. N

The roles of different classes of signals will become evident as they are applied to formulate
different stability criteria and to establish invariance principles for hybrid systems later in
this and subsequent chapters.

The rest of this chapter is organized as follows. In Section 3.2, we will establish a weak
invariance principle for system (3.1.1) and apply this invariance principle to obtain two
asymptotic stability criteria for system (3.1.1). An nonautonomous version of system (3.1.1)
with external inputs will be formulated in Section 3.3, where the input-to-state properties

of impulsive switched systems will be studied.

3.2 Invariance Principles

The classical LaSalle’s invariance principle ([101], [102]) has been extended to hybrid and
switched systems by various authors (see, e.g., [4], [35], [54], [69], [66], [136], [176]). In
[69], under rather general switchings (including weak dwell-time switchings), an extension
of LaSalle’s principle is obtained for switched linear systems. In [4], a more traditional
approach is taken and the results there cover general switched nonlinear systems, while a
positive dwell-time condition is assumed. In [136], the results in [4] and [69] are extended
and improved such that the results can deal with switched nonlinear systems with average
dwell-time switching. Moreover, the weak invariance notion, which is essential to develop
invariance principles for switched systems, is different from that of [4],and a more compre-

hensive property of the limit sets of a switched system is proved (Proposition 4.1 in [136]).
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The work of [176] investigates asymptotic stability of switched linear systems with dwell-
time switchings using invariance-like ideas, under additional ergodicity assumption on the
switching signals. The work of [54] investigates invariance principles for switched systems,
following a hybrid invariance principle derived for general hybrid systems on hybrid time
domains [157]. Invariance-like principles for switched systems are also obtained in [66] by
exploiting the norm-observability notions, under only a weak dwell-time condition on the
switching signals. Moreover, the recent work of [104] proposed a generalized version of
the celebrated Krasovskii-LaSalle theorem for general nonlinear and time-varying switched
systems, with important implications in uniform asymptotic stability.

Despite the fact that there are various versions of invariance principles established in the
literature for ordinary differential systems, similar invariance-like principles have not yet
been well addressed for differential systems with impulse effects, which is in contrast with the
fact that Lyapunov stability results on dynamical systems with impulse effects are extensively
studied in the literature (e.g., [7], [99], [97], [117], [120], [156] and references therein). The
only exception has been [35], in which the authors establish an invariance principle for
dynamical systems with left-continuous flows, which applies to state-dependent impulsive
systems as a special case. The authors of [35] point out, in the introduction, that there
appear to be (at least) two difficulties to establish invariance-like principles for impulsive
systems. Namely, solutions of impulsive dynamical systems are not continuous in time and
are not continuous functions of the system’s initial conditions, whereas these two continuity
properties are essential to establish invariance principles for ordinary differential equations.

Inspired by the weak invariance principles established in [4] and [136] for switched sys-
tems using multiple Lyapunov functions, we note that, under the notion of weak invariance,
those continuity properties may not be essential and, therefore, it becomes possible to estab-
lish weak invariance principles for impulsive switched systems, using a approach different
from that of [35].

The main objective of this section is to present an extension of the classical LaSalle’s
invariance principle to impulsive switched hybrid systems like system (3.1.1) and derive
asymptotic stability criteria of impulsive switched systems as important applications of
this invariance principle. It is shown that the invariance principle developed here, by
using a different approach from those of [35] and [54], improves various known results
on switched systems in [4] and [136], while assuming only rather mild restriction on the

switching signals. The results also cover impulsive differential systems as a special case.
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In contrast with the work in [104], which studied time-varying switched systems, we focus
on autonomous impulsive switched systems and explore invariance properties under this
setting. The results also have important implications in asymptotic stability analysis.

The rest of this section is organized as follows. Section 3.2.1 gives the preliminary defi-
nitions and lemmas which are necessary to prove weak invariance principles for impulsive
switched systems under weak dwell-time conditions. Section 3.2.2 is devoted to prove a
weak invariance principle and Section 3.2.3 is on applying the weak invariance principles to
asymptotic stability analysis. The main results are illustrated by several examples in Section
3.2.4. Comparisons with the previous results in the literature show that our results are less
conservative and are applicable to a larger class of switched systems and impulsive systems.
As an interesting application of the main results, we investigate a switched SEIR model with
pulse treatment and establish global asymptotic stability of the disease-free solution under

weak-dwell time signals in Section 3.2.5.

3.2.1 Preliminaries Results

We now formulate some preliminaries for developing invariance principles for impulsive

switched systems.

Definition 3.2.1 A family of functions {V; : i € 7} from R" to R are called multiple
Lyapunov functions for system (3.1.1) onaset G C R" if

(i) V;is continuously differentiable at each point in G and is continuous on G, the closure
of G;

(ii) the derivative of each V; along the ith mode of (3.1.1a) satisfies
Vi(x) = VVi(x) - fi(x) <0,
for all x € G, where V is the gradient. O

Although the idea of multiple Lyapunov functions has been introduced in Section 2.2,
here we give a precise definition for use in this Section. Note that we do not require the
Lyapunov functions to be positive definite to establish invariance principles. However, we

do need positive definiteness to prove stability.

Definition 3.2.2 A family of functions {V; : i € Z} from R" to R is called positive definite
onG C R"if
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(i) foreachi € Z,Vi(x) =0forall x € G;

(ii) Vi(x) = 0if and only if x = 0. O

Definition 3.2.3 A family of functions {V; : i € 7} from R" to R is called radially

unbounded if V;(x) — o0 as |x| — oc. 0

The following assumption imposes a condition on the evolution of the functions V; along
a solution at the impulse and switching instants. This type of conditions are typically

encountered in results involving multiple Lyapunov functions (see, e.g., [4], [20],[69], [66],
[107], [136]).

Assumption 3.2.1 For every pair of impulse and switching instants t; < #; of {(t, ik, jk) }
such that i; = iy =i € Z, we have

Vi(x(t)) < Vi(x(tj+1))- 0

Remark 3.2.1 In other words, Assumption 3.2.1 says that the value of V;(x(t)) at the be-
ginning of each interval [t, tx;1) with iz = i does not exceed the value of V; at the end
of previous such interval (if one exists). Therefore, Assumption 3.2.1, together with the
fact that {V;} is a family of multiple Lyapunov functions for (3.1.1), ensures that V;(x(t)) is
nonincreasing on the union of all the intervals where the ith mode of (3.1.1a) is activated.
Therefore, a comparison of Assumption 3.2.1 with Assumption 2.4.1 in Section 2.4 shows
that Assumption 3.2.1 implies Assumption 2.4.1 if {V;} is a family of multiple Lyapunov
functions for (3.1.1) according to Definition 3.2.1. Therefore, following the argument in the
proof for Theorem 2.4.1, we can prove Lyapunov stability of (3.1.1). O

Remark 3.2.2 Assumption 3.2.1 is trivially satisfied in the case when all the V; are equal
(common Lyapunov function) and there are no impulse effects. However, with the presence
of impulse effects, Assumption 3.2.1 is not trivially satisfied for a common Lyapunov func-
tion V. Additional conditions have to be imposed, e.g., V' (x(#)) < V (x(t, )) at all switching
instants f as in [35]. This kind of condition can be easily satisfied by impulse control, which,
in the case of multiple Lyapunov functions, can also contribute to relax the conditions on V;

imposed by Assumption 3.2.1. [

We shall let Syear(7) denote the set of impulsive switching signals with weak dwell-time

7, for some T > 0. Unless otherwise specified, let {(tk, ik» jk)} be a fixed signal in Syek(7)
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and x be the corresponding solution to (3.1.1) with {(tk, i> jk) } Let i € 7 be a persistent

mode of the signal. Without confusion, we may also say that i is a persistent mode of x.

Definition 3.2.4 Giveni € Z,apointn € R" is said to be a persistent limit point of x in the
ith mode, if i is a persistent mode and there exists a sequence of s, € D;, with s, — oo as
n — 0o, such that x(s,) — nasn — oo. The set of all such points is called the persistent

limit set of x in the ith mode and is denoted by w;(x). O

Definition 3.2.5 A set M C R" is called a weakly invariant set with respect to the ith
mode of (3.1.1a), if, for any & € M, there exist a positive number r and a continuously
differentiable function ¢ defined on some interval [«, 8], witha <0< S and 8 —«a = r,such
that

(i) ¢'(t) = fi(p (1)), Vt € [a, B],
(ii) ¢(0) =&,
(iii) ¢ (t) € M, V¢ € [, B]. O

Definition 3.2.6 The solution x is said to weakly approach a set M C R" in the ith mode

ast — 00, if the ith mode persists and
lim dist(x(t),M) =0,
— 00
teD;

where dist(y, M) for y € R" is defined by

dist(y, M) = zlgl:/[ ly —z|.

Remark 3.2.3 The convergence in Definition 3.2.6 is called “weak approaching” because

the limit is only taken for t € D;, not the entire real line. [

Lemma 3.2.1 If x is bounded and i € 1 denotes a persistent mode of x, then the persistent
limit set w;(x) is a nonempty, compact, and weakly invariant set with respect to the ith mode

of (3.1.1a). Moreover, x(t) weakly approaches w;(x) in the ith mode ast — 00.

Proof. Since the persistent domain D; has an infinite Lebesgue measure, one can pick up
a sequence {s,} in D; such that s, — oo as n — oo. Since x(t) is bounded on [0, 00), it

follows that {x(s,)} is a bounded sequence and therefore has a subsequence which converges
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to some limit point i. By definition, i is a persistent limit point in the ith mode, which shows
w;(x) is nonempty.

Since x(t) is bounded, it follows that w;(x) is bounded. To show closedness of w;(x),
suppose &, € w;i(x) approaches & as n — oo. Since &, € w;(x) for each n, by Definition
3.2.4, one can choose s, € D;, for each n, large enough such that |x(s,) — &,| < 1/n. Now
given any ¢ > 0, choose n large enough so that |§, — &| < ¢/2 and |x(s,) — &,| < €/2.
Then |x(s,) — &| < ¢ for n large enough, which shows £ € w;(x) and therefore w;(x) is
closed. It follows that w;(x) is compact.

The last assertion of the lemma can be shown by contradiction. Suppose that there
exists an increasing sequence of s, in D;, with s, — coasn — oo, and a§ > 0 such
that |x(s,) — &| =6 for all £ € w;(x). Now since x(s,) is a bounded sequence, there exists
a subsequence of x(s,) which converges to some £ € w;(x). This contradicts with the
inequality above and shows that the last assertion of the lemma holds.

Finally, we show that w;(x) is weakly invariant with respect to the ith mode of (3.1.1),
i.e., for any £ in w;(x), there exist a positive number r and a continuously differentiable
function ¢ defined on some interval [«, 8], with « <0< and B — o >r, such that (i)
¢'(t) = fi(¢ (1)), Vt € [, B], (ii) ¢ (0) = &, and (iii) ¢ (t) € w;(x),Vt € [a, B].

Since £ € wj(x), there exists an increasing sequence of s, € D; such thats, — oo and
x(sy) — & as n — 00. Moreover, we can pick s, so that there exists a sequence of intervals

[t21—1, T2] which satisfies that, for all n,
(i) oo —T2n-1271,
(i) su € [t2n—1> T2nls
(iii) the ith mode is activated on [12,,—1, T2, ]-

By this choice, x(¢) satisfies the ith subsystem on [t2,,—1, T2,] for all n, i.e., x'(¢) = fi(x(t)),
Vt € [T2n—1, T2an]. Moreover, we have that x(t) is continuously differentiable on (t2,,—1, T25)-
Putting

ayp =Ty-1—S, and B, = 7oy — Su, (3.2.1)
then 8, — @, > 7 and @, <0< ;.. Define
Ou(t) :=x(t +s4), € [y, Bul. (3.2.2)

It follows that ¢,, satisfies

¢, () = fi(@u(D), t € [oty, Buls (3.2.3)
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$n(0) = x(s,) — & asn — 00, and ¢, is continuously differentiable on (e, B1).

We claim that the sequence of intervals [«,, B,] has a subsequence, still designated by
[y, Bul, which has a common subinterval [«, 8], i.e., [, 8] C [y, Bn] for all n, with
B —a=>t/2 and a <0< pB. Actually, it is clear that either {o,} has a subsequence, for
which we can keep the same designation, that lies in (—00, —7/2] or it has a subsequence
in [—7/2,0]. In the latter case, since 8, — o, =7, one must have 8, > 7/2 and therefore
lettingae = 0, B = t/2 will give the required common subinterval; in the former case, since
Bn=0,letting v = —1/2, B = 0 gives the required common subinterval. Now according
to (3.2.2) and (3.2.3), what we have obtained is a sequence of functions ¢, defined on a

common interval [«, ], with 8 — o > 7/2 and @ < 0 < 8, such that

o () = fi(Pu(1)), t € [a, Bl (3.2.4)

We proceed to show that ¢, has a subsequence that converges uniformly to a function ¢
on [, B]. Since x(t) is bounded, it follows that ¢, is uniformly bounded on [«, B]. Since
fi is continuous, it follows that ¢, (t) = fi(¢,(t)) is uniformly bounded on [e, 8]. By the
mean-value theorem, this implies that the sequence ¢, is equicontinuous on [«, 8]. By
the Arzela-Ascoli Theorem, there exists a subsequence of ¢, still designated by ¢,, which
uniformly converges to some function ¢ on [«, ] and ¢ is continuously differentiable on
(o, B). Passing the limit in (3.2.4) (or its equivalent integral form), one is able to see that
¢ satisfies ¢'(t) = fi(p (1)), t € [a, B]. Moreover, ¢ (0) = lim,_, ¢,(0) = &. Finally,
we have ¢ (t) = lim,_, o ¢,(t) = lim,_, o x(t + s,) for any fixed ¢t € [«, B]. For a fixed
t € [a,B], puts,, =t + s,. According to (3.2.1), s, € [T2n—1, T2n] for each n. Since the
ith mode is activated on [12,—1, T2,] and 72, — T2,—1 = 7T, by Definition 3.2.4, it follows that
¢ (t) € wi(x) forallt € [«, B] as required. Therefore w;(x) is shown to be weakly invariant

with respect to the ith mode of (3.1.1) and the proof is complete. O

3.2.2 A Weak Invariance Principle

Let {V; : i € 7} be a family of multiple Lyapunov functions for (3.1.1) on G C R" and
define

Ei:={xeG: Vi(x) =0}.
Let M; denote the largest weakly invariant set with respect to the ith mode of (3.1.1) in E;.
Theorem 3.2.1 Let {V; : i € I} be a family of multiple Lyapunov functions for (3.1.1) on G, x
be a bounded solution of (3.1.1) such that x(t) remains in G fort =0, and i € 7 be a persistent
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mode of x. Suppose, in addition, Assumption 3.2.1 is satisfied. Then x weakly approaches

M;N Vl._1 (¢), for some c, in the ith mode as t — oo.

Proof. By Lemma 3.2.1, x has a nonempty persistent limit set in the ith mode w;(x). We
proceed to show that w;(x) C E;. Let D; denote the union of all the intervals of length
greater than 7 such that the ith mode is active. Since the ith mode persists, D; must have an
infinite Lebesgue measure. The conditions on V; imply that V;(x(#)) is nonincreasing on
D;. Moreover, V;(x(t)) is bounded below since x(t) is bounded. Therefore, as t — o0 in
D;, Vi(x(t)) yields a limit as

tl_l)rgo Vix(t)) = c.

teD;
For any £ € w;(x), there exists a sequence s, € D; such that s, — oo and x(s,) — & as

n — oo. It follows by the continuity of V; that

Vi) = lim Vi(x(sn)) = lim Vi(x()) = c.
teD;
Hence, V;(§) = cforall ¢ € w;(x) and w;(x) C Vi_l(c). According to Lemma 3.2.1, w;(x)
is weakly invariant with respect to the ith mode, that is, for each £ € w;(x), there exist
a positive number r and a continuous differentiable function ¢ defined on some interval
[a, B, witha <0< B and B — « =r,such that (i) ¢'(¢t) = fi(¢ (1)), Vt € [, B], (i) po = &,
(iii) ¢(t) € wi(x), YVt € [a, B]. Hence, Vi(¢(t)) = c for all t € [, B]. Differentiating
Vi(¢(t)) att = 0 gives
Vi(§) = VVi(§) - fi§) = 0.

It follows that w;(x) C E;. By the definition of M; and because w;(x) is weakly invariant
with respect to the ith mode of (3.1.1a), we have w;(x) C M; C E;. From Lemma 3.2.1, x
weakly approaches w;(x) in the ith mode and therefore it weakly approaches M; N Vi_l (¢
in the ith mode. This completes the proof. [

3.2.3 Stability Criteria

We now apply the invariance principle established in Section 3.2.2 to derive some results
on asymptotic stability for impulsive switched systems under weak dwell-time conditions.
Let ‘Sviveak(f) denote the set of impulsive and switching signals with weak dwell-time 7 and

i € 7 as a persistent mode. We use B, to denote the ball {x € R" : |x| <r} foranyr > 0.
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If we assume f;(0) = O foralli € 7 and I;(0) = O for all j € 7, then (3.1.1) have a trivial

solution. Let S be a certain set of impulsive and switching signals.
Definition 3.2.7 The trivial solution of (3.1.1) is said to be

(S1) stable with respect to S if, for each ¢ > 0, there exists a § > 0 such that, for each
solution x(t) starting from x¢ with {(tk, ik,jk)} € S, |xo| < & implies that [x(¢)| < ¢

forall t > 0;

(S2) asymptotically stable with respect to S if (Sy) is satisfied and there exists some p > 0
such that |xy| < p implies that lim;_, o x(t) = 0;

(S3) globally asymptotically stable with respect to S if (S;) is satisfied with arbitrary
p > 0;

(S4) unstable with respect to S if (S)) fails. 0

Theorem 3.2.2 Suppose that I is a finite set and there exist a family of positive definite
multiple Lyapunov functions {V; : i € 1} for (3.1.1) on B, for some p > 0. Suppose, in
addition, Assumption 3.2.1 is satisfied. Then the trivial solution of (3.1.1) is asymptotically
stable w.r.t S»iveak(T)’ provided that M; = {0}. If ;.7 Mi = {0}, then the trivial solution of
(3.1.1) is asymptotically stable w.r.t S,yeqx (7).

Proof. Lyapunov stability follows from Assumption 3.2.1 and Remark 3.2.1. Given any ¢y €
(0, p), let 5(&9) be the local stability constant such that xy € Bs(,) implies x(t) € B;, C B,
for all £ = 0. We claim that B, is a domain of attraction for (3.1.1). Actually, x(¢) € By, for
all t >0, x is clearly a bounded solution. According to Theorem 3.2.1, any solution staring
from Bj.,) weakly approaches M; = {0} in the ith modeast — oo. Nowforany e € (0, &),
let 6(e) > 0be the local stability constant such that xo € Bs () implies x(t) € B, forall t > 0.
Let x be an arbitrary solution starting from Bs(,). Since x weakly approaches M; = {0}
in the ith mode as t — o0, we can find T large enough in D; so that |x(T)| <4, for any
8 = 8(e) > 0. By how we have chosen §(¢), it follows that [x(¢)| < € forall t = T. Because ¢

can be arbitrarily chosen, this shows x(t) — 0ast — oo and asymptotic stability follows.[]

Theorem 3.2.3 Suppose that 7 is a finite set. Let {V; : i € I} be a family of positive definite
and radially unbounded multiple Lyapunov functions for (3.1.1) on R". Suppose, in addition,
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Assumption 3.2.1 is satisfied. Then the trivial solution of (3.1.1) is globally asymptotically
stable with respect to vaeak(r), provided that M; = {0}. If ;. M; = {0}, then the trivial
solution of (3.1.1) is globally asymptotically stable with respect to S,yeqk (7).

Proof. Lyapunov stability remains the same. To show global attraction, we only have to
show that the constant §(g¢) in the proof for Theorem 3.2.2 can be chosen to be arbitrarily
large, provided that g is given sufficiently large. Now given any gy > 0, we let 59 = &
and define 81, 83, - - -, 8 recursively such that v(§; 1) = u(§;/2) forj = 0,1,2,--- ,N — 1,
where N is the cardinality of 7. Since u(8;/2) < u(9)), it is clear that this choice of §1, d7,
-+ -, 8x is in accordance with that in the proof of local stability in Theorem 3.2.2. Moreover,
as &g — 00,50 does 81,87, - - -, and 8. Therefore §(g9) = dn(&o) can be arbitrarily large if

g¢ is given sufficiently large. This completes the proof. [

Remark 3.2.4 Specialized to the switched system framework, two main features that make
our results improve those in [4] and [136] are as follows. First, the notion of persistent
limit set is introduced here, and it is therefore not required that the solution converges to its
limit set (only weakly approaching is required). This weakly approaching notion together
with local stability (guaranteed by the existence of multiple Lyapunov functions) actually
suffices to guarantee asymptotic stability as shown in Theorem 3.2.2. Second, the largest
invariant set M; in each E; is explicitly defined with respect to the ith mode, which makes the
set ;o7 M; smaller (and in many cases remarkably smaller, as shown by several examples
in Section 3.2.4) than the set M in [4], which is defined as the largest weakly invariant
set (with respect to whatever mode) in the set | J;_; E; (according to our notation). This
difference makes our results less conservative. Particularly, Theorem 3.2.2, specialized to
switched systems without impulses, improves both Theorem 1 (in the case where a common
Lyapunov function exists) and Theorem 2 of [4], the main results presented there, not only
in that the dwell-time conditions are now replaced by weak dwell-time conditions, but also,
more importantly, in that the set M is now remarkably smaller and, therefore, more precise

convergence results can be obtained. [

Remark 3.2.5 Even though | J;.; M; obtained in Theorem 3.2.2 and Theorem 3.2.3 can be
remarkably smaller than the set M defined in [4], we may not yet, in some cases, be able
to conclude that ;.7 M; = {0}. However, if we know that the ith mode of a switching

signal persists and M; = {0}, for some i € Z, then we are still able to show that the solution
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converges to zero from Theorem 3.2.2 and Theorem 3.2.3, while none of the results in [4],

[69],[66],and [136] can give any useful information. O

Theorem 2.3 of [136] gives an interesting stability criterion for switched systems, based on
a zero-state small-time observability hypothesis, which partially generalizes Theorem 7 of
[66] in that the zero-state small-time observability hypothesis is weaker than the small-time
norm-observability assumption in [66]. However, Theorem 2.3 of [136] requires an average
dwell-time condition, while Theorem 7 of [66] applies to weak dwell-time switchings.
Now we apply our Theorem 3.2.2 to show the following stability criterion for impulsive
switched systems, which is also based on a zero-state small-time observability hypothesis

and generalizes both results from [66] and [136].

Corollary 3.2.1 Suppose that L is a finite set. Let {V; : i € 1} be a family of positive definite
and radially unbounded functions and {W; : i € I} a family of nonnegative functions on R".

Suppose that
(i) Vi(x)< — Wi(x), forallx € X; and
(ii) there exists some i € I such that the system
X' =fix), y=Wix), (3.2.5)
is zero-state small-time observable?.

Suppose, in addition, Assumption 3.2.1 is satisfied. Then the trivial solution of (3.1.1) is
globally asymptotically stable with respect to S'

wea

time observable for alli € Z, then the trivial solution of (3.1.1) is globally asymptotically stable

«(T). If system (3.2.5) is zero-state small-

with respect to Syyeqk (7).

Proof. It is easy to see that {V; : i € Z} is a family of positive definite and radially
unbounded functions for (3.1.1) on R". According to Theorem 3.2.2, we only have to
show M; = {0}. Choose any £ € M;. By definition, there exist a positive number r and

a continuously differentiable function ¢ defined on some interval [, 8], with ¢ <0< p

and B — « =r, such that: (i) ¢'(¢) = fi(¢(t)), Vt € [a, B], (ii) ¢(0) = &, (iii) ¢(¢) € M;,

2According to the definition in [136], a system such as (3.2.5) is said to be zero-state small-time observable, if for every § > 0, we have
x(0) = 0 whenever W;(x(¢)) = 0 forall ¢ € [0, ).
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Vt € [a,B]. By condition (i), we have M; C E; C {x € R" : Wi(x) = 0}. Hence
Wi(¢(t)) = Oforallt € [o,B]. If B > 0, then the zero-state small-time observability
condition on (f;, W;) implies that ¢ (0) = & = 0. If § = 0, we claim that ¢ (#) = 0 for
all t € [«,0). Therefore, we still have ¢ (0) = & = 0 by continuity of ¢. To show the
claim, choose any sy € [, 0). Define ¥ (s) = ¢ (s + sp) for s € [0, —sp). Then 1 (s) satisfies
V' (s) = fi(¥(s)) and W;(¥(s)) = 0 on [0, —sp). By the zero-state small-time observability
condition, we have ¥/ (0) = ¢ (so) = 0. Since s is arbitrarily chosen from [, 0), we have the
claim proved and it follows that ¢ (0) = & = 0. We have shown M; = {0}. The conclusions
of the corollary follow from Theorem 3.2.2. O

Remark 3.2.6 Corollary 3.2.1, specialized to switched systems, is more general than The-
orem 2.3 in [136], since it only requires a weak dwell-time condition and applies to the
situation where only one of the pairs (f;, W;) satisfies a zero-state small-time observability
condition. It is also more general than Theorem 7 from [66] in that the zero-state small-time
observability condition is weaker than the small-time norm-observability assumption in

[66], as shown by an example in [136]. O

3.2.4 Examples

In this section, we apply the main results to several examples. Unless otherwise specified, the
set G in the definition of E; in Section 3.2.2 is taken to be R". We first present comparisons

of our main results obtained in this section and those in [4], [69], [66], and [136].

Example 3.2.1 [4, Example 4] Consider two subsystems given by

—X1 — X2

X/ :fl (.x) == >
X1
and
/ —X1
X :ﬁ(x) =

Let Vi = V, = % |x|>. Then E; C {x; = 0} and E, = {0}. It is easy to see that
M, = M, = {0}. By Theorem 3.2.2, the trivial solution of the switched system is globally
asymptotically stable with respect to Syeax(7) for any v > 0, whereas in [4] it can only
be concluded, by Theorem 1 there, that all the solutions tend to the x; axis, even under

dwell-time switching. O
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Example 3.2.2 [136, Example 2] Consider two subsystems given by

—X1 — X2
x'=fi(x) = ,
X1
and
1 X1

1+ |x|4 X2

x'=fHx)=—

The example is essentially similar to Example 3.2.1. By considering the common Lyapunov
function V; = V, = |x|? and applying the same argument as in Example 3.2.1, it can be
shown that the trivial solution of the resulting switched system is globally asymptotically
stable with respect to Syeak (7) forany © > 0, while in [136] the asymptotic stability can only

be concluded under average dwell-time switchings. [

Example 3.2.3 Consider two subsystems given by

X' =filx) =

b
X1 — ZX§
and

X2

x'=f(x) =

b

—X1 — 2x§
where k > 1 is any odd integer. For k = 1, f; and f, are linear vector fields. It is shown in [69,
Example 2] that the resulting switched system is asymptotically stable under weak dwell-
time switchings. On the other hand, it is also shown that there exists a switching signal,
which is not of weak dwell-time, such that the trajectory does not converge to zero. Now as
a general case when k > 1, we can construct a common Lyapunov function V; = V, = |x|?.
Then E; = E; = {x; = 0}. Itis easy to see that M; = M, = {0}. By Theorem 3.2.2, the
trivial solution of the resulting switched system is globally asymptotically stable with respect
t0 Sweak(7) for any T > 0. This example can be seen as a complement to the results in [69],
as for now nonlinear vector fields are allowed and the same conclusion holds, i.e., global

asymptotic stability of the resulting switched system under weak dwell-time switchings. [

Example 3.2.4 [4, Example 2] Consider two subsystems given by

x'=filx) = " L (0

X1 —x2
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and
X2

x/=f2(x)= (0

—X1 — x2

where k=1 is any odd integer. This example is essentially similar to the previous one.
By defining a common Lyapunov function V; = V, = |x|?, Theorem 3.2.2 shows that the
trivial solution of the resulting switched system is globally asymptotically stable with respect
t0 Syeak(7) for any T > 0, while in [4] similar results were obtained only for dwell-time

switchings. O

Remark 3.2.7 It can be shown that, for Examples 3.2.3 and 3.2.4, there exists no common
strict Lyapunov functions. Otherwise, the sum of the two right-hand sides would define an

asymptotically stable system, which is not the case for both examples. [

Example 3.2.5 [4, Example 5] Consider two subsystems given by

—X1 — X2

x'=filx) = )
X1
and

—X1 — X2

» X1 < 0)
X1
x/ :f-z(x) = 3
1 5 Xy = 0)
X1

where the second system appears to be with discontinuous right-hand side but indeed
defines a continuous differential system. In [4], it is pointed out that if one uses the common
Lyapunov function V; = V5 = |x|%, no useful information can be obtained by their results,
since Z = {x; =0} itself becomes a weakly invariant set (by their notation). However,
according to our results, we have E; C {x; = 0} and E; C {x; = 0}. It follows that M; = {0}
and M, = {x; = 0}. Although M; | J M, # {0}, we do have M; = {0}. We may still apply our
Theorem 3.2.2. Since fi(x) = f,(x) when x; < 0,an arbitrary switching can be equivalently
modified so that the first mode is activated on {x; < 0}. If the first mode is activated on
{x1 < 0}, it follows that the first mode is a persistent mode of the signal (it actually takes at

least a constant time for the system to travel out {x; < 0}). Now according to Theorem 3.2.2,
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the trivial solution of the resulting switched system is globally asymptotically stable with
respectto S} (7) forany r > 0. By the fact that an arbitrary switching has an equivalent
modification in S}, (1), we actually obtain that the origin is globally asymptotically stable
under arbitrary switching, which agrees with the results shown in [18] by the method of

“worst case” argument (see also [40]). O

Remark 3.2.8 Example 3.2.1 and Example 3.2.5 are originally presented in [4] to show the
limitations of their results. As we can see from these examples, our invariance principles and
stability theorems presented in this section can effectively overcome these limitations and
are applicable to an even larger class of switched systems. Example 3.2.5 also shows that our

stability criteria can also be applied to switched systems with state-dependent switchings.[]
Example 3.2.6 Consider a family of Liénard’s equations

Y'+hi(y)y +g(») =0, iel.
Letx; = y, x, = y'. Then an equivalent family of systems is

X2
x' = fix) = , iel.
—gi(x1) — hi(x1)x2

Let K;,i € Z,be a covering of R? that defines the state-dependent switchings for a switched
system given by the above family of Liénard’s equations, i.e., the ith mode can be activated
only if x(t) € K;. Let K} denote the projection of K; into its first component. Assume that,
foralli € 7,

(i) Gi(x) = [; gi(§)dé > Oforallx € K} such that x # 0,
(i) Gij(x) — oco,asx € ICI.1 such that |x| — oo,
(iii) gi(x) # 0,forallx IC} such that x # 0,
(iv) hij(x) > 0,forall x ICI.1 such that x # 0.

We take the Lyapunov function candidates to be the total energy of each subsystem
2
Vi(x) = Gi(x1) + ?2 (3.2.6)
Then
Vi(x) = —hi(x1)x3 <O0. (3.2.7)
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Hence, by the assumptions above, we can see that V; defines a family of positive definite and
radially unbounded multiple Lyapunov functions for the switched system. According to
(3.2.7),wehave E; C {x; = 0} U {x, = 0}. Now it is easy to check that M; = {0} foralli € Z
by the assumptions above. Therefore, we can conclude, by Theorem 3.2.2, that the trivial
solution of the resulting switched system is globally asymptotically stable with respect to
Sweak(7) for any > 0, provided that Assumption 3.2.1 is satisfied. The assumptions (iii)
and (iv) on g; and h; can be replaced by the following weaker ones, for some particular
i€,

(iii”) gi(x) # 0,forallx € ICI.1 such that x # 0,

(iv’) hj(x) > 0,forall x ICl1 such that x # 0,

and

(iv”’) hi(x) =0, forall x € ICI-1 such that x # 0,foralli € 7.

Now, by the same argument, we are only able to conclude that M; = {0} for this particular
i. Nevertheless, Theorem 3.2.2 guarantees that the trivial solution of the resulting switched
system is globally asymptotically stable with respect to S‘fveak(t) for any T > 0, provided
that Assumption 3.2.1 is satisfied. It is worth noting that none of the results in [4], [69],[66],

and [136] can give any useful information in this case. O

Example 3.2.7 Revisit Example 3.2.6 by introducing an impulse function

0
8(x) = — ;
(1 + T)XZ
where r € (0, 1) is a constant. Apply this impulse function at each impulse and switching
instants. Consider the case that all g; are equal. Then according to Example 3.2.6, the
impulsive switched system enjoys a common Lyapunov function given by

xz
V(x) = G(x;) + ?2

It is easy to check that Assumption 3.2.1 is satisfied. Therefore, if g; and h; satisfy the
assumptions (i)-(iv) in Example 3.2.6, then, according to Theorem 3.2.2, all the trivial
solution of the resulting impulsive switched system is globally asymptotically stable with

respect t0 Syeak(7) for any t > 0. Moreover, if g; and h; satisfy the assumptions (i)-(ii)
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and (iii’)-(iv”) in Example 3.2.6, then, according to Theorem 3.2.2, all the trivial solution
of the resulting impulsive switched system is globally asymptotically stable with respect to

S‘fveal((t) forany > 0. O

3.2.5 An Application to Hybrid Epidemic Dynamics

In this section, we present an application of the main results to investigate a switched SEIR

model with pulse treatment. The model is given by an impulsive switched system as follows.

S = M — IBikSI - Miks)
E = IBikSI - aikE - IU/ikE’

1 . t € (te, tks1)> (3.2.8a)
I = :BakE - gikI - Mikl)
R = gikl — MikR,
S(t) = S(tp),
E(ty) = (1 —jr)E(t,),
) Bt = (1 =JE) t £ 1, (3.2.8b)

I(ty) = (1 = jl(t),
R(tx) = R(t) +jkE(@) +jil (4),

where S represents the susceptibles, E those exposed but not yet infectious, I the infectives,
and R the removed. System (3.2.8) is a variant of the standard SEIR model by considering
seasonality in the model parameters (e.g., the contact rates in the winter is higher than in
other seasons) and pulse treatment as a control mechanism. Both seasonality and pulse
treatment have been considered in the recent work in [114] (see also [166]). The total
population is kept constant and assumed to be normalized to S + E + 1 + R = 1. The

variables S, E, I, and R are all positive and always take values in the meaningful domain
Qser = {(SE,LR) e RT xR xR" xRT: S+ E+I+R=1}.

Each iy € 7 and 7 is a finite index set. Each ji is a real number in [0, 1], representing a
fraction of the population which is treated and removed at time t = #;. The coefficients y;
represent the birth and death rates, 8; the contact rates, g; the removal rates, and 1/a; the
latent periods; these constants are all positive and allowed to fluctuate seasonally. Choose

a family of multiple Lyapunov functions {V;: i € T} as V;(E,I) = a;E + (a; + wi)l.
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Differentiating V; along the ith mode of (3.2.8) gives
Vi(E,I) = a;(B;SI — a;E — wiE) + (a; + i) (BaE — gil — wil)
= (RS — D(ui + g) (i + adl, (3.2.9)
where
Biai

R =
(i + &) (i + a;)
is the ith reproduction number. It is easy to see that (3.2.8) has a disease-free equilibrium

(1,0,0,0). We have the following conclusion.
Theorem 3.2.4 Suppose R; <1 foralli € T and Assumption 3.2.1 is satisfied. Then

(i) the disease-free solution of (3.2.8) is globally asymptotically stable (in the meaningful

domain) with respect to S)°, (1), if R, < 1 for some iy € I;

(ii) the disease-free solution of (3.2.8) is globally asymptotically stable with respect to
Sweak(T), if Ri < 1foralli € I.

Proof. By (3.2.9), we have E;; = {(S,E,I,R) : I = 0} in case (i). It then can be shown that
M;, = {(1,0,0,0)}. The conclusions follow from Theorem 3.2.2. O

Remark 3.2.9 The main role of the pulse treatment is to control the exposed and infectious
population by applying treatment at discrete times so that a non-increasing condition on
this population, i.e., Assumption 3.2.1, is satisfied. If a; = a and u; = p, i.e., the latent
period and birth/death rate are both constant, then the multiple Lyapunov functions V;
reduce to a common (weak) Lyapunov function. Therefore, Assumption 3.2.1 is trivially
satisfied if we do not introduce pulse treatment, and Theorem 3.2.4 remains true in the
absence of pulse treatment, which agrees with the results reported in [166], where the author
considers a single switching parameter f; in the SEIR model without pulse treatment and

the stability condition is given by R; < 1foralli € Z. [

Simulations. For simulation purpose, we choose two different modes of (3.2.8), motivated
by different seasons, e.g., winter and non-winter seasons, and represented by two sets of
parameters {,ul =02,p81=2,51=1La = 0.3} and {,uz =01L8=Lp=1La = 20}.
The reproduction numbers for the two modes can be calculated as R; = 1 and R, = 0.9046.

Therefore, without switching and impulses, the disease-free solution of each individual
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A switched SEIR model without pulse treatment
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Figure 3.1 Numerical simulations for a switched SEIR model with and without pulse treatment.
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mode is globally asymptotically stable [126]. However, if we introduce a periodic switching
signal, dwelling equally on the two modes, the simulation results (Figure 3.1) show that
the disease persists, if no pulse treatment is given. This is due to a possible violation
of Assumption 3.2.1 required by Theorem 3.2.4. If we introduce pulse treatment so that
Assumption 3.2.1 is satisfied, then Theorem 3.2.4 can guarantee that the disease-free solution
is globally asymptotically stable, i.e., the disease is eradicated by the pulse treatment, which

is verified by the simulation results shown in Figure 3.1.

3.3 Input-to-State Stability

The notions of input-to-state stability (ISS) and integral input-to-state stability (iISS),
originally introduced in [162] and [163], have proved very useful in characterizing the effects
of external inputs to a control system. The ISS/iISS notions are subsequently extended to
discrete-time systems in [83] and to switched systems in [135] and [174]. ISS notions for
hybrid systems are investigated in [23] and [24], where the hybrid systems are defined on
hybrid time domains. More recently, the work of [67] studies Lyapunov conditions for
input-to-state stability of impulsive nonlinear systems.

In this section, we will investigate input-to-state stability of impulsive switched systems.
In Section 3.3.1, we formulate a nonautonomous impulsive switched system with external
inputs and introduce the definitions of (hg, h)-input-to-state stability ((ho, h)-ISS) and
(ho, h)-integral-input-to-state stability ((ho, h)-iISS). Section 3.3.2 provides two lemmas on
class-XCL estimates for impulsive switched systems, which are used in Section 3.3.3 to derive

the (ho, h)-ISS results. Section 3.3.4 presents two examples to illustrate the results.

3.3.1 Definitions of (hy, h)-Input-to-State Stability

Consider the following nonautonomous version of system (3.1.1)

X (t) = fi (t, (1), u(t)),  t € (th trr1)s (3.3.1a)
Ax(t) = L (t,x(t7), u(t), t=t, (3.3.1b)
X(t()) = X0> (3.31C)

where u : RT — R™ is the system input function, which is assumed to be measurable
and locally essentially bounded. For each i € Z, the function f; € C(RT x R" x R™; R")
and is locally Lipschitzian in (x,u). Foreachj € J,I : RT x R" x R™ — R". Each
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solution x is continuous at each t # t; for t > t;. We assume that, foreachi € Z andj € J,

fi(¢,0,0) = I;(t,0,0) = 0 so that system (3.3.1), without input, admits a trivial solution.
Recall the class K functions and class XL functions defined in Section 2.2 (page 23) and

class I' functions defined in Section 2.5.1 (page 47). Let hg, h € I'. We define input-to-state

stability in terms of two measures (hg and k) as follows.

Definition 3.3.1 System (3.3.1) is said to be uniformly (hg, h)-input-to-state stable (ISS)
over a certain class of signals S, if there exist functions 8 € KL and y € K, independent
of the choice of impulsive and switching signals { (tk> k> k) } in S, such that, for each xq € R"
and input function u, the solution x of (3.3.1) exists globally and satisfies
h(t, x(1)) < B(ho(to, x0), t — to) + ¥ ( sup  [u(s)D).
o <Ss<t

Definition 3.3.2 System (3.3.1) is said to be uniformly (hy, h)-integral-input-to-state sta-
ble ((hg, h)-ISS) over a certain class of signals S, if there exist functions 8 € KL and
o, ¥ € Koo, independent of the choice of impulsive and switching signals { (t, ik, jk) } in S,
such that, for each xp € R" and input function u, the solution x of (3.3.1) exists globally

and satisfies

t
a(h(t,x(1))) < B(ho(to, x0), t — to) + / y(u@)ds+ > y(u)).
fo to<ty <t

The above definitions generalize the classical notions of ISS and iISS for the ordinary
system given in [162] and [163], and those for impulsive systems given in [67]. The (hy, h)-
stability notions are considered here in the spirit of the work in [100] to unify different
notions of stability. It is worth noting that this notion has been adopted in the framework
of switched systems in [34], but not yet exploited for ISS/iISS stability.

To investigate the ISS/iISS properties of system (3.3.1), which has different modes of
the continuous dynamics given by {f; : i € Z}, we shall choose accordingly a family of
multiple Lyapunov functions {V; : i € Z},whereeach V; € C(RT x R"; R™) and is locally
Lipschitzian in its second variable. We will employ the upper right-hand derivative of V;
with respect to the ith mode of system (3.3.1), for each i € Z,at (t,x) € R x R" by

DT Vi(t,x) = Iimsup% [Vi(t + h,x + hfi(t,x, u)) — Vi(£,%)], (3.3.2)

h—0t

where u € R™. Moreover, for a function m : R — R, DYm(t), the upper right-hand
derivative of m(t), is defined by D™ m(t) = limsup;,_, o+ %[m(t + h) — m(1)].
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Let {(k, ik, jx) } be an impulsive switching signal and x be a solution to system (3.3.1) on
[tk tkt1). Define m(t) = V; (t,x(t)), for t € [ty t+1). The above definitions for upper

right-hand derivatives are connected by the relation
D¥m(t) = D Vi (t:x(1),  t € (tho trr)s

because {V; : i € T} arelocally Lipschitzian in x. Note that similar definitions have already

been introduced in Section 2.2 for switched nonlinear systems without input.

3.3.2 Class-XCL Estimates

In this subsection, we establish two general class-XCL estimates for solutions of scalar

impulsive switched systems.

Lemma 3.3.1 Consider the scalar impulsive switched system

Y () = pi(Dai, (y(1), t€ (tiotky1), k€, keZ, (3.3.3a)
1y =gy, t=t, keZM\{0}, (3.3.3b)
y(t) = Yo, (3.3.3¢)

where y0=>0, g € Koo, pi : RT — R is locally integrable, and o; € K is locally Lipschitz
foreachi e L. If

(i) ti=sup{tx —txy : k€ Z¥, ik =i} < oo;and

) q dS t+1;
(ii) N; := inf / > M; := sup pi(s)ds,
9>0 J ¢(g) @i(5) t=0Jt

then the system has a unique solution y(t) defined for all t >ty and there exists a class-K L
function B such that
y(@) < B(yo,t — to).

Proof. Note that y(¢) >0 for all £ > ¢;. We first show that
(i) Given any ¢ > 0,thereis § = §(e) such that yy < implies y(t) <¢ forall t > 1.

(ii) Given any r > 0 and n > 0, there exists T = T(n,r) =0 (dependent on 1 and r, but
independent of #y) such that y(¢t) < nforallt>1¢, + T.
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To show part (i), pick 6 = §(¢) = g(¢) for any given ¢ > 0. The conditions on N; shows
that 0 < g(q) < q for all ¢ > 0. We claim that if yy <4, then y(¢) is defined for all ¢ > 1,
and y(t) <e. Suppose y(t; ty, yo) is continued to its maximal interval of existence [fo, B). If
B < oo, there must exist some t € (t, B) such that y(t) > ¢. We shall show that y(t) <e
forall t € [ty, B), which in turn will imply that 8 = oo and therefore part (i) is proved.

Suppose for the sake of contradiction that y(t) > ¢ for some t € [ty, ). Let t* =
inf {t € [to, B) 1 y(t) > 8}. It is clear that y(¢) <e¢ for all ¢ € [ty,t"). Moreover, either
y(t*) = e or y(t*) > e and t* = t; for some k. In either case, y(t) is defined for all
t € [to,t*]. Since yo<8 = g(¢) < ¢ and y(t*) =¢, then t* > t;. Moreover, y(t) < ¢ for
t € [to, t*). We claim that t* 7 t; for any k> 1 and hence y(t*) = ¢. Actually if t* # t; for
somek>1,then0 < e <y(t*) = g(y(t*")) < y(t*~) <&, which is impossible.

Now suppose that t* € (#, tx+1) for some k. Since y(t) < ¢ for t € [ty,t"), we have
y(t) = g(y(t,)) < g(e). Integrating (3.3.3a) on [t t*] gives

¢ ds y(£%) p t+-Tiy p
Nj, < — i (5) S</ i ($)ds < M;,,
¢ /g(s) C(S) /y(tk) (047 (5) / Piy te Piy ¢

which clearly contradicts with condition (iv). This completes the proof for part (i).

We proceed to show part (ii). Let r > 0 and > 0 be arbitrarily given. Following the
proof of part (i), we can show that there exists some p = p(r) such that y(t) <p for all
t =t if yo <r. Actually we can choose p = g~ !(r), which is always possible since g € Koo
Then repeating the proof of uniform stability shows y(t) < p for all t > 1.

Let = 8(n) = g(n). From part (i), yo <& implies that y(t) <n for all t > ty, where #; can

be arbitrary. Without loss of generality, we can assume 1 < p. Define

Li:Li(V):SUp{ 18(5)<5<,0}-

1
a;(s)
Itis clear that 0 < L; < 0o. For § <q < p,wehave g(6) <g(q) < g<pandso

9 ds
Ni</ <Lilq —g@],
g )

(q ¢ilS
from which we can obtain g(q) <q — N;/L; < q — d,whered = d(n,r) > 0 is chosen so
thatd < inf;ez(N; — M;)/L;. Let T = SUp;c7 7i. Choose T = ©(N + 1), where N is the first
integer such that N > p/d. Then T depends on 7, r,and n, but is independent of t,.

Claim. There exists some t € [ty, ty + T] such that |x(¢)| <34.

Note that the conclusion of part (ii) would follow from this claim and part (i).
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Proof of the Claim. Suppose it is not true. Then y(t) > § forall ¢ € [to, tp + T]. We prove
by induction that, for [#, fx+1) C [to, to + T1, where k € Z1,we have y(r) <Ay := p — kd.
By the choice of T, there are at least N + 1 such intervals, where N > p/d, which would
eventually lead to y(t) <p — Nd < 0 on [tn, tN+1),a clear contradiction.

On [t, t1), we have m(t) <Ap = p. Suppose that 0 < § < y(t) <Ax<p on [t tk+1),
k < N. Assume for the sake of contradiction that there exists some t € [txy1, tk12)
such that y(t) > Ay —d = Ay Let t* = inf {t € [tht1> tht2) = y(t) > Ag — d}. Since
Y(tr1) = gy ) <g(Ak) < Ax — d, we have t* € (tx4+1,tk+2) and y(t*) = Ay — d.
Integrating (3.3.3a) on [tx41,t*] gives

&) ds t* trp1tT
/ < Piri (s)ds< / Piiy (s)ds < M,
Y

(trt1) o[ik+1(5) fkt1 fk+1
and
/ﬂf*) ds /Ak—d ds /Ak ds /Ak ds
> — e
(trg1) Uiy, (5) g(Ap) Uiy, (5) g(Ap) iy, () Ap—d iy, (5)
>Nik+1 - dLik+1 > Mik+1'

Again, we reach a contradiction. Therefore, the claim is proved and so are both parts (i) and
(ii). Following a standard argument, a class-XL function 8 can be constructed based on

parts (i) and (ii). O

Lemma 3.3.2 Consider the scalar impulsive switched system

Y () = —pi(Dai (y(1), t€ (totiy1), k€L, keZT, (3.3.4a)
1y =gy, t=t, keZT\{0}, (3.3.4b)
y(to) = Yo, (3.3.4¢)

where y9=0, g € Koo with g(s) > sforalls > 0,p; : Rt — R is locally integrable, and
o; € K islocally Lipschitz for eachi € 1. If

(i) 7, :=inf {tk —tr_1: ke Z+, i = i};

_ 41 8@ s
(ii) N; := inf / pi(s)ds > M; := sup/
t=0 t q

b
q>0 i(s)
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then the system has a unique solution y(t) defined for all t =ty and there exists a class-K L
function B such that

y(@) < B(yo,t — to).

Proof. We prove the same statements as parts (i) and (ii) in the proof of Lemma 3.3.1. Note
that 0 < M; < N; < oo for all i € Z. For part (i), we choose § = 8(¢) = g7 1(¢) < &.
We show that if yy <4, then y(t) is defined for all >, and y(t) <e. Suppose y(t; to, yo)
is continued to its maximal interval of existence [ty, B). If B < 00, there must exist some
t € (tp, B) such that y(t) > . We shall show that y(t) <e forall t € [ty, 8), which in turn
will imply that 8 = oo and therefore part (i) is proved.

Suppose for the sake of contradiction that y(t) > ¢ for some t € [ty, ). Let t* =
inf {t € [to, B) 1 y(t) > 8}. It is clear that y(¢) <e¢ for all ¢ € [ty,t"). Moreover, either
y(t*) = g or y(t*) > ¢ and t* = t; for some k. In either case, y(¢) is defined for all
t € [to, t*]. Since yo <8 = g7 1(¢) < e and y(t*) =&, then t* > t;. Moreover, y(t) < ¢ for
t € [to,t*). Suppose that t* € [, tx11). Equation (3.3.4a) implies that y(¢) is decreasing
on [tx, t*]. Therefore t* = t;. We then show that y(t*~) <g~!(g). Suppose this is not true.
Then we have g7 1(¢) < y(t) <& on [#_1, ;). Integrating (3.3.4a) on [tx_1, tx) gives

Y1) g tk —1+Ti_,
/ > f pi,_,(s)ds= / pi,_,(8)ds=Nj,_,
y tr—1 t

) %, () =

and

k-1

yt-) s ge7 ) g
[y
v Qi (8 Jgie) i, (8)

which gives a contradiction in view of condition (ii). Therefore, y(t*™) = y(t,) < g 1e)
and y(t*) = g(y(t*7))<e. But y(t")=e. We must have y* = e. However, y(t) is
decreasing on [t*, f;.11) and therefore y(t) <& on [t*, tx41), which contradicts the definition
of t*. This completes the proof for part (i).

We proceed to show part (ii). Let r > 0 and n > 0 be arbitrarily given. Following the
proof of part (i), we can show that there exists some p = p(r) such that y(t) <p for all
t =ty if yo <r. Actually we can choose p = g(r), which is always possible since g € K.
Then repeating the proof of uniform stability shows y(t) < p for all t > t,.

Let § = 8(n) = g~ '(n). From part (i), yo <8 implies that y(t) <1 for all ¢ > to, where £,

can be arbitrary. Without loss of generality, we can assume 1 < p. Define

i

Li:Li(n):sup{ 1):5<S<,0}.
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Itis clear that 0 < L; < oo. Letd = inf;cz(N; — M;)/Li, T = SUP;c7 Ti»and N be an integer
suchthat N > p/d. Choose T = (N + 1)’t.

Claim. There exists some t € [ty, ty + T'] such that |x(¢)] <3.
Note that the conclusion of part (ii) would follow from this claim and part (i).

Proof of the Claim. Suppose it is not true. Then § < y(t) <p forallt € [ty, o) + T']. By the
choice of T, there are two possible cases: (I) there are at least N impulse times t;, k=1, in
[t0, to + T1; (II) there are at least one subinterval of [#y, fp + T] with length greater than Nt
which does not contain any impulse time. In either case, we will derive a contradiction.

Consider case (I) first. We show that by induction that y(t,") < g Y (p) — kd, where
1 <k <N, Eventually this would lead to y(ty) < ¢ 1(p) — Nd < 0,which is not impossible.
We first show that y(t;) <g~!(p) — d. Integrating (3.3.4a) on [fo, t;) gives

¥ ds P ds g0 s g0 s
Y
() ig(5) g (o) Yig(s) Sy @ip(s) vty @ip(s)

)0 ds f fo+Ti
/ > / Dio (s)ds = / Dio (s)ds = Niy»
y fo

(1) %ip (%) to

and

which gives

g g
M;, + / ——=Nj,. (3.3.5)
vty @ip(s)

£ s
/ > 0,
yity)  ®ip(s)

which in turn implies p > g7!(p) > y(t;) = 6. Therefore, by the definition of L;,,

Condition (ii) implies that

/g‘l(p) ds .
<[g (p) = y(t;)]Li.

Combining this and equation (3.3.5) gives
(87" (p) = y(t)ILiy + Miy = Niy,

which eventually gives

_ B N; . 3
y) <g '(p) — %q (o) — d.
10
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Now we have y(t;) <g 7 (p) —d and y(t;) = gy(t)) <g(g ' (p) — d). Repeating
the same argument on [ty, t;), we can show y(t,) <g ly(t)) —d<g '(p) — 2d. By
induction, this shows y(z,") <g (p) —kd,where 1 <k<N,and y(ty) <g l(p)—Nd <0,
a contradiction.

Now consider case (II). Suppose [#k, t*) is an interval in [ty, ty + T'] without any impulse,
where t* can be ty) + T. Since t* — t;, = N1, we can break this interval into N intervals,
each with a length greater than t. Label these intervals as [s, s1], [s1,52], - - ., [SN—1,SN ],
where s) = f; and sy = t*. Repeating the same argument as in case (I), we can show
y(s;) gg_l (y(s0)) —d. Since y(t) is continuous at s;, we have y(s;) = y(s;) ég_l (y(s0))—
d < y(sp) — d. By induction, we can show y(sy) <y(sp) — Nd<p — Nd < 0, again a
contradiction. Therefore, the claim is proved and so are both parts (i) and (ii). Following a
standard argument as in the proof of Lemma 3.3.1,a class-CL function 8 can be constructed

based on parts (i) and (ii). The proof is complete. O

3.3.3 Input-to-State Stability

In this subsection, we establish some sufficient conditions for input-to-state stability of
impulsive switched systems, as applications of the class-XCL estimates we have obtained
in the previous section. To unify different notions of stability, the stability analysis is

performed in terms of two measures (hg and h).

Theorem 3.3.1 Suppose that there exist a family of functions {V; : i € T} inC(RTxR", R™)
that are locally Lipschitzian in the second variable, functions a, b, g, and x of class Ko,
pi : RT — R locally integrable and o; € K locally Lipschitz for each i € Z, and positive
constants t; (i € I) such that, foralli, 1 € Z,j € J, and (t,x,u) € Rt x R" x R™,

(i) a(h(t,x)) < Vi(t,x) < b(ho(t, X));
(ii) DTVi(t,x) <pi(t)ci(Vi(t, %)) if Vi(t,x) = x (|lul);
(iii) Vi(t,x + Li(t,x,w) <g(V;(t7, %) if V;(t7,x) = x(lul), and Vi(t,x + Li(t, x,u)) <
p(ul) if V;(@™,x) < x(lul); and

t+7; q ds
(iv) M; := sup pi(s)ds < N; := inf / —_
t=0Jt 4>0 J g(g) €i(5)
Then system (3.3.1) is uniformly (ho, h)-ISS on ;7 Séup(fi)- In particular, system (3.3.1) is

uniformly (ho, h)-I1SS on Squp(t), where T = inf;c7 ;.
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Proof. Let {(t, ix,jk) : k € Z"} be a given impulsive and switching signal. Define
m(t) := Vi (t,x(t)), t€ [ttpr1), ke ZT.

Let ||ullo, denote the sup norm of the input on R*. Let 4 = max(g~! o x,p) and
C = pu(llullo)-
Claim. If m(T) <g(C) for some T > ty, then m(t) <C forall t > T.

Proof of the Claim. Suppose this is not true. Note that g(C) < C. Let
=inf{t=T: m(t) > C}.
Then t* € [ty, tx11) for some k. Define
te :=sup{t € [1, t*] : m(t) <g(O)} .

Then t*>t, >t,. We show that t* > t,. If t* = t,, then we must have t* = t, =
tx by continuity of m(t) on (t.,t*). If m(t_ )= x(llullw), condition (iii) implies that
m(ty) <g(m(t;’)) <g(C) < C,which contradicts the definition of t*. If m(t, ) < x (lulls)>
condition (iv) implies that m(tx) < p(|lulls,), which also contradicts the definition of ¢*.
Therefore, t* > t,. By continuity, we have m(t*) = C and m(t,) = g(c). Moreover, we have
g(C)<m(t)<Con [t t*] C [tk, tk+1), which implies that m(t) = x (||u|| o). Condition (ii)
implies that
DY m(t) <pi ()ym(t), t € [ty tF].

By integration, this differential inequality gives

m(t*)  Js t* e+t
Nj, < / / < / pi (9)ds < / pi (9)ds <M;,
¢(C) Ciy (5) m(ty)  Cig () s te

which contradicts condition (iv). The claim is proved.
Let t = inf {t =1ty : m(t) <g(C)}. It follows from the above claim that m(t) < C for all

t > t, which implies

(6, x(0)] <a' o p(lullee)s =1 (3.3.6)
Fort < t,we have m(t) > g(C), which implies m(t) = x (||u|| ) for all # <t. Consequently,
conditions (ii) and (iii) imply that

D m(t) <p; (t)ym(t), t€ (t>th1), t<t,



3.3 INPUT-TO-STATE STABILITY 106

and

mt)<g(m(t™)), t=+t, t<*t.

Using Lemma 3.3.1 and a comparison principle for impulsive differential equation (see, e.g.,
Theorem 2.6.1 of [97]), there exists a function ,3 € KL such that

m(t) < B(m(ty),t — ty), to<t<T,
which implies
h(t,x(t)) <a ' o B(b(hy(t,x(D),t — ty), to<t<F, (3.3.7)

Lety(r) = a~*(max(g~'(x (r)), p(r)) and B(r,s) = a~1(B(b(r),s)) for (r,s) € RT x R*.
Then y € K« and g € KL. Combining (3.3.6) and (3.3.7) gives

h(t, x(1)) < B(ho(t, x()), t — to) + ¥ (lull)> =1t

This guarantees that x(t) is defined for all # > t;. Since both § and y are independent of a
particular choice of signal {(tk, ik, jk)} in Séup(t), we have established (hg, h)-uniform ISS
of (3.3.1) on Séup(t). The proof is complete. N

Theorem 3.3.2 Suppose that there exist a family of functions {V;: i€ I} in C(RT x
R"; RT) that are locally Lipschitzian in the second variable, functions a, b, g, and x of
class Koo, pi : RT — R locally integrable and «; € K locally Lipschitz for each i € T, and
positive constants t; (i € T) such that, foralli, i € Z,j € J,and (t,x,u) € RT x R" x R™,

(1) a(h(ta .X')) < Vi(t> .X') < b(hO(t> X)),’
(i) DYVi(t,x) < — pi(t)c;(Vi(t, X)) if Vi(t,x) = x (|ul);

(iii) Vi(t,x + Lj(t,x,w)) <g(V;(t7,x)) if Vi(t7,x) = x(lul), and Vi(t,x + [j(t,x,u)) <
p(ul) if Vi(t~,x) < x(lul); and

i) ¢ /‘H‘Ti i 8@  ds
iv) N; := in i(s)ds > M; := su / .
t=0J¢ P q>lg q ci(s)

Then system (3.3.1) is uniformly (ho, h)-ISS on ;1 S;Jp(t,-). In particular, system (3.3.1) is
uniformly (ho, h)-1SS on Sgyp(T), where T = inf;c7 ;.
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Proof. Let {(t, ix.j) : k € ZT} be a given impulsive and switching signal. Let m(t)
and |lu|l,, be the same as in the proof of Theorem 3.3.1. Let © = max(g o x,p) and
C = n(llulloo)-

Claim. If m(T) <g~!(C) for some T = ty, then m(t) <C forall t > T.

Proof of the Claim. Suppose this is not true. Note that g7!(C) < C. Let
t“:=inf{t=T: m(t) > C}.

Then t* € [ty, ty+1) for some k. We show that t* = t. Suppose this is not the case. Then
m(t*) = C > g71(C) = x(|lullo). Moreover, by continuity of m(t) on (t, tx11), we have
m(t) > x(|lulls) for t € [t*,t* + h], provided that h is sufficiently small. By condition
(i), D*m(t) <0 and m(t) is decreasing on [t*,t* + h], which is a contradiction with the
definition of t*. Therefore, we must have t* = ¢, and m(t*) > C. Moreover, t* cannot be .
Otherwise, we must have t* = T = f, which is impossible.

Now consider the interval [t;_, tx). It follows from the definition of t* that m(t) < C on
[t_1, ). f m(t) > g71(C) = x (|lullo) forall t € [tx_1, t,), then condition (ii) implies that

Dt m(t) <pi_,(O)ci_, (m(t)), t € [tpe1,tp).

Integrating this on [#;_1, k) gives

m(t-1) s tk —1+Ti_,
/ > Pi_()ds= / P, (9)ds=Nj,_,,

=
m(t;)  Cig (s) fr—1 fr—1

m(te-1)  Js g0 g
/ < / ——<M;_, <N;_,.
mty)  Cia (9 Jgre) 6, (9)

We have a contradiction in view of condition (iv). If m(t) < g~!(C) for some t € [tx_1, ),
let

and

te = sup{t € [tr—1, 1) : m(t)<g '(O)}.
We show that ¢, = tx. Suppose this is not the case, then m(t,) = g~1(C) and
m(t) =g (O = x(lullso), t € [t th)-

Condition (ii) then implies that m(¢) is decreasing on [t,, tx), which violates the definition
of t,. Therefore, t* = t, = ty and m(t*~) = m(t;) <g }(C). Now if m(t* ") = x (||ull o0)>
condition (iii) implies that m(t*) <g(m(t*~)) <g(g~'(C)) < C, which contradicts that
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m(t*) > C. f m(t*7) < x(Jlull), condition (iii) implies that m(t*) < p(J|ulls) <C,
which also contradicts that m(t*) > C. In either case, we have a contradiction. Therefore,

the claim must be true. The rest of the proof is similar to that of Theorem 3.3.1. O

3.3.4 Examples

Example 3.3.1 Consider the following nonlinear impulsive switched system

x'(t) = —(1 — a; )sat(x(t)) + bjsat(u(t)), te€ (th,txr1), ke Z',  (3.3.8a)
Ax(t) = g sat(u(t), t=t, ke ZT\{0}, (3.3.8b)

where a;, b € {—0.2, —0.1, 0.1, 0.2}, ¢j, € [—%, %], and sat(x) is a saturation function
defined by sat(x) = %(|x + 1] —|x—1]) forx € R.
As an illustrative example, let by = h = |x|. To investigate the (hg, h)-ISS properties® of

(3.3.8),let 7 = {1,2, 3,4} and J = [—%,%]. Fori € Zandj € J,let [a; a; a3 a4] =

[b1 by b3 by] =[—0.2 —0.10.10.2] and ¢; = j. Choose a (common) Lyapunov function
x?%, x| <1,

Vilt,x) = V(t,x) =
! 62(|x|_1), |x| > 1,

for alli € 7. We check that the conditions of Theorem 3.3.2 are satisfied.

(i) Condition (i) of Theorem 3.3.2 is clearly satisfied, i.e., there exist « and B in K, such
that

a(ho(t,x)) = a(lx]) = V(t,x) < B(Ix)) = B(h(t,x)), (1,x) € RT x R".

(ii) Next we verify condition (iii) of Theorem 3.32. Choose x(s) = 3s?/2. Then
V(t™,x) = x(lu|) implies that 3u?/4 <V (t,x)/2. Therefore, if !x + Li(t, x, u)‘ <1
and V (t,x) = x (|u|), we have

V(t,x + Lt x,u) =[x +jsat(u)]2 < %xz + %uz <2V (t, x).
If }x + Ii(t, x, u)| > 1,itimplies that |x| > % We have

ee?XI=D — eV (t,x), |x| > 1,

V(t,x + Ij(t,x,u)) = p2lxtisatw] =2 _ 2lxl-1
2e x| =2eV(t,x), |x|e (%’ 1],

3Since hg = h = |x|, here (hg, h)-ISS are ISS in the usual sense.
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for all u € R™, where the inequality 2x? > ¢**~V, for x € (},1], has been used.
Moreover, if V(t7,x) < x(lu]) = 3u?/2, then |x| < +/3/2|ul. It follows that
V(t,x + Ii(t, x,u)) < p(|ul) with

o(s) = max {%uz,e*@_l},
if V(t7,x) < x(Ju|) = 3u?/2. Therefore, condition (iii) is verified with g(s) = 2s.

(iii)) Now we check condition (ii). With x (s) = 3s?/2,if |x| <1and V(t—,x) = x (lu|), we

have
D" Vi(t,x) = 2x[—(1 — aj)sat(x) + bjsat(u)]
< =201 = &)V (5, %) + 21| /V (5, x0y/ 3 V(£,%)
< —2(1 — |ail = 1biDV (8, %).
If |x| > 1, we have
DY Vi(t,x) = 26" Vsgn(x) [ (1 — a;)sat(x) + bisat(u)]
< —2(1 — lail = [biDV (£, %),

for all u € R. Therefore, condition (iii) of Theorem 3.3.1 is satisfied with p;(t) =
2(1 — lai| — |bi|) and ci(s) = x(s) = s.

(iv) Condition (iv) of Theorem 3.3.2 reads

Zq 1
27;(1 — |a;j| — |bi]) = N; > M; = SUp/ —ds =1n2. (3.3.9)
q>0Jgq S

Now by Theorem 3.3.1, system (3.3.8) is uniformly (ho, h)-ISS over ();.1 Siinf (i), where all
7; satisty inequality (3.3.9). O

Example 3.3.2 Consider the following networked hybrid control system

x'(t) = Apx(t) + f;,(x(t)) + Biw(t), te€ (ttrr1), ke ZT, (3.3.10a)
y(t) =x() +v(), t=t, (3.3.10b)
VR = Ak + f, G, telttin), ke ZT, (3.3.10¢)

Vi @), 1= ji

)y =9""" ,
x(t7), 1 #jis

[ € {1) 2) e ,TZ}, (3310(1)
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where x(t) € R" is the system state, w(t) € R™ is the disturbance input, y(t) € R"
is the state measurement, v(t) € R" is the measurement noise, x(t) € R" is the remote
estimate of x(¢), fi(x(¢)) and jAfi(fc(t)) are the nonlinear delayed perturbations of the state
and their estimations, respectively. Moreover, iy € Z and 7 is a finite index set; {#}
is a monotonically increasing transmission time sequence satisfying fy — 0o as k —
00; at each transmission time t = t, a try-once-discard (TOD)-like protocol [175] to
determine the index jx € {1,2,---,n}, i.e, ji is the index j corresponding to the largest
%) = 2i(tO| = [eit) — i)
can estimate x(t) by letting x(¢) evolve according to (3.3.10c); at t = f, a measurement

, where j € {1,2,---,n}. When t € (t, txy1), we

Yj. (based on a TOD-like protocol) is sent to the remote estimator and provides feedback
impulse control to the estimate Xj,. The objective is to achieve ISS/iISS properties of the
estimation error E(t), which is defined by E(t) = x(¢t) — x(¢) and can be shown to satisfy
the following impulsive and switching hybrid delayed systems

E'(t) = Aj E(t) —I—]}ik(fc(t)) — fi,(x(t)) = Bjw(t), t € (t,tkt1)s (3.3.11a)

Vi (t7), I=jk
El(t_)’ l #jk)

It is assumed that there exist positive constants L; (i € Z) such that

Et) = le{l,2,---,n}. (3.3.11b)

fix) —fi(%)‘ <Li|x—%

, Vx,xeR", iel. (3.3.12)

Let hy = h = |x|. To investigate the (hy, h)-ISS properties of (3.3.11), choose a (common)
Lyapunov function V;(t, E) = V(t,E) = x* for (¢, E) € R™ x R". Similar to [67], for each

pin ((n — 1)/n, 1), one can show that there exits a function y € K such that
VLEQ®)<pV(Ht ,E(t)), (3.3.13)

provided that V(t—,E(t7)) = x (v(t7)). Therefore, condition (iii) of Theorem 3.3.1 is
satisfied with g(s) = ps. Computing the upper right-hand derivative of V (¢, E) along the
ith mode of (3.3.11) gives

Dt Vi(t, E) <2ET [AiE + F.G®) — fix(t) — Biw(t)]
< [Ama(Al +4) + 1 + 2| Ve, B, (3.3.14)

provided that V (¢, E) = x.(|w(t)|), where ¢ > 0 is an arbitrary positive constant and x, is a

function in K, which depends on . We claim that
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Proposition 3.3.1 If

~1
In (" > < = [rmacal +4p + 1] 7 < 0, (3.3.15)
n

then the error system (3.3.11) is uniformly (ho, h)-ISS over (;.1 Séup((Si). In particular, for
§ = MiNnjez 8; > 0, system (3.3.11) is uniformly (hg, h)-ISS over Sgup(3).

Actually, if (3.3.15) holds, one can choose p € ((n—1)/n,1)and t; > Amax (AiT—i-Ai) -l—L? >
0 such that Inp < —pu;é;. In view of (3.3.14), we can choose ¢ > 0 sufficiently small such

that condition (ii) of Theorem 3.3.1 is satisfied with p;(s) = u; and ¢i(s) = s. Condition

(iv) of Theorem 3.3.1 now reads
91
Tiwi = N;j > M; =SUp/ -ds = —Inp.
q>0Jpq S
Our claim follows from the conclusion of Theorem 3.3.1.

As a numerical example, we take B; = [1 0.1 0],

fi) = fi(x) = [@ita—b) 0 0] sat(xy),
and
—o;(1=b) «a; 0
A= 1 -1 1/,

wherei € 7 = {1,2},and oy = 9, 1 = 100/7, ¢, = 10, B, = 16,a = 8/7,b = 5/7.
Therefore, the state system can be regarded as a hybrid system switching between two
delayed Chua’s circuits with slightly different parameters, both of which exhibit chaotic
behaviors under the given parameters. It is easy to verify that (3.3.12) is satisfied with
Ly =27/7 and L, = 30/7. Moreover,

Amax(AT + A)) = 14.8685, Amax(Al + A)) = 16.7839.
With n = 3,(3.3.15) reduces to
61 < 0.01363, 6§, < 0.01153.

Therefore, with §; = 0.014 and 6 = 0.012, Theorem 3.3.2 guarantees that the error system
(3.3.11) is uniformly (ho, h)-ISS over (;_; , Séup(&). In particular, for § = 0.012, system
(3.3.11) is uniformly ISS over Sgyp(8). O
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3.4 Summary

In this chapter, we have considered hybrid systems with both impulse and switching char-
acteristics. The hybrid system is formulated as an impulsive switched system.

In Section 3.2, an invariance principle is established for impulsive switched systems,
which generalizes the classical LaSalle’s principle to the general hybrid setting of impulsive
switched systems under weak dwell-time signals. Asymptotic stability results for impulsive
switched systems under weak dwell-time impulsive and switching signals are derived as
important applications of the invariance principle. Several examples have been presented
to illustrate the main results, which showed that the invariance principle established here,
specialized to the switched system framework, still considerably improves those in the
literature. The stability criteria are then applied to study a switched SEIR model with pulse
treatment as an application.

In Section 3.3, we have established sufficient conditions for the input-to-state stability and
of hybrid systems with both switching and impulse effects. The main results are established
through two class-X L estimates for impulsive systems. The results given by Theorem 3.3.1
and Theorem 3.3.2 are quite general in view of the stability analysis perform in terms of
two measures as well as the fact that the differential inequalities satisfied by the Lyapunov

functions can be highly nonlinear.



Hybrid Systems with Time-Delay

As introduced in Chapter 1, time-delay is inevitable in many applications, that is, the
future state of the system depends not only on the present state but also on the past states.
The ubiquitous nature of time-delay makes time-delay systems (or functional differential
equations) more appropriate models to describe practical processes. In this chapter, we will
present a mathematical formulation of hybrid systems with time-delay and partially extend
the qualitative results obtained in Chapters 2 and 3 for ordinary hybrid systems to hybrid

time-delay systems.

4.1 Mathematical Formulation

4.1.1 Switched Delay Systems

Givenr=0,letC := C([—r,0]; R") denote the space of continuous functions with domain
[—r,0] and range in R". The norm in this space is defined by ||¢|| = max_, <y <o |9 (0)]
for ¢ in C. Suppose x is a function from R to R". For any t € R, let x; be an element of C
defined by x;(0) = x(t +6), —r <6 <0.

A switched delay system can be written as

x=fo(x), t=0, o¢€S, (4.1.1)

where o is a switching signal from R™ to Z, {f; : i € Z} is a family of functionals from C
to R", and S denotes a certain admissible set of switching signals. As in Chapter 2, if the

switching times are explicitly considered, they are denoted by { : k € ZT}.

113
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Definition 4.1.1 For a switching signal o € S and a function ¢ € C, we say that a function
x(t) from [—r, 00) to R" is a solution of (4.1.1) with initial condition ¢ € C and switching

signal 0 € S, if x(t) is continuous and satisfies

x(t) = foy(xe), t=0, xo=¢, (4.1.2)
where x denotes the right-hand derivative of x. [

To emphasize the initial function ¢ and the switching signal o, the solution can be written as
x(¢, o). To guarantee that (4.1.1) has alocal solution forany ¢ € Cando € S, itis assumed
that the functionals {f, : p € P} are continuous and map bounded sets into bounded sets.
We may also, without ambiguity, write the solution as x(¢) or x, if the switching signal o

and the initial condition are not emphasized.

Remark 4.1.1 It is easy to see that the functional differential equation (4.1.2) is equivalent

to the integral equation

t
x(t) = ¢(0) —|—/ fos)(xs)ds,  t=0.
0

Since fy (1) (%) remains continuous on R\ {x : k € Z*}, we can see that the solution x(t)
is continuously differentiable on R*\ {# : k € Z*}, although only right-hand derivative

is involved in the original equation (4.1.1). O

In Section 4.2, we will establish an invariance principle for system (4.1.1) and apply
the invariance principle to obtain several stability and instability tests for switched delay

systems.

4.1.2 General Hybrid Systems with Time-Delay

We can build a more sophisticated hybrid system model based on system (4.1.1) by consid-
ering time-varying (non-autonomous) structures, impulses effects, and external inputs.

To formulate a delay systems with impulse effects, we need a few more notation. For
—00 < a < b < o0, we use the notation PC([a, b]; R") to denote the class of piecewise
continuous functions from [a, b] to R" satistying the following: (i) it has at most a finite
number of jump discontinuities on (g, b], i.e., points at which the function has finite-
valued but different left-hand and right-hand limits; (ii) it is continuous from the right
at all points in [a,b). We say that a function ¢ : [a,00) — R”" belongs to the class
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PC([a,00); R™), if ¥|(a,p) (¥ restricted on [a, b]) is in PC([a, b]; R") for all b > a. Given
r > 0, a norm on PC([—r,0]; R") is defined as [|¢] := SUP_, <,<¢l@p(s)| for ¢ €
PC([—r,0]; R™). For simplicity, PC is used for PC([—r,0]; R") if r is known and fixed.
Given x € PC([—r,00); R") and for each t € R, let x; be an element of PC defined by
x:(s) ;== x(t +5), —r<s<\0.

Let {(t, ik»jk) } be a given impulsive switching signal associated with two index sets Z

and J. Consider the following impulsive switched delay system:

X (t) = fi(t, X w(t),  t € (tro trr1)s (4.1.3a)
Ax(t) = L (t,x—w(t7)), t=t, (4.1.3b)
xt() = S) (4.1.3C)

where & € PC is the initial data, w(t) : Rt — R™ is an input function assumed to be in
PC(RT; R™),and x;- is defined by x,-(s) = x(t + s), for s € [—r,0), and x,-(0) = x(t7),
where x(t7) = lim,_, - x(s) (similarly, w(t~) = lim,_,,- w(s)). For each i € Z and
je T, fi: Rt xPCxR"™ - R"and [; : RT x PC x R™ — R". The input
function w is assumed to be in PC(R*; R"). Given w € PC(R*; R") and i € Z, define
gi(t, ) = fi(t, ¢, w(t)) and suppose thatg; : R x PC — R"is composite-PC (i.e., for any
function x € PC([—r,00); R"), the composite function t — g;(t,x;) is in PC(R™; R")),
quasi-bounded, and continuous in its second variable so that system (4.1.3) has at least one
solution (see [9]!). Moreover, each solution x belongs to the space PC([ty —r,00); R") and
is continuous at each t # f; for t = ty.

In Section 4.3, we will focus on the input-to-state stability analysis of system (4.1.3) by

using the method of multiple Lyapunov functionals.

4.2 Invariance Principles for Switched Delay Systems

Since the classical LaSalle’s invariance principle (see, e.g., [101], [102]) has been proved to
be a powerful tool for the stability analysis of autonomous ordinary differential equations,
extensions of the original invariance principle have been derived for delay differential
equations. In the 1960’s, [63] established invariance principle for functional differential

equations, in which Lyapunov functionals were employed to discuss the extensions of

1n [9], the existence and uniqueness results are established for impulsive delay systems without switching. The case for system (4.1.3)

with switching is essentially the same, by an argument using the method of steps over all the switching/impulse intervals.
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LaSalle’s invariance principles. In the 1980’s, [60] extended the work of [63] and established
an invariance principle using Lyapunov-Razumikhin functions. Later, results in [63] and
[59] have been extended to neutral-type delay equations in [39] and [60], respectively. On
the other hand, as introduced in Section 3.2 of Chapter 3, several invariance principles for
switched systems are derived by various authors in recent years. Particulary, in Section 3.2,
we have established an invariance principle for impulsive switched systems and showed that
the invariance principle obtained can be useful in providing stability criteria for general
impulsive switched systems as well as in investigating practical systems.

Stability analysis of switched delay systems has attracted many researchers from various
fields, and stability criteria or stabilizing controllers have been obtained using techniques
combining the classical Lyapunov functional method for functional differential equations
and the new average dwell-time (or dwell-time) scheme for switched ordinary systems (see,
e.g., [1], [91], [92], [109], [179], [186], [194], [200]). In contrast, the idea of invariance-
like principles for switched delay systems has not yet been addressed and explored in the
literature.

In this section, we will extend LaSalle’s invariance principles to the switched delay system
described by (4.1.1). By introducing the notions of weak t-invariance, t-persistent mode,
and t-persistent limit function, where t > 0 is a weak dwell-time for the class of switching
signals considered in this section, both results of [60] and [63] are generalized to switched
delay systems with weak dwell-time switchings. Invariance principles under weak dwell-
time conditions for switched delay systems are established using both multiple Lyapunov
tunctionals and multiple Lyapunov-Razumikhin functions. Several stability and instability
criteria under weak dwell-time conditions for switched delay systems are then derived, as
important applications of the invariance principles obtained.

The rest of this section is organized as follows. Section 4.2.1 presents the preliminary
definitions and lemmas that are essential to prove weak invariance principles for switched
delay systems under weak dwell-time conditions. Section 4.2.2 is devoted to prove a weak
invariance principle using multiple Lyapunov functionals. Section 4.2.3 applies the weak
invariance principle to derive asymptotic stability criteria for switched delay systems, and
Section 4.2.4 shows an instability test for switched delay systems based on the invariance
principle obtained. Section 4.2.5 shows results parallel to those of Sections 4.2.2-4.2.4, now
using multiple Lyapunov-Razumikhin functions. Section 4.2.6 presents applications of the

main results by several examples.
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4.2.1 Preliminary Results

In this section, we formulate some preliminaries which are necessary to establish weak
invariance principles along the lines of [63] and [101], as well as [4] and [136]. Especially,
the notions of t-persistent mode, 7-persistent limit, and weak t-invariance are introduced

for switched delay systems and some preliminary results are established.

Definition 4.2.1 Assume that f;(0) = 0 for all i € 7 such that x = 0 is a trivial solution of
system (4.1.1) for any o € S. The trivial solution of (4.1.1) is said to be

(S1) stable (with respect to S) if, for each ¢ > 0, there exists a § = §(¢) > 0 such that
@]l < 6 implies that, forallo € S,x(¢, 0)(t) exists and |x(¢p, o) (t)| < & forall t > 0;

(S2) asymptotically stable (with respect to S) if (S)) is satisfied and there existsa p > 0
such that ||¢| < p implies x(¢,0)(t) — Oast — oc;

(53) globally asymptotically stable (with respect to S) if (S5) is satisfied with an arbitrary
p > 0;

(S4) unstable (with respect to S) if () fails. il

Definition 4.2.2 A function y is said to be a solution of the ith subsystem of (4.1.1) (or

(4.1.1.1)), for some i € Z,on an interval [«, B],if x is defined on [« — r, B] and satisfies
(i) x is continuous on [a — 1, B];

(ii) x is differentiable on [«, 8] (for the end points @ and B, only one-side derivatives are

required to exist); and

(iii) x satisfies x (t) = fi(x;) forallt € [, B]. W

Definition 4.2.3 Let V be a continuous functional from C to R, ¢ a function in C,and x a
solution piece of (4.1.1.i) on [«, ], witha <0< B and B —« > 0,and o = ¢. If B > 0,
define the upper right-hand derivative of V with respect to the ith mode of (4.1.1) to be

. 1

D"Vi(¢) = lim Sup [V(xn(9) — V()] (4.2.1)

h—0
If « < 0, define the upper left-hand derivative of V with respect to the ith mode of (4.1.1)
to be

) 1
D Vi(¢) = Ilmsupz [V(xu(9) — V(@)]. (4.2.2)
h—0~ 0
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The following proposition gives an alternative way to evaluate D V; and D~ V; without
explicit reference to solutions, provided that the functional V is locally Lipschitz, i.e., V is

Lipschitz continuous on each compact set of C.

Proposition 4.2.1 If V is a locally Lipschitz continuous functional from C to R, then

: 1 ;
D*Vi(@) = limsup—- [ V(@) — V(@) (42.3)
h—0t
_ . 1 ;
D7Vi(@) = limsup V(@) = V@) (4.24)

where ‘th] is defined as follows:

(1) forr > h >0,

) ¢ (s + h), s €[—r,—h],
¢Eh] (s) = (4.2.5)

¢(0) + s+ hfi(@), s (=h0]

(2) for—r < h <0,

) ¢ (s + h), s €[—r—h,0],
Bl () = (4.2.6)

¢(—r)+ (s+r+ hfi(d), se[—r,—r—h).

Proof. See [8, p. 53] for the proof for (4.2.3). The proof for (4.2.4) is similar. O

Definition 4.2.4 A family of functionals {V; : i € Z} are called multiple Lyapunov func-
tionals (MLFs) for system (4.1.1) on a set G C C, if V; is continuous on G, the closure of G,
and DT V;(¢p)<Oforall¢ € Gandi € 7. O

The following assumption imposes a condition on the evolution of the functionals along
a solution at switching instants, which serves the same purpose as Assumption 3.2.1 in
proving invariance principle for impulsive switched systems in Section 3.2 of Chapter 3. A

weaker version is stated here, which only stipulates conditions on a single functional V;.

Assumption 4.2.1 For some i € 7 and every pair of switching instants ¢; < # such that

o (t) = o (t) = i, we have

Vi(x (9, 0)) < Vilxy,, (9, 0)). O
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Remark 4.2.1 In other words, if Assumption 4.2.1 is satisfied for some i € Z, then the value
of V; at the beginning of each interval on which o = i does not exceed the value of V; at
the end of previous such intervals (if one exists). This condition, together with the fact that
{Vi: i € I} is a family of MLFs for system (4.1.1), ensures that V;(x;(¢)) is nonincreasing
on the union of all the intervals where the ith subsystem is activated. O

Remark 4.2.2 It should be remarked that Assumption 4.2.1 imposes conditions on the
switching signal o (hence &), the initial condition ¢, and the solution x as a whole. As
mentioned in [69], in hybrid control systems, the switching signal is often generated by a
supervisory logic that guarantees, by construction, that assumptions such as Assumption
4.2.1 hold. O

Remark 4.2.3 Assumption 4.2.1 is trivially satisfied in the case of a common Lyapunov
functional (CLF), i.e., the family {V; : i € 7} are identical foralli € 7. 0

Following the treatment in Section 3.2 for impulsive switched systems, we propose only a
rather mild condition, i.e., the weak dwell-time condition as formulated in Definition 3.1.3,
on the switching signals. Let Sye.k(7) denote the set of all switching signals with weak
dwell-time 7, and let Svl;,eak(r) denote the set of switching signals with weak dwell-time 7
and i € 7 as a persistent mode. Clearly, Syeak(7) = U1 S‘fveak(r). Foro € Sviveak(r),we
call i a T-persistent mode of o to emphasize the weak dwell-time 7, which is of particular
interest for delay systems as will be demonstrated later in this Section.

For ¢ € C and 0 € Syeak(7), let x(¢p,0) be a solution of system (4.1.1) with initial
condition ¢ and switching signal . The following definitions and lemmas are related to

this specific solution x(¢, o).

Definition 4.2.5 Givensomei € Z,an element y of C is called a T-persistent limit function
of x(¢, o) in the ith mode, if i is a 7-persistent mode of o, with D; as the corresponding
T-persistent domain, and there exists a sequence of s, € D;, with s, — 0o asn — 00, such
that x;, (¢, 0) — ¥ asn — oo. The set of all such functions in C is called the t-persistent
limit set of x(¢, o) in the ith mode and is denoted by w;(x(¢, 0)). O

Definition 4.2.6 For some T > 0, a set M C C is called a weakly t-invariant set with
respect to the ith mode of (4.1.1), if, for any ¥ in M, there exists a solution piece x of
(4.1.1.1) on [, B], with a <0< and B — o >, such that xo = ¥ and x; € M for all
t € la, Bl O
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Definition 4.2.7 The solution x(¢, o) is said to weakly approach a set M C C in the ith

mode as t — 00, if the i is a T-persistent mode of o and

lim dist(x;(¢p,0), M) = 0,
t— 00
teD;

where dist(y, M) for ¢ € C is defined by dist(y, M) = inf ,ep IV — x| 0
Clearly, the above definitions extend Definitions 3.2.4-3.2.6 from R" to C.

Lemma 4.2.1 Ifi € Zisat-persistent mode of o, D; is the corresponding t-persistent domain,
and the solution x(¢, o) is bounded in the ith, i.e., there exists a positive real number b such
that ||x;(¢,0)|| <b for all t € D;, then the family of functions {x;(¢,0) : t € Dj, t=>r}

belongs to a compact subset of C.

Proof. Define
B:={yeC: ||yl <b |¥|<b),

where b is the bound specified in the Lemma condition and b’ is a positive real number such
that f; maps the bounded set {1/ € C : ||[¢|| <b} into the bounded set {x € R" : |x| <b'}
foralli € Z. Itis clear that the family {x;(¢,0) : t € D;, t >r} is contained in B. Moreover,

by Arzela-Ascoli’s compactness criterion, 53 is a compact subset of C. [

Lemma4.2.2 If i € 7T is a t-persistent mode of o and the solution x(¢, o) is bounded in the
ith mode, then w;(x(¢, o)) is a nonempty, compact, and weakly T -invariant set with respect to
the ith mode of (4.1.1). Moreover, x(¢, o) weakly approaches w;(x(¢, 0 )) in the ith mode as

t — oQ.

Proof. From Lemma 4.2.1, the family of functions {x;(¢,0) : t € D;, t >r} belongs to a
compact subset B of C and B could be defined as in the proof of Lemma 4.2.1. Since i is
a persistent mode, there must be a sequence {s,} in D; such that x;, (¢, o) has a limit in .
This shows that w;(x(¢, o)) is not empty. Clearly, ;(x(¢, o)) is a subset of the compact set
B. Thus to show that w;(x(¢, o)) is compact, it suffices to show that w;(x(¢, 0)) is closed.
To show that w;(x(¢, 0)) is closed, suppose ¥, € w;(x(¢,0)) approaches ¥ as n — oo.
Since ¥, € w;(x(¢, o)) for each n, by Definition 4.2.5, one can choose s,, € D; large enough
such that || x,,(¢,0) — ¥u| < 1/n, for each n. Now given any & > 0, choose n sufficiently
large such that ||y, — ¥|| < ¢/2 and thn(gb,a) — wnH < ¢/2. Then thn((b,o) — WH <e¢
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for n large enough, which shows ¢ € w;(x(¢,0)) and therefore w;(x(¢,0)) is closed. It
follows that w;(x(¢, o)) is compact.

The last assertion of the lemma can be shown by contradiction. Suppose that there
exists an increasing sequence of s, € D;, withs, — ocoasn — oo,and a§ > 0 such
that |xs,(¢,0) — | =6 for all ¥ € wi(x(¢,0)). Now since x;,(¢,0) belongs to B,
which is compact, there must exist a subsequence of x;, (¢, o) which converges to some
V¥ € wi(x(¢,0)). This contradicts with the inequality above and hence the last assertion of
the lemma holds.

Finally, we show that w;(x(¢, o)) is weakly tr-invariant with respect to the ith mode of
(4.1.1),i.e.,for any ¥ in w;(x(¢, 0)), there exists a solution piece x of (4.1.1.i) on [« — 1, ],
witha <0< pBand B — a = 7,such that xg = ¥ and x; € w;(x(¢,0)),Vt € [, B].

Since ¥ € wi(x(¢,0)), there exists an increasing sequence of s, € D; such thats, — oo
and x,, (¢,0) — Y as n — o0o. Moreover, we can pick s, so that there exists a sequence
of intervals [72,—1, T2,] which verifies that, for all n, s, € [12,—1, T2n] C D;. By this choice,

x(¢, o) satisfies the ith subsystem on [12,,—1, T2 ], 1.€.,

x(¢,0)(1) = fi(xi(¢,0)), Vit € [Tan—1, T2nl.

Moreover, x(¢, o) (t) is continuously differentiable on [ 72,1, 72,] and continuous on [7;,,— 1 —

1, Ton], according to Remark 4.1.1. Putting
op =Top—1—5p and By = 125 — s (4.2.7)
then B, — o, =t and o, <0 < B,,. Define a sequence of functions x” as

X"(0) == x($,0)(t +sp), tElan—1,Pul.

It follows that x,, satisfies

X" =fix")s X = Xews, (@), VEE [atn, Bul. (4.2.8)

It is clear that x " is continuously differentiable on [«,, B,] and continuous on [« — 1, B,].
To show convergence of (some subsequence of) x ", we need to consider x" as a sequence
of functions defined on a common interval [« — r, B]. Moreover, to show weak t-invariance,

we require f — o =1 and o <0 < . Consider two cases.

Case (i) If either limsup,,_, ., B» = oo or liminf,_, o o, = —00, we can choose [, ] =

[0, T] or [er, B] = [—T, 0], respectively, and an appropriate subsequence of x ", which we can
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keep the same designation, such that (4.2.8) is satisfied on [, 8], while x" is defined and
continuous on [« — r, $],and continuously differentiable on [«, B]. Itisclear that f —a >t

anda <0<p.

Case (ii) If both o, and B,, are bounded sequences. Choose subsequences of «, and S, with
the same designation, such thato,, - o and 8, — B,asn — oo. Itisclearthat f —a>7
and o <0< . However, [« — r, 8] might not be a common subinterval of [, — 1, B,,]. We

need to extend x" to [«, B],if [ — 1, B] & [otyy — 1, By] fOr some n. If & < «,, define
x"(®) = x"(,—71), tela—r,0,—r1).

If B > B, define
x"@®) = x"(Bn), t € (BBl

Note that (4.2.8) is only guaranteed for ¢t € [«y,, 8], even if x" is now defined on [« — 7, B]

for all n. However, we do have o, — « and 8,, — fB,asn — oo.

In both cases, what we have obtained is a sequence of functions x” defined on a common
interval [@ — r, Bl,withf —a>71and e <0< .

We proceed to show that x", as a sequence of functions defined on [o — r, 8], has a
subsequence that uniformly converges to a function x on [a — r, B]. Since x;(¢,0) is
bounded by some b > 0 for all >0, it follows that x" is uniformly bounded by b on
[ — 1, B]. Moreover, still let b’ be the positive real number such that f; maps the bounded
set {¢y € C: ||[Y|| <b}into the bounded set {x € R" : |x| <b'} foreachi € Z. Define

B =y € Cla—r,BLR": ¥ <b, |yII<b,

where C([ — r, B]; R") denotes the space of continuous functions with domain [o — 7, 8]
and range in R". By Arzela-Ascoli’s compactness criterion, B’ is a compact set. It is clear
that, for both cases, the sequence of x” belongs to B’ and therefore x” has a subsequence,
still designated by x ", converges to some function, say x,on [e — r, §] in the uniform norm.
Hence x is continuous on [« — r, ]. Moreover, for each t € («, ), we have x (t) = fi(x:)
(note that, in the second case, t € («, B) implies that t € («y, 8,) for n sufficiently large).
Since x(t) = fi(x¢) is uniformly continuous on («, 8), we have that lim,_,,+ x (¢) and
lim,_, g- x (t) exist and equal x (™) and x(B7) (the right-hand derivative at t = o and
left-hand derivative at t = B), respectively. Hence, by continuity, x (t) = f;i(x;) for all

t € [a, B, and x is a solution piece of (4.1.1.7) on [«, B]. Moreover, xo = liM,_ 00 X} =
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lim,,— o0 x5, (¢, 0) = V. Finally, we have x; = lim,_. o x/' = lim,_ o x¢45,(¢), for any
fixed f in («, B). For a fixed t € (a,B), puts, = t + s,. According to (4.2.7) and the
fact that o, — @ and B, — B,asn — 00, s, € [T2,—1, T2n] for n sufficiently large. Since
o =ion|[t,_1, oxl and 75, — 72,1 = T, it follows that x; € w;(x(¢,0)) forall t € («, B).
Since w;(x(¢, o)) is closed and y; is continuous on [e, B], x« and xg belong to w;(x(¢, 0)).
Therefore, w;(x(¢, o)) is shown to be weakly t-invariant with respect to the ith mode of

(4.1.1) and the proof is complete. O

4.2.2 A Weak Invariance Principle

In this section, we apply MLFs to establish a weak invariance principle for switched delay
systems.

Let {V; : i € T} be a family of MLFs for (4.1.1) on G C C. For some 7 > 0, define E; to
be the set of all ¢ € G such that there exists a solution piece x of (4.1.1.i) on some interval
[or, Bl, with B — o > 0 and o <0< B, satisfying xo = ¢ and V;(x;) = ¢, some constant, on
[cr, B]. Let M;(7) be the largest set in E; that is weakly t-invariant with respect to the ith
mode of (4.1.1).

Theorem 4.2.1 Let {V; : i € I} be a family of MLFs for (4.1.1) on G, x(¢, 0) be a solution
of (4.1.1) such that x;(¢, o) remains in G for t =0, i € T be a t-persistent mode of o, and
x(¢, o) is bounded in the ith mode. Suppose, in addition, Assumption 4.2.1 is satisfied for this
i. Then x(¢, o) weakly approaches M;(t) N Vi_1 (¢), for some c, in the ith mode ast — oo.

Proof. By Lemma 4.2.2, x;(¢, o) has a nonempty w-limit set w;(x(¢,c)). We proceed to
show that w;(x(¢,0)) C E;. Let D; be the t-persistent domain of the ith mode of o. The
conditions on V; imply that V;(x;(¢,0)) is nonincreasing on D;. Moreover, V;(x:(¢,0))
is bounded from below on D;, since {x:(¢,0) : t € D;} belongs to a compact set of C

according to Lemma 4.2.1. Therefore,as t — oo in D;, V;(x:(¢, o)) yields a limit as
lim Vi(x;(¢,0)) = c.
f— o0
teD;

Forany ¥ € w;(x(¢, o)), there exists a sequence s, € D; such thats, — ocoand x;(¢,0) —

Y as n — oo. It follows by continuity of V; that

Vi) = lim Vit (6,0)) = lim Vix($,0) =
teD;
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Hence, V() = c for all ¥ € w;(x(¢,0)) and w;(x(¢,0)) C Vi_l(c). By Lemma 4.2.2,
wi(x(¢,0)) is weakly t-invariant with respect to the ith mode of (4.1.1), i.e., for each
¥ € wi(x(p,0)), there exists a solution piece x of (4.1.1.7) on some interval [«, 8] with
a<0<pBand B —a=rtsuchthat xo = ¥ and x; € w;i(x(¢,0)) forallt € [«, B]. Therefore,
Vi(xt) = cforallt € [a, B]. It follows that w;(x(¢,0)) C E;. By the definition of M;(7)
and because w;(x(¢, o)) is weakly t-invariant with respect to the ith mode of (4.1.1), we
have w;(x(¢,0)) C M;j(r) C E;. Fromlemma 4.2.2, x(¢, o) weakly approaches w;(x(¢, o))
in the ith mode and therefore it weakly approaches M;(t) N Vi_1 (¢) in the ith mode. This
completes the proof. O

The definition we choose for E; gives a more precise characterization of the set M;. The

following proposition sometimes gives a more convenient way for locating E; (hence M;).

Proposition 4.2.2 For ¢ € E;, we have either DT V;(¢) = 0 or D" V;(¢) = 0, i.e., E; isa
subset of
E;:={¢ € G: D'Vi(¢) =0 or D" Vi(¢) =0}.

4.2.3 Stability Criteria

Before we apply the invariance principle obtained in Theorem 4.2.1 to derive some stability
results, we need to introduce a local stability result for switched delay systems by MLFs. In
this section and later on, we use the notation B, to denote the set {¢ € C : ||¢| < r} for any
r > 0and Cy theset {¢p € C : ¢(0) = 0}.

Proposition 4.2.3 Suppose that
(i) {Vi: i € I} isa family of MLFs for (4.1.1) on B, for some p > 0 satisfying
u(l¢p ) < Vi) <vlel), V¢ € By, iel,
where u and v are of class K; and
(ii) Assumption 4.2.1 is satisfied for all i € T.
Then the trivial solution x = 0 of system (4.1.1) is stable.

Proof. Given any ¢ € (0, p), we let §p = ¢ and define 8, 85, - - -, Sy recursively such that
Sjr1 < & and v(j11) < u(j) forj = 0,1,2,---,N — 1, where N is the cardinality of Z.
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Stability follows from the following claim.
Claim. ||¢| < dx implies |x(¢,0)(t)| < ¢ forall t > 0.

Proof of the Claim. Assume t; is the first switching instant and the ith subsystem is

activated on [fy, t;]. Then conditions on V; imply that
u(|x(¢, o) (D)) < Vi(xt(¢,0)) < Vi(d)
<v(ll¢l) <v(én) < u(dn-1) <u(e), Vte[0,n].

This gives |x(¢,0)(t)| < dn—1<¢&,t € [0,11]. Since ||¢p|| < én < dn—1 <S¢, it follows that

lx:(¢,0) || < 8n—1 <e. The claim is proved on the first dwell interval [0, ¢, ]. Particularly, we

have ||x,,(¢,0)|| < 8n—1. Now assume 1, is the second switching instant and jth subsystem
is activated on [t},f;]. Assume without loss of generality that N>2 and j # i. Then

conditions on V; imply that

u(|x(¢,0) () < Vj(x:(h,0)) < Vj(x1, (¢, 0))

<v(lol) <v(én-1) < u(dn-2) <u(e), Vte [t,t]

This gives |x(¢,0)(t)| < Sn—2<e¢,t € [t1,12]. Since ||@]| < dn—1 < Sn—2 <&, it follows
that ||x;(¢,0)| < dn—2 <e. The claim is proved on the first dwell interval [}, t,]. Partic-
ularly, we have ||x;,(¢,0)| < Sny—2. The remaining of this proof is to repeat the above
procedure over all switching instants. At each switching time, we may encounter either the
case where a subsystem among the family is activated for the first time or the case where a
subsystem activated once before is active again. In the former case, we can use the previous
argument and show [x(¢, o) (t)| < Sy—m < € on the current dwell interval, where m <N is
such that |x(¢, 0)(t)| < SN—m+1 <& holds on the previous dwell interval. In the latter case,
Assumption 4.2.1 ensures that [x(¢,0)(t)| < ény—n <¢€ is conserved for the current dwell
interval, where 7 is the number of subsystems that have been activated up to (and includ-
ing) the current instant (not counting multiplicity). Since there exist only N subsystems
in the family, the latter case can occur at most N times. Therefore |x(¢,0)(t)| < dp<e¢ is

guaranteed for all £ > 0. This proves the claim and completes the proof. [

Remark 4.2.4 It is clear from the proof of Proposition 4.2.3 that, as far as only local stability
is concerned, we can actually replace Assumption 4.2.1 by the following weaker one: for

some i € 7 and every pair of switching instants t; < #; such that o (tj)) = o (t) = i and t; is
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the first time the ith mode is activated, we have

Vi(xy (9, 0)) < Vi(xy;(9, 0)). (4.2.9)

Inequality (4.2.9) is weaker than the one in Assumption 4.2.1, since it only requires that the
value of V; at the beginning of each interval on which o = i doest not exceed the value of
Vi at the very first time the ith mode is activated. This observation is in accordance with the
case of general switched nonlinear systems not involving time-delays (see Theorem 2.4.1
and Remark 2.4.1 in Chapter 2). [

Theorem 4.2.2 Suppose that the conditions of Proposition 4.2.3 hold. Then the trivial solution
x = 0 of system (4.1.1) is asymptotically stable with respect to Sﬁv ok (), provided that T =>r
and Mi(t) C Co. If t=r and | J;.; Mi(t) C Co, then the trivial solution x = 0 of system
(4.1.1) is asymptotically stable with respect to Syeqr(T).

Proof. Lyapunov stability of x = 0 follows from Proposition 4.2.3. Given some &y > 0, let
8(e0) be the local stability constant found in the proof for Proposition 4.2.3 (5 (&) there).
Then any solution enters B, will remain in Bj ) for all future time. We claim that By
is a domain of attraction for (4.1.1), i.e., any solution starting from Bj ) converges to 0.
Actually, since || x;(¢, 0)|| < €9,x(¢, o) is abounded solution. According to Theorem 4.2.1,

x(¢, o) weakly approaches M;(t) C Cp in the ith mode, which shows

tl_l)rgo dist(x;(¢,0), Mi(t)) = 0. (4.2.10)
teD;
To show that x;(¢,0) — 0 ast — oo, choose an arbitrary ¢ € (0,g) and let 5(¢) be
the local stability constant found in the proof for Proposition 4.2.3 (§y there). Then any
solution enters Bj () will remain in 3, for all future time. Now (4.2.10) implies that there

exists some T = 0 such that

5
dist(x; (¢, 0), Mi(t)) < %, Vt=T, t € D;.

Particularly, there exists an interval [T, T3] C D; with T, =T and T3 — T, =1 >r such

that
) d(e)
dlSt(Xt(¢, U), Ml(f)) < T) vVt € [T2> T3]>

which implies that, for each ¢ € [T5, T3], there exists some v/; € M;(t) such that

llxe — el < d(e). (4.2.11)
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Since M;(t) C Cy, it follows from (4.2.11) that
Ix(®)] < é(e), Vit el[T, Tsl.

Since T3 — T, = r, this shows HxT3 (¢,0) H < 8(¢e) and hence |x(¢,0)(t)| < ¢ forall t = T,
i.e., we have shown x(¢,0)(t) — 0ast — oo. Hence the trivial solution is asymptotically

stable with respect to Sviv cak (T)- The last assertion of the theorem follows from the fact that
Sweak(T) = UieI S\iveak(r)' 0

Theorem 4.2.3 Suppose that
(i) {Vi: i € T} isafamily of MLFs for (4.1.1) on C satisfying
u(lpO)) < Vi) <v(lgl), V¢ el iel,
where u and v are of class KL; and
(ii) Assumption 4.2.1 is satisfied for all i € Z.

Then the trivial solution x = 0 of system (4.1.1) is globally asymptotically stable with respect to
vaeak(r),provided thatt =rand M;(t) C Co.Ift =rand|J;.; Mi(t) C Co, then the trivial
solution x = 0 of system (4.1.1) is globally asymptotically stable with respect to S,yeqr (7).

Proof. Lyapunov stability remains the same. To show global attraction, we only have to
show that the constant §(g¢) in the proof for Theorem 4.2.2 can be chosen to be arbitrarily
large, provided that ¢y is given sufficiently large. Now given any g9 > 0, we let 5y = &9 and
define 81,85, - - -, 8y recursively such that v(8j+1) = u(dj/2) forj=0,1,2,--- ,N—1,where
N is the cardinality of Z. Since u(8;/2) < u(9j), it is clear that this choice of 1, 83, - - -, dn
is in accordance with that in the proof of Proposition 4.2.3. Moreover, as &y — 00, $0 is §1,
82, - - -,and éy. Therefore §(g9) = Sn(gp) can be arbitrarily large if gy is given sufficiently

large. This completes the proof. [

Remark 4.2.5 It is clear from the proof of Theorem 4.2.2 that, if we have M;(r) = {0}
or (J;cz Mi(t) = {0}, then the conclusions of Theorems 4.2.2 and 4.2.3 hold without the
restriction T = r. However, as shown by examples later in Section 4.2.6, if we want to show
M;(t) = {0} or ;.7 Mi(7) = {0},it is often (if not always) required that t >r. O

The following corollary follows immediately from Theorem 4.2.3.
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Corollary 4.2.1 Suppose that the conditions of Theorem 4.2.3 are satisfied. If for some i € T,
D Vi(¢) < 0and D~ Vi(¢) < 0 forall ¢ € C such that |¢(0)| # 0, then the trivial solution
x = 0 of system (4.1.1) is globally asymptotically stable with respect to va oak

IfDYVi(¢) < 0and D™ Vi(¢) < O forall ¢ € C such that |¢(0)| # 0 and all i € Z, then
the trivial solution x = 0 of system (4.1.1) is globally asymptotically stable with respect to

(t) forany t =>r.

Sweak(T) forany T =r.

4.2.4 Instability

The following theorem gives a test for instability of switched delay systems based on the

invariance principle given by Theorem 4.2.1.

Theorem 4.2.4 Let G be a subset of C such that 0 € G. Assume that there exist a family of
MLFs{V;: i € I} for (4.1.1) on G such that, for somei € Z,

(i) M;(t) N G is either empty or zero,
(ii) Vi(¢p) < € on G when ¢ # 0,

(iii) Vi(0) = ¢ and Vi(¢) = &€ when ¢ = 0G, where G is the boundary of G.

Suppose, in addition, that Assumption 4.2.1 is satisfied for this i. Then given ¢ € G N B,
forany p > 0, and ¢ # 0, the solution x;(¢, o) intersects dB,, in finite time, provided that
o€ S»iveak(f) and 0 € D;.

Proof. For any p > 0,let ¢ € GN B, and ¢ # 0. Conditions on V; imply that V; is

nonincreasing on D;. Moreover, 0 € D; and hence
Vi(xe(¢,0)) < Vi(p) <&, (4.2.12)

aslongas t € D; and x;(¢, o) remains in G N B,,. If x;(¢, o) remains in the bounded set
G N B, for all t € D;, then, by Theorem 4.2.1, x(¢, o) weakly approaches M;(r) = {0} in
the ith mode. However, V;(0) = ¢. This contradicts (4.2.12). Therefore, there exists some
s > 0 (not necessarily s € D;) such that x;(¢,0) € (G N B,). Since Vi(¢) = € on IG, we
must have x;(¢, o) € 9B, and the theorem is proved. O
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4.2.5 Extensions by Multiple Lyapunov-Razumikhin Functions

As pointed out in the introduction, [60] extended the work of [63] by using Lyapunov-
Razumikhin function. One of the major advantages of the results in [60] is that a Lyapunov-
Razumikhin function can be easier to find than a Lyapunov functional from a practical point
of view. In this section, we incorporate the idea of [60] and establish an invariance principle
for switched delay systems using multiple Lyapunov-Razumikhin functions. The results in
this section are based on the results established in the previous sections using MLFs and,
therefore, can be seen as a unification of the results of [60] and [63], now in the hybrid
switching setting.

Some notations for using Lyapunov-Razumikhin functions are introduced in the follow-

ing, which are parallel to those for MLFs.

Definition 4.2.8 Let V be a continuous function from R" to R, ¢ a function in C,and x a
solution piece of (4.1.1.i) on [e, ], witha <0<fBand B —« > 0,and o = ¢. If § > 0,
define the upper right-hand derivative of V with respect to the ith mode of (4.1.1) to be

. 1
D*Vi(¢(0) = ||£n Sup - [V(xn()(0)) — V(¢(0))]. (4.2.13)
—0t

If @ < 0, define the upper left-hand derivative of V with respect to the ith mode of (4.1.1)
to be

. 1
D™ Vi(¢(0)) = |l£n Sup - [V(xn(#)(0)) — V(¢(0))] . (4.2.14)
—0~ 0

Remark 4.2.6 If V(x) is continuously differentiable, then (4.2.13) and (4.2.14) reduce to
D*Vi(¢(0)) = D™ Vi(¢(0)) = VV(¢(0)) - fi(¢),
where V is the gradient. [

Definition 4.2.9 A family of continuous functions {V; : i € 7} from R" to R are called
multiple Lyapunov-Razumikhin functions (MLRFs) for system (4.1.1) ona set G C C
if, for each i € Z, V; is continuous on R" and, for all ¢ € G such that V;(¢(0)) =
max_, < s <o Vi(¢(s)), we have DT V;(¢(0)) <O0. O

The following proposition bridges the notions of MLFs and MLRFs.
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Proposition 4.2.4 Let {V; : i € I} be a family of MLRFs for (4.1.1) on G. Then the family of
functionals {V; : i € T}, defined by

Vi) := max Vi(¢(s)), (4.2.15)

—r<s<0
are a family of MLFs for (4.1.1) on G.
Proof. It can be shown that
DVi(¢) <0,
foreach ¢ € Gandi € 7 (see, e.g., [62, p. 152]). Therefore, {(Vi:ieTI)forma family of
MLFs for (4.1.1) on G. [

Let {V; : i € Z} be a family of MLRFs for (4.1.1) on G C C. The notation V; refers
exclusively to the one defined in (4.2.15). For some T > 0,define E; to be the setof all¢ € G
such that there exists a solution piece x of (4.1.1.i) on some interval [«, 8], with p —a > 0
and o <0< g, satistying xo = ¢ and Vi(x:) = ¢, some constant, on [«, 8]. Let M;(t) be
the largest set in E; that is weakly t-invariant with respect to the ith mode of (4.1.1).

The following results follow immediately from those in the previous section.

Theorem 4.2.5 (Weak Invariance) Let {V; : i € 7} be a family of MLRF:s for (4.1.1) on G,
x(¢, o) beasolution of (4.1.1) such that x; (¢, o) remains in G fort =0, i € Z be a T-persistent
mode of o, and x(¢p, o) is bounded in the ith mode. Suppose, in addition, that Assumption
4.2.1 is satisfied for V; with this i. Then x(¢,0) weakly approaches M; in the ith mode as

t — oo.
Proposition 4.2.5 (Local Stability) Suppose that
(i) {Vi: i € I} isa family of MLRFs for (4.1.1) on B, for some p > 0 satisfying
u(lx)) < Vi) <v(lx), Vx| <p,iel,
where u and v of class IC; and
(ii) Assumption 4.2.1 is satisfied for V; with alli € T.

Then the trivial solution x = 0 of system (4.1.1) is stable.
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Proof. It is easy to see that

u(lpD<Vi@)<v(lgl), V¢ By iel.

The conclusion follows from Proposition 4.2.3. [

Theorem 4.2.6 (Asymptotic Stability) Suppose that the conditions of Proposition 4.2.5 hold.
Then the trivial solution x = 0 of system (4.1.1) is asymptotically stable with respect to
vaeak(r),provided thatt =r and M;(t) C Co. If t =r and ;.7 Mi(t) C Co, then the trivial
solution x = 0 of system (4.1.1) is asymptotically stable with respect to Syyeqk(T).

Theorem 4.2.7 (Global Asymptotic Stability) Suppose that
(i) {Vi: i € I} isa family of MLRFs for (4.1.1) on C satisfying
u(lxD<Vix)<v(x|), VYxeR", i€l
where u and v are of class K.L; and
(ii) Assumption 4.2.1 is satisfied for V; with alli € T.

Then the trivial solution x = 0 of system (4.1.1) is globally asymptotically stable with respect
to St oak(T)> provided that T =>r and M;(t) C Co. If U;jeg Mi(t) C Co, the trivial solution

w

x = 0 of system (4.1.1) is globally asymptotically stable with respect to Syyeqr(T).

Corollary 4.2.2 (Global Asymptotic Stability) Suppose that the conditions of Theorem 4.2.7
are satisfied. If for some i € Z, D~ Vi(¢(0)) < 0 for all ¢ € C such that |¢(0)| # 0 and
Vi@ (0)) = max_, <s<o Vi(¢(s)), then the trivial solution x = 0 of system (4.1.1) is glob-
ally asymptotically stable with respect to vaeak(r) forany T > r. If D" Vi(¢(0)) < 0 for
alli € T and all ¢ € C such that |¢(0)] # 0 and Vi(¢(0)) = max_, <s<o Vi(¢(s)), then
the trivial solution x = 0 of system (4.1.1) is globally asymptotically stable with respect to

Sweak(T) forany v > r.

Remark 4.2.7 It is pointed out that, compared to Corollary 4.2.1, Corollary 4.2.2 requires a
slightly stronger weak dwell-time condition T > r and a Razumikhin-type condition only on

the upper left-hand derivative of V;. O
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Proof. To show that M;(t) = {0}, we pick any ¥ € M; and assume that / # 0. There
exists a solution piece x of (4.1.1.7) on [&, 8] with B — @ =71 > r such that xo = ¥ and
Xt € Mi(t) for all t € [o, B]. By the definition of M;(7), Vi(x:) is constant on [c, B].
Then there must exist some 6 € («, §] such that V;(x9(0)) = max_, <s<o Vi(xe(s)). By
the conditions on V;, this would imply D~ V;(x4(0)) < 0. However, as V;(x(0)) attains a
local maximum at ¢t = 6, we have D~ V;(x4(0)) =0, which is a contradiction. Therefore,

M; = {0} and the conclusions of the corollary follow from Theorem 4.2.7. O

Theorem 4.2.8 (Instability) Let G be a subset of C such that 0 € G. Assume that there exist
a family of MLRFs {V; : i € L} for (4.1.1) on G such that, for somei € L,

(i) M;(t) N G is either empty or zero,
(ii) Vi(¢) < € on G when ¢ # 0,
(iii) Vi(0) = ¢ and V;(¢) = & when ¢ = 3G, where dG is the boundary of G.

Suppose, in addition, that Assumption 4.2.1 is satisfied for V; with this i. Then given ¢ €
G N By, forany p > 0, and ¢ # 0, the solution x;(¢, o) intersets 03, in finite time, provided
thato € St (v)and0 e S (7).

4.2.6 Examples

Example 4.2.12 Consider
x(t) = agx>(t) + box>(t — 1), (4.2.16)

where o : R™ — 7 is a switching signal. Assume that a; # 0 foralli € Z.

MLF Approach: Define

4 0
P + | ¢°(s)ds,
2a; —r

Vi(¢) = —
for each i € 7. Let x be a solution piece of (4.1.1.7) on [«, 8] with x¢o = ¢. Then

x* ()
2a;

t
Vilxe) = — +/ x8(s)ds, Vt € [a,B].
t—r

2The example is modified from Example (3.2) in Chapter 5 of [62], which was originally due to [103].
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Differentiating V;(x;) att = 0 (assume « < 0and 8 > 0) gives

2b;
DYVi(§) = D"Vi(@) = —[¢°(0) + —¢’ ()¢’ (—1) + ¢°(—1)]. (4.2.17)

1
Hence {V; : i € 7} forms a family of MLFs for (4.2.16) on C if |b;| < |a;| for all i € T.

Moreover,

(I) if a; < 0 and |b;| < |a;| for all i € Z, then condition (i) of Theorem 4.2.3 is satisfied.
Assume that Assumption 4.2.1 is satisfied for all i € 7.

(i) If |bj| < |a;| for some i € Z, then, in view of Proposition 4.2.2 and (4.2.17),
Ei C{p € C: ¢(0) = ¢(—r) = 0} C Cp. Theorem 4.2.3 implies that
the solution x = 0 of (4.2.16) is globally asymptotically stable with respect to

i 3
Soea(T) forT =71

(ii) If b; = a; for some i € Z, then, in view of Proposition 4.2.2 and (4.2.17),
EiC{p € C: ¢(0) = —¢(—r)}. Choose any ¥ € M;(r). Since M;(t) is
weakly t-invariant with respect to the ith mode of (4.2.16) and M;(tr) C E;,
there exists a solution piece x of (4.1.1.7) on [«, B],with0 € [«, Bland f—a =T,
such that xo = ¥ and x; € M;(t) CE; C {¢p € C: ¢(0) = —¢(—r)} for all
t € [a, Bl ie., x(t) = —x(t —r) forall t € [«, B], which implies x(f) = 0 on
[a, B] and hence x (t) = ¢,some constant,on [a, Bl. If t =7, x(t) = —x (t — 1)
implies ¢ = 0 and hence ¥ = 0. Therefore M;(t) = {0}. Theorem 4.2.3 implies
that x = 0 is globally asymptotically stable with respect to Swfveak(r) fort=>r.

(iii) If, for each i € Z, either |b;| < |a;| or b; = a;, then, summarizing (i) and
(ii) above, the solution x = 0 of (4.2.16) is globally asymptotically stable with

respect to Syeak (7) for T =>r.

(II) If a; > 0 and |b;| < a; (or b; = a;) for some i € Z, then the set G = {¢p € C :
Vi(¢) < 0} is nonempty. As before, if T = r, we can show that M;(7) = {0}. Choosing
¢ = 0 in Theorem 4.2.4 shows that x = 0 is unstable with respect to S‘fveak(r) for

T = r, provided that Assumption 4.2.1 is satisfied for this i.

CLF Approach: Define

¢*(0) 0

V(p) = — o+ #°(s)ds.

3With t = r, we can also directly show that M;(t) = {0} as in case (ii) below.
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Then
4 _ 2a; 6 2bi 5 3 6
DV($) =D V(¢) = =[(— = D¢’ (0) + —¢° (0 (=1) + ¢°(=n].  (4.2.18)
If |bj| < |a] and a;=aforalli € Z,then V is a CLF for (4.2.16) on C. Assumption 4.2.1 is
trivially satisfied if we choose V; = V for each i € Z. Using the same argument as in the
case of MLFs, we can show that, if a; < 0 for all i € 7 and, for each i € Z, either |b;| < |a|
or b; = a,where a = max{a; : i € 7}, then the trivial solution x = 0 of (4.2.16) is globally

asymptotically stable with respect to Sy (7) for 7 >r.

Remark 4.2.8 As we can see, getting rid of Assumption 4.2.1 by a CLF approach, more

severe conditions on the coefficients a; and b; are required. O
CLRF Approach:

(I) Ifa; < 0and |b;| < |a;| foralli € 7, define
52
Vit = Vi) = 5
foralli € Z. Then

DT Vi(¢(0)) = D™ Vi(¢(0)) = aip*(0) + bip (0)p>(—1),

and, clearly, V is a CLRF for (4.2.16) on C. Assumption 4.2.1 is trivially satisfied for
alli € Z. If |bj| < |a| for some i € Z, then by Corollary 4.2.2, the trivial solution
x = 0 of (4.2.16) is globally asymptotically stable with respect to S‘ive . (7) for any
T > r. If |b;| < |a;| foralli € Z,then the trivial solution x = 0 of (4.2.16) is globally
asymptotically stable with respect to Syeak(7) forany v > r.

(IT) If a; > 0 and |b;| < a; (or b; = a;) for some i € 7, define
2
Vi(-x) = _?)

and Vyy(x) = 0forall p” € T such thatp’ # p. Then
DT Vi(¢(0)) = D™ Vi(¢(0)) = —a;p*(0) — bip (0)¢>(—1),

and, clearly, {V; : i € 7} is a family of MLRFs for (4.2.16) on C. theset G = {¢p € C :
Vi(¢) < 0} is nonempty. If T > r, as in the proof for Corollary 4.2.2, we can show
that M;(t) = {0}. Choosing ¢ = 0 in Theorem 4.2.8 shows that x = 0 is unstable
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with respect to SViv o (T) for 7 > r, provided that Assumption 4.2.1 is satisfied for V;
with this i. O

Remark 4.2.9 By using a CLRE not only do we get rid of Assumption 4.2.1, we also get
less conservative stability conditions on the coefficients a; and b;, compared to the CLF

approach. [

Example 4.2.2 Consider the system

AsX(t) + Box(t) = /rF(I 0)x(t — 6)do, (4.2.19)
0

where o : R — 7 is a switching signal. For each i € Z, a;, b;, and F; are symmetricn x n

matrices and F; is continuously differentiable. Let
r
H;, =b; — / F;(0)do, iel,
0
and write system (4.2.19) as

x(t) = y(1),

r (4.2.20)
Agy(t) = —Hox(t) +/ Fy (0)[x(t — 6) — x(1)]d6.
0

The stability analysis of (4.2.20) is summarized in the following theorem, which general-
izes Theorem 3.5 in Chapter 5 of [62] to the hybrid setting.

Theorem 4.29 (i) Ifa; > 0, H; > 0, Fi(6) =0 on [0, ], Fi(6) <0 on [0, 7], foralli € 7,
and there exists a 0y in [0, r] and some iy € T such that Fio (60) < 0, then the trivial
solution (0, 0) of (4.2.20) is globally asymptotically stable with respect to Sigeak(r) with
t=r. If, for each i € Z, there exists a 0y in [0, r] such that Fi(6) < 0, then the trivial

solution (0, 0) of (4.2.20) is globally asymptotically stable with respect to Syyeqr(T) with

T=T.

(ii) Ifa; > 0, H; > 0, F; = 0,and F; > 0 for all i € I, then all solutions of (4.2.20) are
bounded and the t-persistent limit set of any solution in the iy-th mode must be generated

by r-periodic solution pieces of the ordinary system

x=y, Aioj/ = —Bj,x. (4.2.21)

4This example is modified from Example (3.11) in Chapter 5 of [62].
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(iii) Ifa; > 0, H; < 0, F;(r) =0, F;<0on[0, rl, foralli € 7, and there exists a 6y and some
io € T such that Fio (6p) < 0, then the trivial solution (0,0) of (4.2.20) is unstable with

respectto o € Siﬂ’eak(r).
Proof. Let ¢, i be the initial values for x, y in (4.2.20) and define, for each i € Z,

Vg, ) = 2¢O Hip(0) + 39 () a;(0)
+1 f [6(—6) — SO F(6)[$(—6) — $(0)]d6.
0
It is easy to show that
D*Vi(¢,¥) =D Vi(o,¥) = —%[qﬁ(—r) — ¢ (O] Fi(n[p(—r) — ¢(0)]
+3 f [$(=6) — pO1EiO)[$(~=6) — $(0)1d6
0

<0, Viel, (4.2.22)
if the conditions in (i), (ii), or (iii) are satisfied. If either (i) or (iii) is satisfied, then
there exists some subinterval of [0, r], say Iy, such that Fio (0) < 0for 6 € Iy,. From
(4.2.22), either D"V (¢, ) = 0 or D™ V;,(¢,¥) = 0 implies that ¢(9) — ¢(0) = 0 for
0 € Iy,. From Proposition 4.2.2, E;; C {(¢, V) : ¢(0) = ¢(0), VO € Iy }. Now choose any
(¢, V) € Mj,(t). Let (x, y) be a solution piece of (4.2.20.1p) on [«, 8], with 0 € [, ] and
B — a =1, such that (xo, yo) = (¢, V) and (x;, y1) € M;,(v) forall t € [«, B]. It follows
that x(t — 0) = x(t) forall t € [, B] and O € Iy,. Therefore x(t) = c, a constant, on [, B].
From (4.2.20), this implies that y(#) = 0 on [«, 8] and hence H;,c = 0. Either H;, < 0 or
H;, < 0in (i), (ii), or (iii). We must have ¢ = 0. Therefore M;,(t) C Cp.

(1) If conditions in (i) are satisfied, Theorem 4.2.3 implies that the trivial solution (0, 0) of
(4.2.20) is globally asymptotically stable with respect to S(t, ip) with t =>r. If, for each
i € T, there exists a 0 such that F;(6y) < 0, then the trivial solution (0, 0) of (4.2.20) is
globally asymptotically stable with respect to Syeax(t) with T >1r.

(2) If conditions in (iii) are satisfied, then, by defining G = {V} (¢, V) < 0}, Theorem 4.2.4
implies that (0, 0) is unstable.

(3) If conditions in (ii) are satisfied, then Fio = 0 and either D*'ViO () = 0 or

D™ Vi, (¢,¥) = 0 would imply that ¢ (—r) = ¢(0). From Proposition 4.2.2, E;, C
{(¢,¥) : ¢(—r) = ¢(0)}. Now choose any (¢, ) € M;,(7) and let (x, y) be a solution
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piece of (4.2.20.ip) on [«, B], with 0 € [«, B] and B — & = 7, such that (xo, yo) = (¢, V)
and (x, y1) € M;,(7) forall t € [«, B]. It follows that x(¢) satisfies x(t — r) = x(t) for
all t € [«, B], and so does y(t). The fact that x(t — r) = x(¢) for all t € [«, B] implies
that ftt_ ,X(s)ds = ¢, a constant, on [«, 8]. Integrating the second equation of (4.2.20),
with o = ip, from t — r to t,where t € [«, B], gives

0=Ajy() — Aiyt —r)
t t pr
= —H,'O/ x(s)ds + / / Fj)[x(s — 0) — x(s)]dOds
t—r t—r JO
= —Hj,c.

Then H;, > 0 implies that ¢ = 0. Therefore, with o = iy, (4.2.20) reduces to (4.2.21)
and (x, y) satisfies (4.2.21) on [«, 8] and (x, y) is periodic with period r.

The proof is complete. [

4.3 Input-to-State and Integral Input-to-State Stability

In Section 3.3 of Chapter 3, we introduced and studied input-to-state stability for impulsive
switched systems. In this section, we will study input-to-state stability (ISS) and inte-
gral input-to-state stability (iISS) properties of general hybrid systems with time-delay as
described by system (4.1.3).

We mention that the notions of ISS/iISS have been generalized to nonlinear time-delay
systems by various authors. In the seminal paper [169], the notion of ISS is extended to time-
delay systems and sufficient conditions for ISS are investigated using Lyapunov-Razumkhin
theorems. In [151], the method of Lyapunov functionals is proposed for studying ISS/iISS
of time-delay systems and several sufficient conditions for ISS/iISS of time-delay systems
are presented. In [195], a link is established between exponential stability of an unforced
system and the ISS of time-delay systems using the method of Lyapunov functionals. It
is also pointed out in [195] that the characterization of ISS/iISS for nonlinear time-delay
systems remains a difficult task despite the recent progress. More recently, the work of [36]
investigates both ISS and ilSS for nonlinear impulsive systems with time delays. Sufficient
conditions for ISS/iISS are established using the Lyapunov-Razumikhin method.

As we study input-to-state properties of system (4.1.3), the method of multiple Lyapunov

functionals (sometimes called Lyapunov functionals by some authors) will be used. In
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contrast with the Lyapunov-Razumkhin method presented in [36], it is well-known that
the method of Lyapunov functionals are sometimes more general than the Lyapunov-
Razumkhin method in the sense that the latter can be considered as a particular case of
the method of Lyapunov functionals [94, Section 4.8, p. 254] (see also [151]), which is also
demonstrated earlier in the Section 4.2 where we derived an invariance principle using
MLRFs as an corollary of the result obtained using MLFs. The advantages in using the
Lyapunov-Razumkhin method mostly lies in the fact that Lyapunov functions are general
easier to find than Lyapunov functionals. For a more detailed discussion on the advantages
and disadvantages of both methods in different situations, see [62, Section 5.5, pp. 164-165].
Therefore, it is worthwhile to study ISS properties of time-delay systems using the method of
Lyapunov functionals, as shown in [151] and [195]. However, as far as impulsive stabilization
of time-delay systems are concerned, the Lyapunov functional method is usually more
difficult than the Lyapunov-Razumkhin method. The reason is that, in general, we cannot
expect an impulse that occurs at a discrete time to bring the value of a functional down
instantaneously, whereas, in the Lyapunov-Razumkhin method, the value of a function can
subside simultaneously as the impulse occurs. For impulsive stabilization of time-delay
systems using the Lyapunov functional methods, see [115] and [160]. Moreover, there
have been no studies in the literature on the input-to-state properties of hybrid time-delay
systems with both switching and impulse effects. The main objective of this section is to
establish some results in this direction. It is also shown that the results to be presented in this
section can be applied to systems with arbitrarily large delays and, therefore, improve those
results in [36], [115], and [160]. Moreover, due to existence of different switching modes in
system (4.1.3), we employ multiple Lyapunov functionals, in the spirit of work in [20] on
multiple Lyapunov functions for switched systems.

The rest of this chapter is organized as follows. In Section 4.3.1, the concepts of input-
to-state stability and integral input-to-state stability for general hybrid systems with time-
delay as described by system (4.1.3) are presented. The main results on ISS/iISS, presented
in Section 4.3.2, give sufficient conditions for input-to-state stability and integral input-
to-state stability of impulsive switching hybrid time-delay systems in terms of Lyapunov
functionals. Several examples are presented in Section 4.3.4 to illustrate the main results.

This chapter is summarized by Section 4.4.
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4.3.1 Preliminaries

We assume that, for eachi € Zandj € J, fi(t,0,0) = I(t,0,0) = 0so that system (4.1.3),

without input, admits a trivial solution.

Definition 4.3.1 System (4.1.3) is said to be uniformly input-to-state stable (ISS) over a
certain class of signals S, if there exist functions f € KL and y € K, independent of
the choice of impulsive switching signals {(tk, ik, jk)} in S, such that, for each initial data
& € PC and input function w € PC(R*; R"), the solution x of (4.1.3) exists globally and

satisfies

X <BIEN,t —to) +y( sup  [w(s)]).

fp st

Definition 4.3.2 System (4.1.3) is said to be uniformly integral input-to-state stable (ISS)
over a certain class of signals S, if there exist functions 8 € KL and «, y € K, indepen-
dent of the choice of impulsive switching signals {(tk, ik, jk)} in S, such that, for each initial
data ¢ € PC and input function w € PC(R*; R"), the solution x of (4.1.3) exists globally

and satisfies

t
a(lx(t)l)éﬂ(llEll,t—to)+/ y (Iw(s)Dds + Z y([w)).
fo

o<ty <t

The above definitions extend Definitions 3.3.1 and 3.3.2 to hybrid systems with time-
delay, and are parallel to the ones given in [36], [67],and [151]. A minor distinction from the
definitions in [36] is that we consider the inputs to the continuous dynamics and the discrete
dynamics of system (4.1.3), namely w(¢) in both (4.1.3a) and (4.1.3b), to be the same. This
simpler formulation is, nevertheless, without loss of generality. If given w.(t) € R™ as the
input for the continuous dynamics and w;(t) € R™ as the input for the discrete dynamics
(asin [36]), we canlet w(t) = [w.(t) wa(t)] € R™ ™2 and redefine f; and [; accordingly to
achieve the formulation in (4.1.3).

A function v : Rt x R" — RT is said to belong to class vy and we write v € vy,
if, for each function x € PC(R™; R"), the composite function ¢ — v(t,x(t)) is also in
PC(R"; R") and can be discontinuous at some t' € R" only if ¢’ is a discontinuity point
of x. A functional v : R™ x PC — R is said to belong to class v, and we write v € vy, if,
for each function x € PC([—r,00); R"), the composite function t — v(¢,x;) is continuous

intfort=0.



4.3 INPUT-TO-STATE AND INTEGRAL INPUT-TO-STATE STABILITY 140

To investigate the ISS/iISS properties of system (4.1.3), which has different modes of the
continuous dynamics given by {f; : i € Z},we shall choose accordingly a family of multiple

Lyapunov functionals {V; : i € Z},where each V; : RT x PC — R is given by

Vi(t;§) = Vi(t,$(0) + V;(t, ).
We shall assume that the family {V7 : i € T} are of class vy and the family { V3 : i € T}

are of class v,. The intuitive idea is to break the Lyapunov functionals V; into a function
part Vi, which can effectively reflect the impulse effects, and a functional part V%, which
is indifferent to impulses, so that the difficulties in analyzing the impulse effects using
Lyapunov functionals can be overcome.

To effectively analyze a family of multiple Lyapunov functionals {V; : i € Z} for system
(4.1.3), we introduce the upper right-hand derivative of V; with respect to the ith mode of
system (4.1.3),for each i € Z,at (t,¢) € R™ x PC is defined by

DT Vit,¢) =i m ?ip% [Vit + b, xe (8, 9) — Vit, d)] (4.3.1)
where x(t,¢) is a solution to the ith mode of system (4.1.3a) satistying x; = ¢, i.e,
x(t) = x(t, ¢) satisfies x;,, = ¢ and x'(t) = fi(t,x;, w(t)) for t € (to,ty + h), where h > 0
is some positive number. Clearly, the definition in (4.3.1) for the functional D" V;(t, ¢) is
parallel to the definition in (4.2.1) for the switched delay system (4.1.1), now with domain
RT x PC instead of RT x C.

Moreover, for a function v : R — R, DV v(¢) is the upper right-hand derivative of v(¢)
defined by

DT v(t) = Iimsup%[v(t + h) —v(t)].

h—0t
Let {(tk, ik, jk)} be an impulsive switching signal and x be a solution to system (4.1.3) on
[tk tk+1). Define

v(t) = Vi (t,x) = Vit,x(t) + Vi(t,x0), t € [t tir1)

The above definitions for the upper right-hand derivative of a function v(t) and a functional
Vi, with respect to the ith mode of system (4.1.3a), are connected by DT v(¢t) = DV, (¢, x;)
for t € (t, txy1). With this in mind, the functional D" V;(t,¢) can be very useful in
characterizing the evolution of the Lyapunov functional V;(t, ¢) along the solutions of the
ith subsystem of (4.1.3a), which also attests the effectiveness of the Lyapunov functional
method.



4.3 INPUT-TO-STATE AND INTEGRAL INPUT-TO-STATE STABILITY 141

4.3.2 Input-to-State Stability

Givend > 0,let Siinf ), Séup (8),Sint (8),and Squp(8), be the classes of generalized dwell-time
impulsive switching signals defined in Section 3.1.1.

Our first result is concerned with ISS properties of system (4.1.3), in the case when all the
subsystems governing the continuous dynamics of (4.1.3) are stable and the impulses, on
the other hand, are destabilizing. Intuitively, the conditions in the following theorem consist
of four aspects (corresponding to each of the conditions): (i) the Lyapunov functionals
satisfy certain positive definite and decrescent conditions; (ii) the jumps induced by the
destabilizing impulses satisfy certain growth conditions; (iii) there exist some negative
estimates of the upper right-hand derivatives of the functionals with respect to each stable
mode of (4.1.3); and (iv) the estimates on the derivatives and the growth by jumps satisfy

certain balancing conditions in terms of the dwell-time lower bounds.

Theorem 4.3.1 Suppose that there exist a family of functions {V{ : i €T} of class vy and a
family of functionals {Vzl . i € T} of class vy, functions ay, aa, a3, and x of class Koo, positive
constants .. > 0, pi=1, 8;, and u; > A (i € 1) such that, for all i, ic I,je J, t € RT,
xeR" yeR" andp € PC,

(i) a1 (x]) < Vi(t,x) <op(|x]) and 0< Vi(t,¢) <as(lo]);
(i) Vi(t;$(0) + Li(t, ¢, ) < piVi(t™, $(0)) + x(|y]) and Vi(t,) < piVi(t, §);
(iii) DYVi(t,¢) < — wuiVi(t, ) + x (Iw(D)]), where Vi(t, ) = Vi(t,$(0)) + Vi(t, d);
(iv) Inp; < (i — 1)é;.
Moreover, suppose that SUD;.1 p; < 00, iNfic7 8; > 0,and inf;cz p; > A. Then system (4.1.3)
is uniformly ISS over ;7 Sk (81). In particular, if § = SUp;c7 8; < 0o, system (4.1.3) is
uniformly ISS over Sint (8).

Proof. In view of condition (iv) and that sup;.; p; < 00, inf;czé; > 0,and infiez p; > A,

we can choose a positive constant ¢ such that
o~ (i—A)8; s o i vy
pie <1, wi+1/c+A <0, cpje + pi/ i < ¢,

for all i € Z. Let x be a solution to (4.1.3), (#, ik, jx) be the corresponding impulsive

and switching signal, and w(t) a given input function. Set v(t) = ka(t,x(t)), v(t) =
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Vzi"(t, x¢),and v(t) = vy (t) +vo(t),fort € [ty, trr1) and k € Z7T. Itis clear that v(t) defines
a right-continuous function on [#y, 00). We shall show that

v()er T <a(||g]]) + ey ( sup  |w(s)])
fo st

+ Y Sy (wiy)

to<tpy <t

), =1, (4.3.2)

where « = «ay + a3. For convenience, write the RHS of (4.3.2) as u(t) and x(t) =
X (SUpy, < s < ¢ IW(s)]). Itis clear that (4.3.2) holds for t = #. Define

t* :=inf {t € [to, 1) : v(1)e* ) > u(t) + 8} ,
where ¢ > 0 is an arbitrarily fixed number. It is clear that t*(¢) = t; implies
v()er ) <y(t) + ¢,

for all t € [tg, t1). Therefore, if t*(¢) = t; for all ¢ > 0, we must have that (4.3.2) holds on

[Z0, 1). Suppose this is not the case, i.e., t*(¢*) < t; for some £* > 0. It follows that
v(t*)er ) = (%) + &% > 0,

which, by (4.3.2), implies that v(t*) > cx (t*). Hence condition (iii) of the theorem shows
that 1
DY) ] < (—puiy + = + W <o,
c

which clearly contradicts how ¢* is chosen. Therefore, (4.3.2) holds on [y, t;). Now suppose
that (4.3.2) is true on [¢, t,,), where m = 1. We will show that (4.3.2) holds on [t,,, t,;,+1) as

well. First, based on the inductive assumption, we estimate v(¢,, Yertm=10) Since
Dfv(t)< — pi, v(®) + x (WD, £ € [tm—1tm)>

we can obtain, by integration, that

eﬂim,ltmv(tn:) _ eﬂim,ltmflv(tm_l) < [eﬂim,ltm _ e,uimfltmfl])z(tr;)’

Im—1

which implies

V(ty) < V(tm_1)e Mim1%in-1 4 X(t). (4.3.3)

Im—1
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On the other hand, from (4.3.2) on [t, t,;,), we have

V(tpm)e =170 <y, ). (4.3.4)

Combining (4.3.3) and (4.3.4) gives

v(tr;)e)‘(tm_to) <

Im—1

+ (cpimle_“im—13im_1 + Pimr. ) e)”(t”’_tO))Z(tn_q)

[pimle‘wfm1‘”8fm1a<||su)

luim—l
— (i —A)é; — —
+ pi e Wiy, =285, Z AL tO)X(}W(tk)})]
t0<tk<tm_1
< u(t,)
pim—l "

Therefore, by condition (ii),
v(twm)e" 0 < [p;  v(E,) + x ()] im0
<u(ty) + "m0 x (|w(t,)]) = ultm),

i.e., (4.3.2) holds for t = t,,. Applying the argument used to show (4.3.2) on [#o, t;), we can

prove that (4.3.2) is true on [, t;,+1). By induction, (4.3.2) is true for all £ > ;. Rewrite
(4.3.2) as

vy <a(lEDe™ 0 4 ex( sup IwD+ Y e T x(|wig)).

foSsst to<tp <t
Note that
Yo e MTWx(w)D<x( sup ws)) Y e M
fo<tp <t fySs<t fo<tp <t
1
<——x( sup |w(s)]).
1—e? Hh<s<t
We have

—(t—ty) 1
aj(x@®) <v@®)<a(ll&l)e + |:C + m]x( sup  [w(s)]).

o Ss<t

Since this estimate is independent of a particular impulsive and switching signal, it follows

from a standard argument that there exist functions  and y, still independent of a particular
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impulsive and switching signal, such that the estimate in Definition 4.3.1 for x(t) holds,
which implies uniform ISS of (4.1.3). The above estimate also establishes boundedness
of the state, which further implies global existence of solutions (see [9]). The proof is

complete. N

Remark 4.3.1 Theorem 4.3.1 is sufficiently general to cover the situation that the index sets
7 and J are infinite sets. If 7 is a finite index set, then SUp;.7 pi < oo, inficz8; > 0,
and inf;ez u; > X are trivially satisfied in view of the theorem conditions. Moreover,
condition (iv) can be replaced by a simpler one In p; < 1;é;, since A > 0 can be chosen to
be sufficiently small such that condition (iv) holds. O

Remark 4.3.2 Condition (iii) in Theorem 4.3.1 implies that each of the continuous dynam-
ics is ISS (see [151]). Nevertheless, condition (ii) does not rule out that each of the discrete
dynamics can be destabilizing (p; >1). Theorem 4.3.1 shows that system (4.1.3) is ISS, if
it satisfies a dwell-time lower bound condition given by condition (iv). In other words, if
the impulses and switching occur not too frequently, the ISS properties of a hybrid time-
delay system with stable continuous dynamics can be retained despite the destabilizing

impulses. [

Remark 4.3.3 Condition (ii) not only imposes a condition on the impulse functions I, it
also characterizes possible jumps in the values of the multiple Lyapunov functionals V; at the
impulsive and switching times. Actually, even if there are no impulses, a comparison factor
among the multiple Lyapunov functions is necessary for the average dwell-time approach
to the stability analysis of switched systems (see, e.g., [107] and [174], and the factor > 1 in
their results). O

Remark 4.3.4 The positive constant A plays a role in characterizing the ISS/iISS properties
with a “stability margin” (similar to stability margin of linear systems). This is similar to

the generalized concept of e*'-weighted ISS/iISS properties, introduced in [174]. O

The second result is concerned with ISS properties of system (4.1.3), in the case when
all the subsystems governing the continuous dynamics of (4.1.3) can be unstable and the
impulses, on the other hand, are stabilizing. Intuitively, the conditions in the following
theorem consist of four aspects (corresponding to each of the conditions): (i) the Lyapunov
functionals satisfy certain positive definite and decrescent conditions; (ii) the jumps induced

by the stabilizing impulses satisfy certain diminishing conditions; (iii) there exist some
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positive estimates of the upper right-hand derivatives of the functionals with respect to
each unstable mode of (4.1.3); and (iv) the estimates on the derivatives and the growth by

jumps satisfy certain balancing conditions in terms of the dwell-time upper bounds.

Theorem 4.3.2 Suppose that there exist a family of functions {V{ : i €T} of class vy and a
family of functionals {Vzl 1 i € I} of class vy, functions oy, aa, a3, x of class Koo, positive
constants p; < 1, A, 8;, ki, and p; (i € T) such that, for all i, ic Z,je J,t e RT,x € R",
y e R"™ and ¢ € PC,

(i) a1 (|x]) < V{(t, %) <aa(|x]) and 0< Vi(t,¢) <as(I$]);
(ii) Vi(t, pO)+Ii(t, ¢, ) < pi Vit O)+x (| y|) and Vi(t,d) <wisup_, <, <o Vi(t+
5P (5));
(iii) DY Vi(t, §) < uiVi(t, §) + x (w(t))), where Vi(t, ¢) = Vi(t, p(0)) + Vi(t, ¢);
(iv) Inpi < —(ui + 1)8;, where p; = pi + ke

Moreover, suppose that SUp;.7 8; < 00,8 = infijez 8; > 0, and sSUp,.7 i < oo. Then system
(4.1.3) is uniformly ISS over ( ;o1 Séup((Si). In particular, system (4.1.3) is uniformly ISS over
Saup(8).

Proof. Let v(t) and y (t) be the same as in the proof for Theorem 4.3.1. In view of condition
(iv) and that sup;.7 pi < 0o and SUP;c7 i < 00, we can choose positive constants M, cy,
and ¢; such that

) 0= e(ﬂi+)\)8i, ﬁie(ui-H»)(Si < 1.

Mz=eli®,  fielidic) + pietdi < ¢y,

We shall show that

v <Ma(lEl) +ae V0 +o Y SETOx(w)),  (43.5)

fo<ty <t
for t > ty, where « = «a, + a3. For convenience, let u(t) denote the RHS of (4.3.5). For

k € Z*, condition (iii) on [f, t1) implies that
t
e My (1) — e My (1) < f e Mty (lw(s)))ds,  t € [te k)
tk
which gives
v(t) < v(tg)el T Ly ety (1), (4.3.6)
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fort € [tx, tyy1) and k € Z7T. Note that (4.3.6) implies (4.3.5) on [t, t;). Now suppose that
(4.3.5) is true on [ty, ). We will show that (4.3.5) holds on [t,,, tm+1) as well. By condition

(ii), the inductive assumption, and the continuity of v, at t = t,,,

V(tm) < piv1 () + x (Wt ) +v2(,)

< i, u(ty)e M) e sup vyt + 5)| + x ((w(E,)])

—r<s<0

< piulty)e =10 oy (lw(t,)]). (4.3.7)
Applying (4.3.6) on [t,,, tyu+1) and by (4.3.7), we have, for t € [ty, tmy1),

V(t)ex(t—to) < ﬁime(ﬂim+k)6imM(x(”¢”) + [ﬁimeuim&m c + Mimeﬂimtsim]el(t—to))z(t)

(Mim+)»)5imC2 Z e)»(tk—to)x(‘w(tk—)‘)

to <tk <tm_1

4+ o (Him+2)diy, e)»(tm—to)x (‘W(tn:) ‘)

+ pi,e

<u(t),

i.e., (4.3.5) holds on [t,,, tm+1). Hence, by induction, (4.3.5) is true for all t > t. The rest of
the proof is the same as that of Theorem 4.3.1. The proof is complete. [

The following corollary is an immediate consequence of Theorem 4.3.2 and gives alter-

native sufficient conditions for ISS of system (4.1.3).

Corollary 4.3.1 Suppose that there exist positive constants oy, oz, @3, and p such that condi-

tions (i), (ii), and (iv) in Theorem 4.3.2 are replaced by the following

() oy |xIP < Vit %) <azlxlP and 0<Vj(t,¢) <3 |p|1;

(i) Vi(t,$(0) + Li(t, ¢, ) < piVi(t™,$(0)) + x(|y)s

(') Inp; < —(ui + A)é;, where p; = p; + Z—ie“,
and condition (iii) and all other assumptions remain the same. Then the same conclusions

hold as in Theorem 4.3.2.

Proof. It suffices to verify that condition (ii) in Theorem 4.3.2 is satisfied with x; = z—i. O
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Remark 4.3.5 If 7 is a finite index set, then SuUp;.7 8; < oo, inf;c7 8; > 0, and SUP;c7 i <
oo are trivially satisfied in view of the theorem conditions, and, moreover, condition (iv)
can be replaced by a simpler one In(p; + k;) < —u;d;, since A > 0 can be chosen to be

sufficiently small such that condition (iv) holds. O

Remark 4.3.6 Condition (iii) in Theorem 4.3.2 implies that each of the continuous dynam-
ics can be unstable (u; > 0). Nevertheless, condition (ii) implies that each of the discrete
dynamics is stabilizing (p;<1). Theorem 4.3.2 shows that system (4.1.3) is ISS, if it satisfies
a dwell-time upper bound condition given by condition (iv). In other words, if the impulses
are applied sufficiently frequently, a hybrid time-delay system with unstable continuous

dynamics can be impulsively stabilized in the ISS/iISS sense. [

Remark 4.3.7 Condition (ii) characterizes the key distinction of the idea of impulsive
stabilization of time-delay systems using the method of Lyapunov functionals. According
to condition (ii), it is only required that the function part of V; (i.e., Vf) is stabilized by the
impulses, which is reasonable, since we cannot expect an impulse that occurs at a discrete
time to bring the value of a purely functional part of V; (e.g., an integral of ¢) down. The
factor «; plays a role in estimating the functional part of V; in terms of V; with memory
(Corollary 4.3.1 gives such an example), which eventually leads to condition (iv), where the
dwell-time conditions are given depending on the delay size r and the factor «;. It appears

A1

that the delay size r and the factor «; have to be sufficiently small such that p; + «;e
(implied by condition (iv)). However, as we can see from the examples in the next section,
we can always add a tuning parameter as the coefficient of V} and hence make «; sufficiently
small (of course, by doing so, more burden is going to be placed on V| and the estimates
Wi in condition (iii) can become larger, which eventually leads to more restrictions on §;).
The restriction on the delay size r can also be resolved using this technique. It is therefore
remarked that Theorem 4.3.2 can be applied to system (4.1.3) with arbitrarily large delays,

whereas the results in [36] and [115] both have restrictions on the delay size. O

Remark 4.3.8 Theorems 4.3.1 and 4.3.2 each provide a set of sufficient Lyapunov condi-
tions to check for ISS properties of an impulsive and switching hybrid time-delay system.
Therefore, the construction of Lyapunov functionals are crucial in applying these results.
Although no universal rules exist on how to construct these functionals, there are some
guidelines on how to choose them. As for Lyapunov functionals for linear time-delay

systems, there are some commonly used candidates to perform stability analysis of such
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systems, as summarized in the survey paper [155]. It can be seen that these functionals
usually consist of two parts, a function part, which can be a quadratic function, and a
functional part, which is usually an integral whose form varies depending on the right-hand
sides of the systems being studied. These guidelines are well demonstrated by the examples
to be presented in Section 4.3.4. Under these guidelines, and with the help of linear or
non-linear feedback controllers, hopefully one can find suitable Lyapunov functionals that
can satisfy all the conditions for ISS/iISS in Theorems 4.3.1 and 4.3.2. Moreover, condi-
tions in Theorems 4.3.1 and 4.3.2 are only sufficient conditions for ISS/iISS of the impulsive
and switching hybrid time-delay systems being investigated. Whether these conditions are
necessary or what are the necessary conditions for ISS/iISS of such systems remains an

interesting problem to be investigated. O

4.3.3 Integral Input-to-State Stability

As shown in [163], iISS is a weaker notion than that of ISS and can be characterized by
a weaker Lyapunov condition. In a similar spirit, the following two theorems on iISS of

system (4.1.3) are formulated with a weaker condition on continuous dynamics.

Theorem 4.3.3 If all the conditions in Theorem 4.3.1 hold, except that condition (iii) is

replaced by

(i) DTVi(t,¢) < (x (WO — u) Vit ¢) + x (w(®)D),
then system (4.1.3) is uniformly iISS over (;7 St-¢(8;). In particular, (4.1.3) is uniformly
iISS over Sing (8).

Proof. Choose a positive constant ¢ such that

(—pi+Ar)s

pe i<1, l<cpeMdi4p<c, Viel.

Instead of showing (4.3.2), we prove that

t
V(1M < £, ) [ (1€ ]) + ce ¢ / X (w(s))ds]

fo

+ Z e?»(tk—to)x (|W(tk_)

o<ty <t

)> t =1, (438)

where @ = oy + a3 and £(t, 5), for t = s = 1y, is defined by

t
E(t,s) = exp (/ x(IW(S)I)dS) .
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As usual, we let u(t) denote the RHS of (4.3.8). For k = 1, condition (iii’) on [;_1, f;) implies
that

t
e_ ftkfl X (|W(5)|)ds+llik_1 tV(t) _ eMik*l tk—1 V(tk—l)

t s '
< [ O s, e e,
which gives
t
v(t) <&t tk—1)|:V(tk—1)€_“ik1(t_t"‘1) —0—/ x(lw(s)l)ds], (4.3.9)
Tk—1

for t € [tx_1, tx) and k= 1. Note that (4.3.9) implies (4.3.8) on [ty, t;). Now suppose that
(4.3.8) is true on [ty, t;;), where m = 1. We will show that (4.3.8) holds on [, t;;+1) as well.
First, based on the inductive assumption, we estimate v(t, )e*(m~%). Applying (4.3.9) on

[tm—1>tm) gives
tm
v(t,) <5(tm,tm—1)|:1/(tm—1)e_“im1(tm—fm1) +/ X(lw(s)l)ds]. (4.3.10)
tm—1

Moreover, by (4.3.8) on [tg, t,), v(tm—1)e* 179 <u(t,_1). Combining this and (4.3.10)

gives

v(t,,)ettm=h) < {pim_le‘wfm—l—“Bl‘m—leam, to)a (€]

Im—1

Im
+ (cpi et 4 i ) Et to) ) / x(fw(s)Dds

fo

— (i —A 81‘ - -
b s S )

to <ty <tm_1

1
pim—l

<

u(t,,),

where the relation £(t,s) = £(t,7)E(t,s), for t =t =5, are used. Therefore, by condition
(i),
V(ty)etn=1) < [,oim_lv(t;) + X(}W(tn:)})] oM (tm—t0)

<u(t,) + "0 x (lw(t,)]) = ult). (4.3.11)
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Applying (4.3.9) on [t,,, t;y+1) and using (4.3.11), we obtain

y()eM 10 < o= Him =Pt £ (¢ o (|| €]

tm t
+S(t,to>(ae—“fm“—fm)e“fm—“’ / x (w(s)|ds 4 e~ / X(IW(S)I)dS)

to tm

e iRt Y )y ()]

to<tpy <t
< u(t), te [tma tm+1)~

i.e., (4.3.2) is true on [t t;+1). By induction, (4.3.2) is true for all > ty. To show uniform
iISS of (4.1.3), note that

Et, te(IE 1) = elE D + (E(t 1) — Der(€])
<a(IE) + Fo2(IED + 5 [t t0) — 1% (4.3.12)

Define 91 (r) = r + % and ¥,(r) = %(e’ —1)2 4 re”,r=0. Itis clear that ¥ and 9%, are both
of class K. Applying (4.3.12) to (4.3.8), we obtain

t
v(t)<ﬁl(a(||§||))+ﬂz(f x(whds) + Y 0 x (i)

fo to<ty <t

Uniform iISS of (4.1.3) follows from the previous inequality by a standard argument, and
global existence of solutions follows from the boundedness of the state (see [9]). The proof

is complete. O

Since condition (iii’) in Theorem 4.3.3 is weaker than condition (iii) in Theorem 4.3.1,

the following is an immediate consequence of Theorem 4.3.3.

Corollary 4.3.2 Under the same conditions as in Theorem 4.3.1, system (4.1.3) is uniformly
iISS over (;c7 St (8;) and Sirt (8).

inf

Theorem 4.3.4 If all the conditions in Theorem 4.3.2 hold, except that condition (iii) is
replaced by

(iii”) DTVi(t,¢) < (x(Iw(O)]) + ) Vi(t,¢) + x (w(@®)]),

then system (4.1.3) is uniformly iISS over ();c1 Séup(&). In particular, system (4.1.3) is
uniformly iISS over Sgp(d).
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Proof. Instead of showing (4.3.5), we can show that

t
v(t)er 0 < E(t, to)[Ma |E 1P + 1t f x (Iw(s)ds]

fo

e Yy STy (wa))), t=t,

o<ty <t
where £(t, ty) is defined as in the proof of Theorem 4.3.3 and the constants are chosen as in
the proof of Theorem 4.3.2. The proof can be completed by induction and the argument is
similar to that in the proof of Theorem 4.3.2. The details are omitted. O

Since condition (iii”) in Theorem 4.3.4 is weaker than condition (iii) in Theorem 4.3.2,

the following is an immediate consequence of Theorem 4.3.4.

Corollary 4.3.3 Under the same conditions as in Theorem 4.3.2, system (4.1.3) is uniformly
iISS over (N;er Skyp(8:) and Ssyp(6).

4.3.4 Examples

In this section, we present several examples to illustrate our main results.

Example 4.3.1 Consider the following nonlinear impulsive switched delay system

x'(t) = —sat(x(t)) + aj sat(x(t — 1)) + bjsat(w(t)), t € (tg, tr1) (4.3.13a)
Ax(t) = gisat(w(t™)), t =t (4.3.13b)

where a;, b € {—0.2, —0.1, 0.1, 0.2}, ¢, € [—%, %], and sat(x) is a saturation function
defined by sat(x) = %(|x + 1] — |x — 1)).

To investigate the ISS properties of (4.3.13),let Z = {1, 2, 3, 4} and J = [—%, %]. For
i€Zandj € J,let[a; ay as as] = [b1 by bs by] = [-0.2 — 0.1 0.1 0.2] and ¢; = .
Choose Lyapunov functionals V;(t, ¢) = Vf(t, ¢(0)) + Vz"(t, @), with

x2) |X| < 1)

Vit,x) =

and

Vitt,d) = lail | sa(@(s)[k + 1+ —]ds,

0 K
—r r
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where ¥ > 0. Condition (i) of Theorem 4.3.1 is clearly satisfied. Next we verify condition
(ii) of Theorem 4.3.1. For |¢(0) + I(t, ¢,y)| <1,

Vit (0) + Ii(t, 6, ) = [$(0) + jsat(»)]* <262(0) + 3 y* <2Vi(1,6(0) + 3 5*.
For |¢(0) + Ij(t,¢,y)| > 1,itis implied that |¢ (0)| > % We have

Vit $(0) + (1, 6, ) = 2O T2 < 20O

_ | PO =evit, 600, 160 > 1,
T 2610002 = 2eViEe,0(0), 190 € (4,11,

where the fact that 2x% > e2®~D for x € (%, 1], is used. Moreover, Vg(t,tp) < 2V§(t,¢).

In either case, condition (ii) is verified with p; = 2e. Now we check condition (iv). If
|¢(0)| <1,we have

D Vi(t, ¢) = 2¢(0) [—sat(¢(0)) + ajsat(p(—r)) + bisat(w(t))]

0
+ lail (k + Dsat*(¢(0)) — |a;| sat* (¢ (—7)) — 5 lail | sat’(¢(s))ds

. _ . i _ i |b1| 2
< — @ —lail (k +2) = 21biDV; (£, $(0)) “TDr l)er(t,ff’) +y
< —mi”{(Z— jail (c +2) — 2 |bil), ——— }V'(t ¢)+—|bi|y2
< 1 [AVA] (K—}—I)T [ANS b .

If |¢(0)| > 1, we have
DYVi(t, ¢) = 2212©@1"Dsgn (¢ (0)) [—sat(¢(0)) + ajsat(p(—r)) + bisat(w(t))]

2 2 K 0 2

+ lail (¢ + Dsat’ (@ (0)) — laif sat’ (@ (=) — —lail | sat’($(s))ds

< —22POD @ — b Vit ) + lail [2e21PO1D [sat(p (—r)))|
—sat?(¢(—1)) + (k + 1)]

i _ K i
< — (2 —lail (k +2) — 21bi) V{(£,¢(0)) PR l)er(t,d))

. K
< — min {(2 — |la;| (k 4+ 2) — 2 b;]), 7 l)r} Vi(t, 9),

where, to derive the second inequality above, we have used the fact that —x% 4 2bx + (k +
1) <2b+k <b(k +2),forx € [0,1],b>1,and k > 0. Therefore, taking

. K
/Li:—mm{(z—|ai|(K+2)—2|bi|)> (K+1)r}’ (4.3.14)
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condition (iii) of Theorem 4.3.1 is satisfied, provided that 2 — |a;| (x + 2) — 2 |b;| > 0 for
all i € 7. According to Theorem 4.3.1 (and Remark 4.3.1), if §; > 1+Tm foralli € Z, then
system (4.3.13) is uniformly ISS over ();.; S'

' (8i). For illustration, choosing ¥ = 0.2 and
r = 0.1, we can compute from (4.3.14) that u; = pu4 = 1.16 and u, = pu3 = 1.58, which
gives dwell-time conditions §; = §4 > 1.4596 and §, = 63 > 1.0716. Simulation results for

system (4.3.13) with these parameters are shown in Figure 4.1. O

Next, we apply Theorems 4.3.3 and 4.3.4 to study integral input-to-state stability of a

bilinear impulsive switched delay system.

Example 4.3.2 Consider the following bilinear impulsive switched delay system
m
X () = Agx(t) + Y wp(D)(Apx(t) + Bix(t — 1)) (4.3.152)
p=1
+ CikW(t), te (tk> tk+l))

Ax(t) = Djx(t7) + Egw(t™), =1 (4.3.15b)

where iy € Z, jx € J,and both 7 and J are finite index sets. Foreachi € Zandj € J,
p=0L2---,mA; A;,, Bli” and Dj are in R"*", and C; and E; are in R"*™. The input
function w is in R"™ and its components are wp,p=1,2,--- ,m.

The ISS properties of (4.3.15) obtained by Theorems 4.3.3 and 4.3.4 are summarized in

the following proposition.
Proposition 4.3.1 If

(i) all A; are Hurwitz and P; are positive definite matrices such thatAiTPi +P,A; = —I and
there exist triples of positive numbers (i, pi, 8i), i € I, such that §; > Ir;% =>0and
. 1 1
0 < i< mln{—,—},
Amax (P;) 2r
pi > M hmax (P (T + D)TPT, + D)), (4.3.16)
jeJ,iel
foralli € T, wherel, denotes the n x n identity matrix, then system (4.3.15) is uniformly
iISS over (;er Siinf (8;). In particular, for § = MaX;cz &;, system (4.3.15) is uniformly
iISS over Sint (8).
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Figure 4.1 Simulation results for Example 4.3.1.
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(ii) there exist triples of positive numbers (i1, pi» 8;), i € Z, such that all positive and

InCo:)
8 > — -, i > )»max(AiT +A),
Wi
m>m§mm@meWL+Dm (4.3.17)
IS

foralli € T, then system (4.3.15) is uniformly iISS over [ ;.1 Séup(&). In particular, for
8 = MiN;cz 8;, system (4.3.15) is uniformly iISS over Sgyp(5).
Proof. (i) Choose V;(t,$) = Vi(t,¢(0)) + Vi(t,¢),with Vi(t,x) = x* and
. 0 S 2
Vit,¢)=¢ | 2+ 160 ds,

—r

where ¢ € (0, %). We can compute that

Dt Vi(t, ¢) = 26" (0)P; <A1¢<0) + Y wy(D[AL($(0) + By (—1)] + cz-w(t))
p=1
1 0
+e (z SO =1 (=nI — - |¢(0)|2ds)
1
)\max(Pi)

where x_! is a function in K which depends on . On the other hand, with Ii(t, 9, y) =
Dj¢(0) + Ejy, we can show

< (XA (W) — 1+ 3¢)

. 1 .
Wmmw-awm@+gwmm@3m

Vit $(0) + Li(t, ¢, y)) = [(Zn + D¢ (0) + Ejy]T P;[(Zy + Dj)$(0) + Ejy|

<(+e) max Amax (P (Zu+ D) PAT, + D))
jeJ,iel

x Vitt™,(0) + x2(|y

), (4.3.19)

where ng is also a function in Ko, which depends on ¢. In view of (4.3.16), (4.3.18), and
(4.3.19), we can choose ¢ > 0 sufficiently small such that condition (ii) in Theorem 4.3.1
and condition (iii’) in Theorem 4.3.3 both hold with constants x; and p;. Since §; > Inpi

ni’
the conclusion follows from Theorem 4.3.3.

(ii) Choose Vi(t, ¢) = Vi(t,(0)) + Vi(t,$), with Vi(t,x) = x? and

. 0
Vit ¢) = | 190 ds,
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where ¢ > 0. Similar to (4.3.18) and (4.3.19), we can compute
DFVit, ) < (! (WD) + hmac(AT + 4) + 26 ) Vi(t,$(0) + 1 (w(D),  (4.3.20)
and
Vit $(0) + Iit,d, y) < (1 + £) max A Ty + D))" (T, + D))
x Vitt™,¢0) + x2(|y)- (4.3.21)
Moreover, checking condition (ii) of Theorem 4.3.2, we have
Vi, ¢)<er |p(s)|2 <erVi(t+s,¢(s)). (4.3.22)

In view of (4.3.17), (4.3.20), (4.3.21), and (4.3.22), we can choose ¢ > O and A > 0
sufficiently small such that conditions (ii) and (iv) in Theorem 4.3.2 and condition (iv) in
Theorem 4.3.4 hold with constants u;, p;, 8;, and k; = &r. The conclusion follows from that
of Theorem 4.3 4. [

Remark 4.3.9 Proposition 4.3.1 partially extends Theorem 3.10 in [151], where necessary
and sufficient conditions for the iISS of a bilinear delay system are studied, to impulsive
hybrid systems with time-delay. Proposition 4.3.1 also shows that, if each of the bilinear
delay systems is unstable (i.e., A; is not Hurwitz), we can still apply impulse control to
achieve iISS for the hybrid time-delay system. [

The following example presents a network based impulse control strategy to achieve

ISS/iISS properties of estimation errors over a hybrid delayed system.

Example 4.3.3 Consider the following hybrid delayed networked control system

x'(t) = Ajx(t) + fi, (x(t — 1)) + Biw(t), t € [tg tkt1)> (4.3.23a)
y() =x() +v(), t=t, (4.3.23Db)
%) = A k(@) + fi, Gt — 1)yt € [t trr1)s (4.3.23¢)

Vi), 1= ji
il(t_)9 l #jk)

where x(t) € R" is the system state, w(t) € R™ is the disturbance input, y(t) € R" is the

() = lef{l,2,---,n}, (4.3.23d)

state measurement, v(t) € R" is the measurement noise, x(t) € R" is the remote estimate
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of x(t), fi(x(t — r)) and fl (x(t — r)) are the nonlinear delayed perturbations of the state and
their estimations, respectively, with r > 0 as a constant time-delay. Moreover, iy € Z and 7
is a finite index set; {#;} is a monotonically increasing transmission time sequence satisfying
tx — 00 as k — 00; at each transmission time ¢ = fi, a try-once-discard (TOD)-like

protocol [175] to determine the index ji € {1,2,- - ,n}, e, ji is the index j corresponding

to the largest
%) = yi(tO| = lei() = vit]
where j € {1,2,--- ,n}. When t € (t, fx+1), we can estimate x(t) by letting X(¢) evolve

according to (4.3.23c); at t = f, a measurement y;, (based on a TOD-like protocol) is sent
to the remote estimator and provides feedback impulse control to the estimate X;,. The
objective is to achieve ISS/iISS properties of the estimation error E(t), which is defined by
E(t) = x(t) —x(t) and can be shown to satisfy the following impulsive and switching hybrid
delayed systems

E'(t) = A E(t) +ﬁ‘k (x(t — 1)) — fi,(x(t — 1)) — Biw(t), tE€ [t,trt1), (4.3.24a)

Vi (7)), I=jk

Em=1 1" ,
Ei(t7), 1 #ji

le{l,2,---,n}. (4.3.24b)

It is assumed that there exist positive constants L; (i € Z) such that

, Vx,xeR", iel. (4.3.25)

/i) — fi®)|<Li|x —

To investigate the ISS properties of (4.3.24), choose Lyapunov functionals Vi(t,¢) =
Vi(t,¢(0)) + Vi(t,¢), with Vi(t,E) = E> and Vi(t,¢) = «; [ 16(s)|* ds, where «; > 0.
According to [67], for each p € ((n — 1)/n, 1), one can find a function x € K such that,
forallk € Zt andi € Z,

Vit E(t) < p Vit , () + x (v(t)). (4.3.26)

Moreover, one can easily verify

0 ~
Vi(t,¢) <k; f 9P ds<kir  sup Vit +s,¢(5)), (4.3.27)

—r<s<o

where t > ty, i, icl ,and ¢ € PC. Therefore, condition (ii) of Theorem 4.3.2 is satisfied

with the constants p and k;irL? in place of p; and «;, respectively. Computing the upper
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right-hand derivative of V;(t, ¢) along the ith mode of (4.3.24) gives

D Vi(t, ) = 297 (0)(Aip (0) + fi(R(t — 1)) — fi(x(t — 1)) — Biw(t))
+&i(1p(0)* — |p(—1)|?)

L2 .
< (Amax(AiT FA)+ it e) Vi, (0) + xe(lw®)),  (4.3.28)

where ¢ > 0 is an arbitrary positive constant and ;. is a function in K, which depends on
¢. We claim that, if

2

n—1 T Ll.
In ( n Kﬂ‘) < —(Amax(Ai FA)+ Ly K,-)a,- <0, (4.3.29)
n Ki

holds for some §; > 0 (i € 7), then the error system (4.3.24) is uniformly ISS over
Nicr S;Jp((Si). In particular, for § = min;ez §;, system (4.3.15) is uniformly ISS over
Saup(8). Actually, if (4.3.29) holds, one can choose

pe(n=1/mD), pi>ima(A] +A) +Li/ki+ ki > 0,
and A > 0 sufficiently small such that
In(p + kire’”) < —(ui + 1)8;,

i.e., condition (iv) of Theorem 4.3.2 is satisfied. In view of (4.3.28), we can choose ¢ > 0
sufficiently small such that Dl.Jr Vi(t, ) < uiVi(t, ¢),i.e., condition (iii) of Theorem 4.3.2 is
satisfied. Our claim follows from the conclusion of Theorem 4.3.2. As a numerical example,
wetake B; =[1 0.1 0], fi(x) =f,-(x) = [aj(a—b) 0 0]Tsat(x;),and

—a;(1=b) «a; 0

wherei € 7 = {1,2},and @y = 9, 1 = 100/7, ¢, = 10, B, = 16,a = 8/7,b = 5/7.
Therefore, the state system can be regarded as a hybrid system switching between two
delayed Chua’s circuits with slightly different parameters, both of which exhibit chaotic
behaviors under the given parameters. It is easy to verity that (4.3.25) is satisfied with L; =
27/7 and L, = 30/7. Moreover, hmax(AT + A|) = 14.8685 and Amax (AT + A,) = 16.7839.
Now (4.3.29) specifies a condition on the dwell-time upper bound §; for the ith mode with

ki > 0 as a tuning parameter. With r = 0.02 and n = 3 and choosing x; = 2.2 and
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Ky = 2.4, (4.3.29) boils down to §; < 0.0143 and §, < 0.0125. Therefore, with §; = 0.014
and § = 0.012, Theorem 4.3.2 guarantees that the error system (4.3.24) is uniformly ISS
over (), Séup(éi). In particular, for § = 0.012, system (4.3.15) is uniformly ISS over
Saup(8). Simulation results for both the state system (4.3.23) and the error system (4.3.24),
under the above parameters, are shown in Figure 4.2. O

Remark 4.3.10 As discussed in Remark 4.3.7 after Theorem 4.3.2, the parameters «; here
play important roles in allowing our results to be applied to systems with arbitrarily large
delays. Especially, in this example, the impulse amplitude, characterized by the factor p, is
not arbitrarily chosen, since we have p € ((n — 1)/n,1). The result in [36] (if adapted to
hybrid systems with switching modes and applied to deal with this example) would have a
restriction on the delay size as (according to their analysis, but using our notation)
In(p) nG:51)
(AT + A) + 2L Amad(AT + A) +2L;

r <

which, in our numerical example, gives r < 0.0160. Therefore, the result in [36] cannot be
applied to deal with r = 0.02 in the above example. Using our results, the parameters «;
can be chosen sufficiently small so that, even the delay size r is arbitrarily large, one can still
verify inequality (4.3.29) for 6; > 0 sufficiently small, i.e., the transmission sequence that
gives the feedback impulse control is sufficiently frequent. Therefore, we remark that one of
the contributions of our results is making the impulse control strategy applicable to systems

with arbitrarily large delays. ]

Finally, we present an example of applying impulse control to achieve ISS for a chaotic

system generated by delay differential equations.

Example 4.3.4 Consider the following nonlinear scalar delay differential equation with

input disturbance
x'(t) = ax(t —r) + bsin(ex(t —r)) + w(t), t=0, (4.3.30)

where a, b, c,r > 0 are real numbers and w(t) is the input disturbance. It is reported in [113]
that the unforced scalar equation (4.3.30) can exhibit chaotic behavior for certain values of
a, b, ¢, and r. One set of such values are a = —0.16,b = 0.4,¢c = 1.8, and r = 4.8. The
behavior of x(t) in (4.3.30) with this set of parameters is plotted in Figure 4.4. We consider
impulsive ISS stabilization of (4.3.30). Introduce impulses by letting

Ax(t) =0x(t7)+w(t™), t=t, (4.3.31)
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Figure 4.2 Simulation results for Example 4.3.3.
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Figure 4.3 Simulation results for Example 4.3.4.
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Figure 4.4 Chaotic behavior of x(¢) in equation (4.3.30), with a = —0.16, b = 0.4, ¢ = 1.8,
r=4.8, and w(t) = 0.

where 6 € (—2,0). Choose V(t,¢) = Vi(t,¢(0)) + V,(t, ¢), with
0
Vitt,x) =x% Valt,¢) =k [ $*()ds<«rgl?,

where k > 0. It can be computed that, for any ;© > %(lal + |be|)? + k, there exists a function

X1 € Koo such that
DTV(t,p) <uV(t,d) + x(Iw(s)]), t=to. (4.3.32)

Moreover, by (4.3.31) and letting I(¢,x, y) = 6x + y, we can verify that, for any p €
((1 + 0)2, 1), there exists a function x, € K such that

Vit x +1(t,x, ) < pVi(t,x) + x2(|y s (4.3.33)

forallt>1ty,x € R,and y € R. Therefore, with x = max(x, x2), conditions (ii) and (iii)

of Theorem 4.3.2 are satisfied. If, for some § > 0,
1
IN((1 + 0)* + kr) < —[;(lal + |beh)® + k8, (4.3.34)

we can choose A > 0, i, and p with In(p + kre*) < —ué such that both (4.3.32) and
(4.3.33) hold, i.e., conditions (ii), (iii), and (iv) of Theorem 4.3.2 are satisfied. Therefore,
system (4.3.30) subjected to impulses defined by (4.3.31) are uniformly ISS and iISS over
Sap(8). Witha = —0.16,b = 0.4,c = 1.8,r = 4.8,k = 0.1,0 = —0.7,and § = 0.07, the

relation (4.3.34) is verified and simulation results for (4.3.30) are shown in Figure 4.3.  [J
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4.4 Summary

We have formulated in this chapter two types of hybrid systems with time-delay. Namely,
switched delay systems and general hybrid time-delay systems with all characteristics of
switching, impulse, and external inputs or disturbances. The results in Chapter 3 have been
partially extended to cover hybrid time-delay systems.

In Section 4.2, the classical LaSalle’s principle is extended to switched delay systems
with weak dwell-time switchings. This work generalizes the earlier work of [63] on func-
tional differential equations to the hybrid switching setting, by using the notions of weak
T-invariance, where v > 0 is a weak dwell-time for the class of switching signals considered
in this chapter. In proving the weak invariance principle, the notions of persistent mode and
persistent limit play important roles. Stability and instability criteria are established, using
MLFs, for switched delay systems, as important applications of the invariance principle ob-
tained. Moreover, the idea of [60] is also incorporated here. Based on results obtained using
MLFs, an invariance principle and several stability and instability criteria by MLRFs are
obtained, which reveals a connection between the MLRF approach and the MLF approach.

The results developed in Section 4.2 can be applied to stability analysis of various practical
models involving both switching and time-delays. Applications of these results can provide
interesting topics for future research. One particularly interesting example would be using
the generalized invariance principles developed in this chapter for switched delay systems
to study the stability of both the disease-free solutions and the endemic solutions of delayed
infectious disease models with switching parameters.

In Section 4.3, we have applied the method of multiple Lyapunov functionals to inves-
tigate input-to-state stability properties of impulsive switching hybrid time-delay systems.
Sufficient conditions for input-to-state stability and integral input-to-state stability have
been established. The formulation of hybrid systems are quite general in that it allows both
the continuous dynamics and the discrete dynamics to be chosen from a certain family, ac-
cording to a general impulsive and switching signal. The idea of impulsive stabilization for
time-delay systems using the method of Lyapunov functionals is exploited, whereas, even
for the classical notion of stability (Lyapunov stability), there are very few results concerning
the impulsive stabilization of time-delay systems using the Lyapunov functional method. It

is also shown that the results can be applied to systems with arbitrarily large delays.
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Stochastic Hybrid Systems






Stochastic Hybrid Systems with Time-
Delay

We have introduced in Chapter 1 that, even though deterministic hybrid models can cap-
ture a wide range of behaviors encountered in practice, stochastic features are also very
important, because of the uncertainty inherent in most applications and environmental
noise ubiquitous in the real world. There has been increasing interest in stochastic hybrid
systems due to their many applications and the theory of stochastic differential equations
and stochastic processes provides necessary tools to formulate and study stochastic hybrid
systems.

The aim of this chapter (which also comprises Part II of this thesis) is to formulate a
general mathematical framework for studying practical systems that may exhibit all the
hybrid characteristics of impulse effects, switching, stochastic dynamics, and time-delays,
establish the fundamental theory regarding existence and uniqueness of solutions, and
perform stability analysis and propose stabilization strategies for such systems.

The chapter is organized as follows. In Section 5.1, we present a general formulation for
impulsive switched stochastic hybrid time-delay systems and prove existence and unique-
ness of solutions. In Section 5.3, we study impulsive stochastic functional equations and
show how impulses can destabilize and stabilize a stochastic systems with time-delay. In
Section 5.4, we focus on switched stochastic delay systems and extend the ideas of switching
stabilization to the stochastic delay setting. In Section 5.5, using ideas from Section 2.4 on

switched systems with both stable and unstable modes, and ideas from Section 5.3 on im-
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pulsive stabilizing and destabilizing, we establish some general Razumikhin-type theorems
on the stability of stochastic hybrid time-delay systems.

We shall start by the general mathematical formulation and fundamental theory.

5.1 Fundamental Theory

5.1.1 Mathematical Formulation

Let PC([a, b]; R") denote the class of piecewise continuous functions from [a, b] to R" as
defined in Section 4.1. Given some r > 0, we use PC for PC([—r,0]; R") in this chapter.
As usual, a norm on PC is defined as [|¢p|| = SUP_, << l¢p(s)| for ¢ € PC. It is easy
to see that, although equipped with the norm |-||, the space PC is not a Banach space
due to the fact that different functions may have different discotinuities. Let ® be a finite
subset of (—r,0], and, by PC[®], we denote a subspace of PC, which contains functions
that are continuous on [—r, 0]\® and may have jump discontinuities at the set ®. Clearly,
PC[®] is a Banach space with respect to the norm ||-||. Suppose that x is a piecewise
continuous function in PC([—r, 00); R"). For any t >0, let x; be an element of PC defined
by x;:(6) := x(t +0), —r <6 <0.

Let (2, F, P) be a given complete probability space with {F;}; > ¢ as a filtration satisfying
the usual conditions, and W (t) be an m-dimensional standard Wiener process defined on
(2, F, P) and adapted to {F;}; > .

Definition 5.1.1 By a PC-valued random variable, we mean a mapping & : Q2 — PC[O]
that is 7/ B[ ®]-measurable (or simply F-measurable), where © is a finite subset of (—r, 0]
and B[®] is the Borel o -algebra of PC[®]. A PC-valued stochastic process is a collection
of PC-valued random variables indexed by a set T}, i.e., a collection {¢}:cT, where each ¢,

is a PC-valued random variable. O

Forp > 0and t >0, let ,CI;,_-t denote the family of all F;-measurable PC-valued random
variables ¢ such that E{||¢||’} < oo, where E{-} denotes the mathematical expectation. Let
El}-}O be the family of PC-valued random variables that are bounded and F;-measurable.
Let £'([a, b]; R"™) denote the space of all R"-valued F;-adapted processes {f ()}, <<
such that fab |f(t)| dt < oo almost surely (a.s.) and L*([ty, T]; R™™) the space of all
R™"M-valued F;-adapted processes {g(t)}, < ¢ < p such that fab |g(t) |2 dt < oo a.s.

Consider the impulsive switched stochastic delay system:
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dx(t) :fik(t’ xl‘)dt +gik(t) xt)dW(t), t € [tg, tk—}—l)a (5.1.1a)
AX(t) = Ijk(t’ xtf)) t = tk> (Sl.lb)
xt() = é:) (5.1.1(:)

where {(t, i.ji)} is an impulsive switching signal associated with the index sets Z and
J. The intial data & is a PC-valued random variable. The PC-valued stochastic process
x;- is defined by x,-(s) = x(t + s), for s € [—r,0), and x;- (0) = x(t™), where x(t7) =
lim;_, ;- x(s). Foreachi € ZTandj € J,

fit: R xPC—>TR", g:R"xPC—>R™", [:R"xPC—>R"
Given an impulsive switching signal {(tk, i> jk) }, we can define

o(t) =ik, tEI[tteyr), ke ZT, (5.1.2)

where o recovers a switching signal for system (5.1.1a). While the formulation in system
(5.1.1) emphasizes the impulsive switching signal {(t, ik, jk)} as a whole, defining o by

(5.1.2) enables us to rewrite system (5.1.1a) as a switched stochastic system

dx(t) = fo (t, x)dt + g (£, x)dW (),  t=1o,

xto = %"

(5.1.3)

which will serve as a general formulation of the switched stochastic system to be investigated
in Section 5.4, and also simplify some notation in the following definition for solutions to

system (5.1.1).

Definition 5.1.2 For 0<fy < T < o0 and a given impulsive switching signal { (tx, ik, jk) }»
an R'*-valued process {x(t)}¢,—r < < r is called a solution to system (5.1.1) on [ty, T], if it

satisfies the following:

(i) x(t) is continuous at t € [ty, T]\ {tk ke Z+} and right-continuous at t € [ty, T] N
{tk ke Z+};

(ii) {x¢}s, <¢< T asaPC-valued process is F;-adapted;

(i) {fory(tLx)}py<i<T € L([ty, T]; R™) and {goy(tx) ) y<i<T € L%([to, TT; R™™),
where o is defined by (5.1.2);
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(iv) x¢, = £ and, for any t € [ty, T], it holds with probability 1 that
t t
x(t) =&(t) + f fa(s) (s, xs)ds + / ga(s)(sa xs)dW(S) + Z Ijk (tk> xtI:).
o fo <t <T
A solution {x(t)};, << T to (5.1.1) on [fy, T is said to be unique, if any other solution, say
{y(®)}s, <t <71>to (5.1.1) on [ty, T] is indistinguishable to {x(¢)};, < < 1, i.e.,

P{x(t) = y(1), Vt € 1, T} = 1.

An R"-valued process {x(t)}, < t<oo is called a solution to system (5.1.1) on [ty, 00), if, for

any T > 0, the restricted process {x(t)};, < ¢ < T is a solution to system (5.1.1) on [to, T']. [

5.1.2 Existence and Uniqueness

In this section, existence and uniqueness of solutions of system (5.1.1) are investigated.
Before stating the main result, we introduce an assumption on the functionals f; and g;
in system (5.1.1), which is a typical assumption proposed for considering existence and

uniqueness of impulsive delay differential equations ([9], [111]).

Definition 5.1.3 A functional f : R" x PC — R" (or g : RT x PC — R™™) is
said to be composite-PC on [ty, T], where 0<ty < T < 09, if, for each function x that is
piecewise continuous on [ty — r, T'], the composite function f (¢, x;) (or g(t, x;)) is piecewise

continuous on [ty, T]. O
Lemma 5.1.1 Let {x(t)};,—r << T be a process satisfying
(i) x(t) is piecewise continuous on [to, T] and {x(t)};, <+ < T is Fy-adapted; and
(ii) x, is a PC-valued F,-measurable random value.
Then {xt};, < < T as a PC-valued process is F;-adapted.

Proof. Lett € [ty, T] be arbitrarily chosen and fixed. We shall show that x; as a PC-valued
random value is F;-measurable. By Definition 5.1.1, we have to show that there exists a
finite set ® in (—r, 0] such that the mapping x; : Q@ — PC[®] is F;/B[®]-measurable.
Since £ is a PC-valued F;,-measurable random value, there exists a finite set ®’ in (—r, 0]
such that & is an F;,/B[®’]-measurable mapping from 2 to PC[®']. Moreover, let ®” be
the set of points of discontinuity of x(t) on [#, T]. Define

O={se[-r0]:t+s€®” or t+s—1tHecB}.
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We claim that x; defines a mapping from 2 to PC[®] and it is F;/B[®]-measurable. The
first part of the claim is obvious, since x;(s) can be discontinuous at s only if t + s is a
point of discontinuity of x(¢) or t + s — t; is a discontinuity point of £. To show that x; is
Ft/B[®]-measurable, notice that PC[®] is a separable Banach space. Hence any open set

in PC[®] can be written as a countable union of closed balls of the form

B(p,e) = {y € PC[O]: [l¢p — ¥l <¢},

where ¢ > 0 and ¢ € PC[®]. It suffices to show that the inverse image of each B(¢, ¢)
under the mapping x;, denoted by x; ! (B(¢, £)), is contained in F;. By right-continuity of

the elements in PC[®], we can rewrite B(¢, €) as

B(g,&) = [ ) {¥ € PCIOL: [Y(sm) — d(sm)| <e},

m=1

where {s,,,}7_; is a sequential representation of all the rational numbers in [—r, 0]. There-

fore,

x; ' (B(@,8) = () @ € Q: Ix(t +50) — $lsw)| <&} = (] Am

m=1 m=1
Since {x(t)};, < < r is F;-adapted, we have A,, € Fiys, C Fp,if t + s, = ty. To show that
Ay, € Fy still holds for t + s, < to, define, for each s € [—r, 0], a mapping e; : PC[O'] —
R" by es(¢) = ¢(s), i.e,, evaluating ¢ at s. It is easy to see that, for each s € [—r, 0], the
mapping e; is continuous. Since £(s)(-) = e; o &, it follows that £(s)(-) : Q — R" is Fy,-
measurable for each s € [—r,0]. Hence, if t + s, < to, we still have A,, € F, C F;, since
x(t + sm) =&t + s, — to) and £(s)(-) : @ — R"is Fy-measurable for each s € [—r,0].
The proof is complete. 0

Theorem 5.1.1 If

(i) foreachi € Tandj € J, fi(t, 9), gi(t, ¢), and I;(t, §) are Borel measurable on [t, T] x
PC[®], for each finite subset ® of (—r, 0], and f;(t, p) and g;(t, ) are composite-PC on
[t()a T];

(ii) there exists a positive constant K such that for (t,¢, V) € [to, T] x PC x PC andi € Z,

|fi(t,9) = fit, )| + [git, ¢) — &, ¥)| <K llp — Il (5.1.4)
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and
2 2 2 2
fitt,®)|” + |git, p)|” <K+ 81%); (5.1.5)
(iii) & is a PC-valued F,-measurable random value,
then there exists a unique solution to system (5.1.1) on [to, T.

Proof. Throughout this proof, let {(t ik, i) } be a given impulsive switching signal. The
proof is completed in the following procedure (a)-(d).

(a) Uniqueness. Supposety < t; <t < --- < t,, = T,where ty,fork =1,2,--- ,m — 1,
are the impulse and switching times between #y and T. We let t,, = T to simplify the
notation; if there are no impulses between #;, and T, we can still take t; = T and the
following argument holds with the same notation. Let x(¢) and y(t) be two solutions to
(5.1.1) on [tg, T]. We first show that

2
Eflx—yel*} =0, vt el m.
Define, for N > 0and t € [t, t1), that

1, if x|l VIysI <N, Vsel[tt],
xn () = .
0, otherwise.

Itis clear that x, (t) = x, (t) x,y(s) for s <t. Therefore, for t € [to, t1),

t
xnO[x@) —y(®)] = xN(t){ f XN )iy (55 x5) — fiy (s, ys)1ds

fo

t
+ / XN (9)[8io (55 %5) — iy (5, ys)]dW(s)}, (5.1.6)

fo
where iy = o (#p). By the Lipschitz condition (5.1.4), for s € [ty, 1),

XN G) (|fio (%) = fiy (5, ¥9)| + | 8 (5, X5) — &ig (5, ¥5)|) <Ky () x5 — ys| <2KN.
(5.1.7)

Using (5.1.7), Schwarz’s inequality, and Doob’s martingale inequality on (5.1.6), we can
show that, for t € [ty, t7),

EJ O ® 5 —el*} =By @ s [x9) =y |

t—r<s<t

<Ell s [ -yl

t—r<s<t

t
<2(t —to + 4)K2/ E{XN(S) B2 _)’SHZ} ds,
fo
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which, by Gronwall’s inequality, implies that

E{XN(t) | x —ytHZ} =0, telt,t).

Letting N — 00, the monotone convergence theorem implies that

Eflx—nl*} =0 teltn.

Therefore, x(t) = y(t) a.s. fort € [ty, t1). Since x(¢) and y(t) both have continuous samples

on [to, t1), we have

P{x(t) = y(t), Vt € [to, 1)} = 1.

Att = t;,we consider two cases. If t; is not an impulse and switching time, then x(¢;) = y(#;)

a.s. by continuity of solutions at t = ¢;. If #; is an impulse and switching time, then

x(t1) = x(t)) + L (1, x-) = y(t) + L (b, y-) = y(t), s

Therefore,

P{x(t) = y(t), Vt € [to, 11]} = 1.

Note that now we have x;, = y;, a.s. and the previous argument can be repeated on [#1, ;]

and, by induction, on [#, tx+;) fork = 1,2,--- ,m — 1. Hence
P{x(t) = y(1), Vt € [1p, T} = 1.

(b) Existence on [ty, t;] (if E{||§||2} < 00). We first assume that E{||§||2} < 00. The
general initial data will be treated in part (c). Define, for n>1and t € [ty, 1],

t t
x"(t) = £(to) + / i (5 x" D) ds + f giy (5, xDYAW (s), (5.1.8)
to to

with x© () = &(ty) on [y, t1], and xgz)

(to be referred to as conditions (I)-(III)) hold for n = 0:

I {xt(")

= &. Itis easy to see that the following conditions
} o <it<r 352 PC-valued process is F;-adapted;

Il. {x(”)(t)} for <1<ty is piecewise continuous on [ty — 1, fp] and continuous on [fy, t;];

and

L EHJ 1% 12ds} < oo
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Assume, by induction, that {x(™ (t)}ty—r < t<t, Satisfies conditions (I)-(III) for some n=0.

Then by the linear growth condition (5.1.5),
5] f
E{/ \gio<s,x§”)>}2d5} <K -0+ K E{ / ||x§">||2d5} <0,
to fo

and

1
t 151 2
/ ‘ﬁo(s,xs(”))}dng\/b —a (/ 1+ ||x5(”)||2)ds) < 00, a.s.
to to

Therefore, the integrals in (5.1.8) are well-defined. It follows that {x(n D) )}ty < i<ty 18 Fi-

(n-H)}

adapted and continuous on [fy, t;]. By Lemma 5.1.1, {x, ty < t<t, asa PC-valued process

is F;-adapted. Moveover, by virtue of the inequality |a + b + c|? <3(a® + b2 + ¢2), the
linear growth condition (5.1.5),and (5.1.8), we have, for t € [f, t;],

N S B T T

—r<<s<t

E{I£]2) + 3 E{ sup < t:fio (s, xgn))ds)z}

toV(t—r) <s<t

2
+3E{ sup (f gl0 s, x(”) dW (s) }

toV(t—r1) <s<t

2
—|—3E{ sup (/ gl0 S, x(”) dW (s) }, (5.1.9)
fo

foV(t—r) <s<t

E{IEI) + 361 — K[ (0 — t0) + E{/ <) %as)
5

where, by Doob’s martingale inequality and the linear growth condition (5.1.5),

s 2 t
E{ sup (/ gio(s,xs(”))dW(s)> }<4E{/ |gio(s,x5(”))‘2ds}
oV(t—r) <s<t to fo

t
4Kt — 1) + 4K E| / | Pas).
fo

Hence, (5.1.9) shows that

D o )12 " (1) 5y |12
E{f =D )| dt}:/to E{ |0 0|} dr < oo.

Therefore, by induction, we have a sequence of processes {x(”)(t)}to_,<t<tl satisfying
conditions (I)-(III) for all n=0. Next, we estimate E{ Hx(nH) xt(") Hz}, for n=>0 and
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t € [to,t1]. Forn = 0 and t € [ty, t1], by the linear growth condition (5.1.5) and (5.1.8), we

have
{Hxa) @ ”2} _ E{ o D (r) — x<°)(t)\2}
<2E{ (ff,osx(o) ds) }
toV (t— r)<s<t
2
+2E{ sup (/ gio(s,xs(o))dW(S))}
foV(t—r) <s<t to
5]
<2(t; — to) K| (t; — 1, +E/ 24
(t1 — to) [(1 0) { i HX H s}]
1 )
80— 1) + 8K E] [ 0 s
to
<2(t; — t)K*(t1 — to + (1 + EJlIE1*)H £ L. (5.1.10)
We claim that
{Hx(”“) (”)HZ}gL[C(tn—_‘t")], n=0, telt,nl, (5.1.11)

where C = 2K?(t; — ty + 4). It is shown in (5.1.10) that the claim holds for n = 0. Suppose

(5.1.11) is true for some n = 0. Then

{”x<n+2) (n+1)H2}:E{ SUp |x(1)(t)—x(°)(t)\2}

—r <s<t

s 2
<2 E{ sup < [fio (5, xT) — i s, xs(”))]ds> }

toV(t—r) <s<t to

+2E{ sup (/s [ g (5, x" 1) — gio(s,xs(”))]dW(s))z}

oV(t—r) <s<t to

t
<2K2(t — to + 4)/ E{Hxs(nﬂ) _ xs(n) Hst}
fo

e /fL[C(s— W' _ LICE— )" (5.1.12)
fo

n! N (n+1)!

Therefore, by induction, the claim is true for all n=> 0. From (5.1.12), it follows that, for any
fixed t € [ty, 1],

Ln*[C(t; — t9)]"
n! '

P{ sup  [x"TV(s) —xP(s)| > %} <

t—r st
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Ln*[C(h—tp)]"
n!

It is easy to check that 72
fixed t € [to, t1],

< 00. Hence by the Borel-Cantelli lemma, for any

P{ sup  [x"TV(s) —xP(s)| > % i.o.} =0,

t—r<<s<t
where i.0. stands for infinitely often. The above equation implies that the partial sum
& (to)—l—Z?:_Ol [x"D (5)—x ™ (5)] = x (s) converges uniformly on [t —r, t], with probability
1, for any fixed t € [ty, t;]. Since the interval [#, #;] is of finite length and r > 0, it actually
follows that x(™ (s) converges uniformly on [ty — r,;], with probability 1. Let the limit

process be {x(£)};,—r <t <1>i-€,
x(t) = lim x™(¢), uniformly for ¢ € [ty —r,11].
n—oo

It is easy to see that the process {x(f)};,—r < ¢ <, is piecewise continuous on [ty — 1, tp] (with
xy, = &),continuous on [ty, t1],and adapted to F; for ¢ = t,. It follows from Lemma 5.1.1 that
{x¢}t, <t <+ as a PC-valued process is also F;-adapted for t = . Hence {x(¢)};,—r <: <4,

satisfies both (i) and (ii) in Definition 5.1.2. Moreover, we can easily verify that

t H
E{/ |g,-0(s,x5)|2ds}<K2(t1 — 1)) + K2 E{f ||x5||2ds} < o0,
fo

fo

1
5 5] 2
/ ‘f,‘o(s,xs)| ds<K+b—a </ 1+ ||x5||2)ds> <00, a.s.,
to fo

which implies that

oun®@x0}, =, =, € LU0t RY,  {gouy(tan}, =, =, € L2, ul: R™™),

and hence (iii) in Definition 5.1.2 is satisfied and the right-hand side of the equation

t t
x(t) = &(tp) —I—/ fo(s)(5, x5)ds —I—/ 2o (s5) (S x5)dW (s), t € [to, 1], (5.1.13)

to fo
is meaningful. The validity of equation (5.1.13) can be shown by passing the limit as
n — oo in (5.1.8) and the facts that

(i) x™(s) converges uniformly to x(s) with probability 1 fors € [t) — 7, 11 ];
(ii) fo(s) (s, xI') converges uniformly to f;s)(s, xs) with probability 1 for s € [ty, t;]; and

(iii) go(s)(s,xI') converges uniformly to g, (s (s, xs) with probability 1 for s € [t,#] and

hence,as n — oo,

t
2., P
/ 1855 (X)) — go(s) (S, x5)| " ds > 0, t € [to, 1],
to
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which implies

t

t
; P
/ ga(s)(saxs YAW (s) — ga(s)(sa x:)dW(s), t € [to, t1],

to to

asn — OQ.

In summary, there exists a process {x(¢)};,—r < r < 1, satisfying (i)-(iii) of Definition, x;, = &,
and (5.1.13) on [to, t1].

(c) Existence on [y, t;] (general). For general initial data & that is a F;,-measurable PC-

valued random variable, we define, for N > 0,

& &l <N,

0, otherwise.

N
£V =
According to the previous argument, there exists a process {x" (t)},_, < : <, satisfying

t t
xN(t) — gN(tO) +/ fo(s) (s,xi\])ds —|—/ gg(s)(s,x?])dW(s), t €[ty 1], (5.1.14)
to to

and xg’ = ¢N. Suppose that M > N. Define an F;-measurable random variable x, as
xy = Lfor [[§]] <N,and xy = 0,for [|§]| > N. Then XN[xi(\)’I — xg]] = 0 and we can show
that, for t € [ty, t1],

P e | B VA I X C ROl

t
<2t — 1o+ 4>1<2/ E [ 2 — [} ds,
fo
which, by Gronwall’s inequality, implies that

E{XNHxﬁw —yfV”z} =0, t¢€lttl

and hence, for t € [ty, 1],

P{A?i?v %M — x| > O}SP{MQN{HxﬁVI — x| > o} } <Pl = N).

Since P {||£]| > N} — 0as N — 09, it follows from the previous inequality that, for fixed
t € [to, t1], the sequence {xf\]}i,ozl

[|-|| with probability 1, i.e., xN(s) converges uniformly on [t — r, t], with probability 1, for

is a Cauchy sequence with respect to the supremum norm

any fixed t € [ty, t1]. Since the interval [ty, t;] is of finite length and r > 0, it actually follows
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that xV (s) converges uniformly on [ty — r, t;], with probability 1. Let the limit process be
{x(®}y—r<r<n>le,

x(t) = Nlim N (1), uniformly for t € [ty —r,11].
—00

Passing the limit as N — oo in (5.1.14) (for details, see the argument in the previous case
for passing the limit of {x"(£)} in (5.1.8) to obtain (5.1.13)) shows that x(O}—r<i<y
satisfies (i)-(iii) of Definition 5.1.2 and (5.1.13) with x;, = &.

(d) Existence on [ty, T]. If t; = T, this part is not necessary and the proof is already
complete. If t; < T, we proceed to show that we can modify the process {x(f)};,—r <t <4
att = t; and, by induction, obtain a process {x(f)};,—r < ¢ <  that is a solution of (5.1.1) on

[to, T1,i.e.,a process {x(t)}s,—r <t < T satistying (i)-(iv) in Definition 5.1.2. Redefine
X(tl) = x(tl_) + Ij] (tla xtf)'

It follows from measurability of I that x(#;) is F; -measurable and hence, by Lemma 5.1.1,
{x¢}, <t <1, is F-adapted. Particularly, x;, is a PC-valued F;, -measurable random vari-
able. Repeat the argument for existence on [#, t; ], we can obtain a process {x(¢)};, < <1,
that is continuous on [#1, 1, ], F;-adapted, and satisfies
t t
x(t) = x(t1) + fa(s) (s, xs)ds + / 8o (s) (s, xs)dW(s)) t € [t,t2].

5] 5]
Redefining x(t;) to satisfy the impulse relation, repeating this procedure and by induc-
tion on the impulse times tx, k = 1,2,---,m, between [fy, T], we can find processes
My <i<4,,k=0,1,2,--- ,m — 1,such that

t t
x(t) = x(t0) + / £ (5, x)ds + / 2o (5 X)W (), £ € [t trst),
t tr

and
x(t) = x(6) + Lt %),
both of whichhold fork = 1,2,--- ,m—1.1ft,, = T is also an impulse and switching time,

then x(T) has to be redefined to satisfy the impulse relation as well, i.e.,
x(T) =x(T") + L, (T, x-).

Piecing together these processes, we obtain {x(t)},— < : < > which can be verified to satisfy
(i)-(iv) of Definition 5.1.2 on [ty, T, i.e., {x(¢)};,— < ¢ < T is a solution to system (5.1.1) on

[0, T]. The proof is complete. O
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Theorem 5.1.2 Suppose that conditions (i)-(iii) of Theorem 5.1.1 hold. In addition, assume
that& € El;to, for some p =2, and

E{l¢I?} < oo implies E{|¢(0)+Li(t,9)["} < oo, (5.1.15)
forallje J,t € RT,and ¢ € Epft. Then
E{lxIP} < oo, Vt €[t T1.

Proof. Keep the same notation as in the proof of Theorem 5.1.1. We shall prove the

conclusion by induction. First we show that
E{llx: P} < o0, t € [to,t1].
For each integer n > 1, define a stopping time
T, =t AINf{t € [to, 1] : ||x¢]| =n}.

It is easy to see that 7, is increasing and 7, — #; a.s. as n — o0. Set xM(t) = x(t A 1,) for

t € [ty — r,t1). We have

t t
x"(t) = &(10) + /t o) (5:%7) Xty 2,1 (5)dls + /t 8o (5x) X100, (AW (), (5.1.16)
0 0

where Xitoz () =1 for s € [to, Ta), and x[4,r,1(s) = 0 otherwise. By virtue of Holder’s
inequality, the linear growth condition (5.1.5), and (5.1.16), we have, for t € [ty, 1),

{thn)“p} E{ sup |x(”)(t)‘p}
toV(t— r)<s<t /fG(S) ‘ }

—rxssxst
<3 E{lgIP} + 37 E]
+3P—1E{ ‘f 2o o) (s ”))dW(s)‘ } (5.1.17)
toV (t— r)<s<t

where, by Holder’s inequality and the linear growth condition (5.1.5),

E{ /fa(s) < /|fo(s> |d5}
toV (t— r)<s<t
cu-otel [ \fﬂs)@,x;w)rdsr
0

P
2

£ g (n) |2
<(t1—t0)zE{/ K21+ [x]P)ds)

to
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P P1 P Pl t 2%
<t =R - w28 Ef [ )]
fo

t
< (6 = ) TR 257N — 10)5 +2570 e — to>’5‘1/ E{ 5 7}ds],

fo

and, by the Burkholder-Davis-Gundy inequality and the linear growth condition (5.1.5),

el s [ [ wlexavol | <c el [ lpoln)Pa]
0 r S

t
<CPKP2T1[(t1 — )" 4 () — to)g‘lf E{[x" Hp}ds],

to

where C, is a constant that depends only on p. Hence, (5.1.17) reduces to

t
E{ fon) HP} <Kk1+ K2/ E{ Hxs(”) Hp}ds, t € [to, 1), (5.1.18)

fo

where
k1 =3P [E{IENIP) + KP(ty — to)? + Cp22 'KP(ty — 10)7] < o0,

and
Ky = 3P—12‘%—1KP[(t1 —to)? 7 + Cp(ty — to)%_l] < 0.

By Gronwall’s inequality, (5.1.18) implies that

E{|x |7} <1200, ¢ € [1o,11),
which, by letting n — oo, yields that

E{lx P} <x1e2, t e [to, 1).

Consequently, E{llxtllp} < oo forall t € [ty, t;) and E{||xt; ||P} < 00. At t = ty, it follows
from (5.1.15) that

sup |x(”)(t)\p}
H—r<s<n

=€
E{ X1 V 117

E{\x(t;) +I,-1(t1,xt;)\p v IIxtl—Il”}
“F|

Ix(£7) + Ijl(tl,xt;)‘p} +E{llx- 117} <
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Repeating the same argument on [f, t11], k = 1,2,--- ,m — 1, we obtain the required

conclusion that E{ llx: ||1P } < ooforallt € [ty, T]. The proof is complete. O

Corollary 5.1.1 Suppose that conditions (i)-(iii) in Theorem 5.1.1 hold for each T > 0. Then
there exists a unique solution to system (5.1.1) on [ty, 00). If, in addition, (5.1.15) is satisfied
and & € El;_-to,for some p =2, then E{||xt ||P} < oo forallt=t.

P

Remark 5.1.1 For 0 < p < 2, Holder’s inequality implies that E{ ||xt||p} < [E{ ||xt||2}] 2,

Therefore, if (5.1.15) holds and £ € £2. , Theorem 5.1.2 also implies that E{let I } < 00,
fo

where 0 < p < 2. Particularly,if € € LY. ,then E{llxI”} < ooforallp > 0,which implies
fo

that the solution to system (5.1.1) has finite moments of any order. [

Remark 5.1.2 The Lipschitz condition (5.1.4) in Theorem 5.1.4 can be replaced by the

following local Lipschitz condition: for each integer n> 1,

fit:d) — fit, ¥)| + |git, ) — g6, ¥)| <Knllp — /1l (5.1.19)
holds for all (¢, ¢, ¥r) € [tg, T]1 x PC x PC,i € Z,and ||¢| V ||¥| <n,where K, is a constant

depending on n. The proof for uniqueness remains the same, while the existence can be

proved by the standard truncation procedure (see, e.g., [53] or [140]). O

Remark 5.1.3 Following the idea of [79], it is possible to establish some existence results for
system (5.1.1) under the condition that the initial date & satisfies E{ IE5 ||4} < 00. However,
this type of results are not desirable due to the impulse effects - even if the initial data &
satisfies this moment condition, it cannot be guaranteed that the fourth moment of the
solution is still finite after a certain impulse. For existence and uniqueness results on
continuous stochastic functional or delay differential equations without impulses, see, e.g.,

[140] and [143]. O

Remark 5.1.4 The condition that f; and g; are composite-PC is to guarantee that the in-
tegrals in question, such as [, t(: fi(s,x5)ds and ftf) gi(s, xs)ds, are well-defined. This extra
composite-PC condition is needed for impulsive delay differential equations, since x; as
a PC-valued function of t is generally not even piecewise continuous [9], whereas, for a
continuous function x, x; as a C([—r,0]; R")-valued function is continuous (and hence
measurable) with respect to t. Here, however, the composite-PC condition can be replaced
by a weaker one, i.e., that the composite functions f;(s, x;) and g;(s, xs) are integrable with

respect to t (one could call this condition a composite-integrable condition). O
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Remark 5.1.5 As a special case of system (5.1.1) without switching, Theorem 5.1.1, Theo-
rem 5.1.2, and Corollary 5.1.1 clearly can be applied to the following impulsive stochastic
functional (delay) differential system described by (5.3.1) in Section 5.3. Moreover, if we
only consider the switched stochastic delay system (5.1.3), Remark 5.1.4 above shows that
the composite-PC conditions on f; and g; can be dropped, since the solution of a system
(5.1.3) is a C-valued process instead of a PC-valued process. Therefore, the composite

functions f;(¢, x;) and g;(t, x;) are both measurable with respect to t. O

5.2 Multiple Lyapunov Functions and 1t6’s Formula

Before we move on to the stability analysis of stochastic hybrid systems, we give a brief
account on the method of multiple Lyapunov functions and It&’s formula!, which are the
key tools to be used later in this chapter.

The following definition generalizes the definition given by (2.3.1) on the derivatives
of multiple Lyapunov functions along solutions of subsystems of deterministic switched

ordinary systems to stochastic switched systems with time-delay.

Definition 5.2.1 Let C1? = C1*(R x R™; R") denote the set of all functions from R x
R" to R that are continuously differentiable in the first variable and twice continuously
differentiable in the second variable. Suppose that {V;; i € 7} is a family of functions in
C!2. For each i € Z, define an operator from R x PC to R, corresponding to the ith mode
of (5.1.1a), by

LVi(t,$) = Vi(t,$(0) + Vi(t,p(0) fi(t, ) + Ftrace[g] (1, ) Vi (t, 6 (0)gi(t, §)],

where V/, Vi,and V. are functions from R x R" defined by

. dVi(t, x) : dVi(t, x) dVi(t, x)

Vit,x) = ——, Vit,x) = ,

(%) ot x(:%) ( o1 9% )

, 32 Vi(t, x)
Vi (t,x) = [ —2— . O
xx( X) ( 8x,~8xj )nxn

The definition of the operators LV; is stimulated by the well-known formula due to It6

(see, e.g., [140, p.36, Chapter 1]). Instead of presenting the general Itd’s formula, we apply

11t6’s Lemma is currently also referred to as the Itd-Doeblin Theorem in recognition of the recently discovered work of Wolfgang Doeblin

(1915-1940) [22].
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Itd’s formula to our system (5.1.1) together with a family of multiple Lyapunov functions
candidates {V; : i € Z} in C** and obtain the following lemma in view of the operators L;
defined by Definition 5.2.1.

Lemma 5.2.1 (Itd’s Formula) Let x(t) be an n-dimensional stochastic process defined on
[to, T] that solves system (5.1.1) with {(tk, ik, jk)} as a particular impulsive switching signal.
Let{V; : i € I} be a family of functions in C**. Then we have

t t
Vi (£, x(1)) = Vi (s, x(5)) +/ LV (t,x(7))dt +/ Vik (1, x(1))gi, (T, X(1))dW (1),

S

foralls,t € [ty, tkt1).

Taking expectation from both sides of the equation in Lemma 5.2.1 and using properties

of Itd integral, we get

t
E{Vi.(t,x(1)} = E{Vi (s, x(s))} +f E{LVi (z,x(1))}dx, (5.2.1)

for all s,t € [, tx+1). This relation shall play a key role in applying multiple Lyapunov
functions to study stability properties of system (5.1.1). It is also evident from equation
(5.2.1) that the operators LV; for stochastic hybrid systems are the counterpart of V; or
D™ V; for deterministic hybrid systems, and will play an equally important role in subsequent

analysis.

5.3 Impulsive Stabilization of Stochastic Delay Systems

5.3.1 Mathematical Formulation

Consider the following impulsive stochastic functional differential system:

dx(t) = f(t, x))dt + g(t,x)dW(t), t#t,, t=to, (5.3.1a)
AX(t) = I(t, xt—), t = ftg, (5.3.1]:))
Xty = %-) (5.31C)

where {f; : k € Z%1} is a strictly increasing sequence such that ty — oo as k — o0, called
the impulse times. Other notations are the same as described in Section 5.1. It is assumed
that f, g, and I satisfy assumptions in Theorems 5.1.1 and 5.1.2 so that, for any initial data
£ e El}to, system (5.3.1) has a unique global solution, denoted by x(¢; £), and, moreover,
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x(t; &) € Lﬁl;_-t forall t =ty and p > 0. In addition, it is assumed that f (¢,0) = 0,¢(¢,0) = 0,
and I(¢,0) = 0,forall ¢ € [0, 00), so that system (5.3.1) admits a trivial solution.

The main objective of this section is to find conditions such that, even if the continuous
dynamics given by (5.3.1a) is highly unstable, the impulse control, introduced by (5.3.1b),
can successfully stabilize system (5.3.1). Both moment stability and almost sure stability

will be considered, which are formulated in the following definition.

Definition 5.3.1 For p > 0, the trivial solution of system (5.3.1) is said to be pth moment
globally uniformly exponentially stable (GUES), if, for any initial data € € LY , the
fo

solution x(t; &) satisfies

E{lx(t; )P} <CE{I£IIP} ™70, 1=>1, (5.3.2)
where ¢ and C are positive constants independent of ;. It follows from (5.3.2) that
. 1
lim Sup — logE{|x(t; )IF} < —e. (5.3.3)
t—00

The left-hand side of (5.3.3) is called the pth moment Lyapunov exponent for the solution.
Moreover, define .
limsup — log |x(¢; &)] (5.3.4)

t—>oo I

to be the Lyapunov exponent of the solution. The trivial solution of system (5.3.1) is said

to be almost surely exponentially stable if the Lyapunov exponent is almost surely negative
b

forany & e E}-to. O

Since there is no switching in (5.3.1), we shall use a single Lyapunov function V in C12,

and the operator LV reduces to

LV(t,9) = Ve(t,§(0)) + Vi(t, p(0)f (1, §) + Ftrace[gT (1, ) Vix (£, (0)g (1, §)].

5.3.2 Moment Exponential Stability

We first investigate the pth moment exponential stability of system (5.3.1). It is shown that,
even if the pth moment of a stochastic delay system are unstable, the impulsive control can

effectively stabilize the system and achieve pth moment global exponential stability.
Theorem 5.3.1 Let A, p, c1, c2, p < 1,6, and 1 be positive constants. Suppose that

(i) there exists a function V. € CY? such that c1 |x|P <V (t,x) <c, |x|P, for (t,x) € [ty —

r,00) x R",
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(ii) there exists a nonnegative and piecewise continuous function  : [ty,00) — R,

satisfying ftt+8 u(s)ds < s for all t = t, such that

E{LVE )} <un@® E{V(E¢0)], (5.3.5)

whenevert >tyand ¢ € E?_-t are such that E { V(t+s, ¢(s))} <qE { V(t,¢(0)) },for all
s € [—r, 0], where q is a constant such that = eXp(Ar + AS + i1d),

(iii) there exist positive constants dy, with ]_[,fil di < oo, such that

E{V(t ¢ ©0) + It p))} < pd E{V (1,9 (0)) }, (5.3.6)
fork € Z* and ¢ € L',I])_-t, and

. |
(iv) SUPyez+ (t — tior) = 8 < — 12,

Then the trivial solution of system (5.3.1) is pth moment globally uniformly exponentially

stable and its pth moment Lyapunov exponent is not greater than — A.

Proof. Given anyinitialdata & € b . the global solution x(¢; &) of (5.3.1) is written as x(¢)
in this proof. Without loss of generality, assume that the initial data £ is nontrivial so that
x(t) is not a trivial solution. Let v(¢) = E{V (¢, x(t))},fort =ty — r,and A = A — n, where
n > 0 being an arbitrary number such that A > 0. It is clear that v(¢) is right-continuous
for t = ty. Choose M € (e!A+)%, ge/A%) 5o that

1vigl < Mllviylle™ A% < Mivg,lle™® < qllvey (5.3.7)
where ||vy, || = maX_, < s <o v(to + s). We will show that
V() < M|y lle 2070 Wt € [to, 1), (5.3.8)
by proving a stronger claim:
v(t) < M|y, lle™2%, ¥t € [to, 1)). (5.3.9)
Suppose (5.3.9) is not true and observe that
V(1) < vy | < Mllvglle™™?, (5.3.10)

holds on [ty — 1, tp]. Define t* = inf {t € [to, 1) : v(t) > M||Vt0||e_A‘s}. Then t* € (ty, t1)
and, by continuity of v(¢),

v(t) < v(t*) = M||v, lle 2%, Yt € [to, t*]. (5.3.11)
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In view of (5.3.10), define t, = sup {t € [to, t*) + v(t) <[yl } Then ¢, € [ty,t*) and, by
continuity of v(¢),
v(t)=v(t) = vy ll, YVt € [t t7]. (5.3.12)

Now in view of (5.3.7), (5.3.11), and (5.3.12), one has, for t € [t,,t*] and s € [—71, 0],
v(t+5) <v(t*) = Mlvglle ™ < qllvi,ll < qv(®).
By the Razumikhin-type condition (ii), one has
E{LV(,x) ) <u@®) E{V(t,x(1)}, Vi€ [t,17]. (5.3.13)
Applying It6’s fomula on [, t*] and by (5.3.13), one obtains that

¥ by
eft() H(f)d":v(t*) _ eftO ﬂ(f)dtv(t*)

o

:/ el MO E{LV (s, %)) — u(s) E{V(s,x(5)) ) ]ds
Ly

<0,

which implies
* S u(s)ds s
v(tT) <v(ty)e'= <v(ty)e"’. (5.3.14)

Since (5.3.14) contradicts what is implied by (5.3.7), (5.3.11), and (5.3.12), claim (5.3.9)
must be true and so is (5.3.8).

Now, assume that
V(1) < Myl|vy le 250 Ve € [y, 1), (5.3.15)

for all k <m,where k, m € Z* and M is definedas M; = Mand My = M [], < ;< 4_, db>
for k = 2. We proceed to show that

V() < Mypyr [[veg e 20170Vt € [t i), (5.3.16)
by proving a stronger claim:
V() < My | v lle M0 F81 e [g,100). (5.3.17)
From (5.3.15) and (5.3.6), one has

V(tm) < pdmv(t;) < pdmMupl|vey e Xm0 = oMy [|vy, [le 210,
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which implies
V(tm) < € PO My y1||vy |l AlEm=t0) o], (5.3.18)

Choose ¢ > 0 sufficiently small such that
v(ty) < e_‘_“s_ngH||vt0||e_[\[(t’"_t°)+‘s] < e_‘meH||vt0||e_[\[(tm_t°)+5]. (5.3.19)
Suppose claim (5.3.17) is not true. Define
t =inf {t € [tms tmyr) @ v(t) > Mm+1||vt0||e_[\[(t”‘_t°)+5]}.
In view of (5.3.18),one has t € (t,;, 1) and, by continuity of v(t),
V() <V(E) = My Vg lle M= 0H81 vy e p, 7. (5.3.20)
In view of (5.3.19), define
= sup {t € [t ) = V(t) <e MMy ||vto||e—“<fm—f0>+5]}.
Thent € (t,, t) and, by continuity of v(¢),
V()= v(t) = e P8 My 1 ||y lle™ MUn—10)+8] — pmitd—ey, gy (5.3.21)

forallt € [t,t]. Nowfort € [t,t]and s € [—r, 0], from (5.3.15), (5.3.21), and the fact that
q= exp(Ar + A8 + ji§) and t + s € [ty—1, £], one has

V(t + 5) < Myt [|v[le” 270 < ATy (1) < gu (1),

provided that ¢ defined in (5.3.19) is chosen sufficiently small. Similar to the argument
on [t,, t*], an application of Itd’s formula on [¢, t] will lead to v(f) <v(¢) % which would
contradict (5.3.21). Therefore, claim (5.3.17) must be true and so is (5.3.16). By induction

on m and the definition of M,,;, one can conclude that

vin<M [ dilvplle 9, Ve=t.
{k:to<tp <t}

By condition (i) and the facts that d= [Ti=; dx < coandn > 0 is arbitrary and indepen-
dent of ¢, we actually have shown

E{lx()} < MdZ E{lg1P}e 27, vizn,
1

which shows that the trivial solution of (5.3.1) is pth moment GUES, with its pth moment

Lyapunov exponent not greater than —A. U
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Remark 5.3.1 It is clear that Theorem 5.3.2 allows the continuous dynamics of system
(5.3.1) to be unstable, since the function () in (5.3.5), which characterizes the changing
rate of V (t,x(t)) at ¢, is assumed to be nonnegative. Theorem 5.3.1 shows that an unstable

stochastic delay system can be successfully stabilized by impulses. [

Remark 5.3.2 The only condition in Theorem 5.3.1 that involves the delay size r is condition

(ii), where g is required to satisty
q= eXp(Ar + Ad + [1d), (5.3.22)

with i usually being a quantity depending on g due to the Razumikhin-type condition. To
apply the theorem, it is required that (5.3.22) as an inequality of g has at least one solution.
When r becomes larger (while A can still be arbitrarily chosen but fixed), § has to become
sufficiently small to guarantee that (5.3.22) has a solution, i.e., the impulse frequency has
to reach a certain level to cope with the increase in time-delay, which is reasonable. Based
on this observation, Theorem 5.3.1 can be easily applied to system with arbitrarily large
delays. H

Remark 5.3.3 In the condition (5.3.6), the constants dy make it possible to tolerate certain
perturbations in the overall impulsive stabilization process, i.e., it is not strictly required by
Theorem 5.3.1 that each impulse contributes to stabilize the system, as long as the overall
contribution of the impulses are stabilizing. Without these dj (i.e., dx = 1), it is required

that each impulse is a stabilizing factor (p < 1), which is more restrictive. O

5.3.3 Almost Sure Exponential Stability

The following theorem shows that the trivial solution of system (5.3.1) is also almost surely

exponentially stable, under some additional conditions.

Theorem 5.3.2 Suppose that p > 1 and the same conditions as in Theorems 5.3.1 hold. More-
over, there exists a constant K > 0 such that
E{lf o)l viIgto)P vIIELoIF} <K  sup  E{lgp@©)P}, (5.3.23)
—r<s<<0
and there exists a positive integer N such that there are at most N impulse times within
any interval of length r. Then the trivial solution of system (5.3.1) is also almost surely

exponentially stable, with its Lyapunov exponent not greater than — A /p.
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This theorem can be proved as a special case of a more general result given by Theorem
5.54.

5.3.4 Linear Systems

Now consider the linear impulsive stochastic delay system

dx(t) = [Ax(t) + Bx(t — )]dt + [Cx(t) + Dx(t — 7)|dW (1), t # t,
Ax(t) = Exx(t™), t =t

(5.3.24)

where A, B, C, D, and Ej are all n x n matrices and W is a one-dimensional standard
Wiener process. A single time-varying delay is given by 7 = r(t), which is continuous on
RT and satisfies 0 <7 <r, for some constant r > 0. The initial data is omitted, but it is

assumed to be in Ebf .
o

Theorem 5.3.3 If there exist constantsp =2, A > 0,and q > 1 suchthat q= exp(Ar+ AS+
ud), where u = k + kq > 0 with

p

T —1
= DrmaaT + )+ £ ) LPE=D

5 ICI?> + @ — D [Cll DI
4 Z-DIZ -2

D,
5 ID|

k=Bl + @ - DICIIDI+(Z -1 DI,

and

log (I + Exll) < =% (A + 08 +Indy,  Vk € 27,

where § = SUPcy+ {tk — tk—1}, dx > 0, and [z, dk < 00, then the trivial solution of (5.1.5)
is pth moment GUES, with its pth moment Lyapunov exponent not greater than —A. If, in
addition, there are at most N impulse times within any interval of length r, for some fixed
integer N, then the trivial solution of system (5.3.24) is also almost surely exponentially stable,

with its Lyapunov exponent not greater than —A /p.

Proof. The conclusions follow from Theorems 5.3.1 and 5.3.2 by considering V (x) = |x|P.00
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5.3.5 An Example

Example 5.3.1 Consider the linear impulsive stochastic delay system

dx(t) = [Ax(t) + Bx(t — 1)]dt + [Cx(t) + Dx(t — D]dW (1), t # t;,
(5.3.25)
Ax(t) = Ex(t™), t=t,

withty = k/10,k € Z T,

[ 0.01 —0.26 —0.13] —0.31 —0.08 0.14
A=|-016 014 017 |, B=|-028 013 025],
| 005 032 025 0.11 0.16 0.13
[ 023 —0.03 —0.21] 0.1 —043 0.12
C=|-024 —032 028 |, D=| 004 —001 01 |,
| 0 005 —0.16] ~0.18 —0.20 0.33
03 0 0
Ec=| 0 —04 0
0 0 —03

Choosing p = 2, then « and « in Theorem 5.3.3 can be computed to be x = 2.1255 and
k = 1.1196. If we further choose A = 0.5 and § = 0.1, then there exists g = 2.9992
such that g = exp(Ar + AS + ud), where u = k + kq = 5.4834. It is easy to verify that
log(||II + Exll) = —0.3567 < —0.2992 = —(A + @)§/2. Theorem 5.3.3 guarantees that
the trivial solution of system (5.3.25) is second moment GUES, with its second moment
Lyapunov exponent not greater than —A = —0.5, and also almost surely exponentially
stable, with its Lyapunov exponent not greater than —A /2 = —0.25. Numerical simulations
for this example are shown in Figure 5.1. It is clearly demonstrated that impulses can

successfully stabilize an otherwise unstable stochastic delay system. O

5.4 Switching Stabilization of Stochastic Delay Systems

As shown in Section 2.5, a state-dependent switching signal can be constructed to stabilize a
family of unstable systems under suitable assumptions on the vector fields of the subsystems.

Namely, a linear convex combination of the vector fields has to assume a Lyapunov function.
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2 2
= 1 = 1
xﬂ Xm
g\l g\l
® 0 ® 0
= =
[ 1l
8 -1 = -1
-2 -2
0 1 2 ¢ 3 4 5 0 1 2 ¢ 3 4 5

(a) impulse stabilization (multiple samples)  (b) impulse stabilization (single sample)

1 2 3 4 5
t

(c) impulse free (multiple samples) (d) impulse free (single sample)

Figure 5.1 Simulation results for Example 5.3.1: (a) impulsive stabilization of system (5.3.1)
(multiple samples); (b) impulsive stabilization of system (5.3.1) (single sample); (c) system response

without impulses (multiple samples); (d) system response without impulses (single sample).
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In the case of switched nonlinear systems, we have further shown that this Lyapunov
function does not have to be quadratic, and a generalized rule, which extends the minimal
rule as proposed in [182], can be used to avoid chattering and Zeno behavior.

In this section, we will explore the idea of switching stabilization in the stochastic setting.
We shall also consider time-delay as studied in [91] and [92] for deterministic switched
linear systems. In contrast with Section 2.5, here we focus on systems whose vector fields
assume a quadratic Lyapunov function. Nevertheless, the results will cover both linear and

nonlinear systems.

5.4.1 Mathematical Formulation
Consider the following stochastic uncertain switched system

dx(t) = [(As + AAG ()x(t) + (Bs + ABo (£))x(t — 1)) dt
+go (£, x(1), x(t — r))dW (), t=1o, (5.4.1)
Xty = £,
whereo : Rt — 7 = {1,2,...,N} is a switching rule to be constructed and interpreted
as a time-dependent function, x € R" is the state, h is a constant time-delay, W (t) is
an m-dimensional standard Wiener process, § € El}-}o is the initial data, A;, B; € R™*"
are constant real matrices, and AA;(t), AB;(t) are bounded but unknown disturbances
(uncertainties). We assume g : Rt x R" x R" — R™™ satisfies the conditions in
Theorems 5.1.1 and 5.1.2 so that, for each & € Etf)’:o’ system (5.4.1) has a unique global
solution, denoted by x(¢; £),and x(¢; §) € Epft forall t >ty and p > 0. We further assume
that g;(¢,0,0) = 0 so that system (5.4.1) yields a trivial solution. We propose the following

assumption.

Assumption 5.4.1 For system (5.4.1) defined above, there exists a Hurwitz linear convex
combination of A; + B;, that is

N
H = Z o;(A; + Bj), (5.4.2)

i=1
where0<ai<1and2f]=1ai:1. O

Under Assumption 5.4.1, there exist positive definite symmetric matrices P and Q which
satisfy
HTP+ PH = —Q. (5.4.3)
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Equation (2.4.3) leads immediately to the following lemma.

Lemma 5.4.1 ([91]) Let P and Q be given by (5.4.3) and define
Qi ={x e R": x"[(4i + B)"P + P(4; + B)|x< — xT Qx}.
Then R" = UfilQi.

The proof is similar to that of Proposition 2.5.1.
From Lemma 5.4.1, we can see that if x € €2;, then the quadratic function V(x) = xTPx

decreases along the trajectory of the system
x(t) = (Ai + Bi)x (1),

which is reduced from system (5.4.1) by neglecting uncertainties, stochastic perturbations,
and time-delays. This actually gives the intuitive idea behind the stabilizing rule constructed
in [182], which was later extended to switch linear delay systems in [91] and [92]. In addition,
as already shown in Section 2.5, the idea of hysteresis switching (see, e.g., [107]) is important
here to prevent chattering. The hysteresis switching is defined by first enlarging the region
Q2; alittle bit to obtain

1
Q= {xeR": x"[(Ai + B)"P + P(A; + B)]x< — ExTQx},
where ¢ > 1 can be arbitrarily chosen, then defining a minimal rule as follows.

(Ry) Starting from some ¢ = t, let
o (ty) = arg ml_inxT[(Ai +B)TP + P(A; + B)]x,
where arg denotes the value of the argument i such that the minimal is attained;
(Rz) Maintain o (¢) = iaslongasx(t) € Q;and o (t7) = i;

(R3) Once x(t;) hits the boundary of Q’ for some ty, let fo = t; and start over according to
(Ry).

Remark 5.4.1 The designed overlapping regions of 2; serve as “buffering regions” and
produce hysteresis switching to avoid chattering. It would work well in this case since we
have assumed that the nonlinearities g; satisfy a linear growth condition, which happens

to a standard requirement for the global existence of stochastic systems. As for switched
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nonlinear systems studied in Section 2.5, this simple procedure of producing hysteresis
switching does not necessarily avoid Zeno behavior because of the full nonlinearity as well

as non-quadratic Lyapunov function considered there. H

5.4.2 Stabilization of Systems with Linear Drifts

Theorem 5.4.1 Let Assumption 5.4.1 hold and P, Q be defined by (5.4.3). Assume that there

exist positive constants Bj, 1 <j < 4, such that

IAA;(DI < B, [ABi(DI < B (5.4.4)
and
181t )2 < BalxI” + Balyl?, (5.4.5)
forallt=ty,x e R", y e R"andi € {1,2,...,N}. If forsome { > 1,
L a’v/d* + acd
(d + V& + acd)(ac + d + V& + acd)’
where

1
a= E)»min(Q) — 1Pl 2B1 + 282 + B3 + B4) > 0,

c=2 max |IPBill ( max |4l +  max IBill + B1 + B2),

S5EES I x <i<

d= ml_axN IPB;||* (B3 + Ba),

then system (5.4.1) is exponentially stable in mean square.

Proof. Given any initial data &, we write x(¢; §) as x(¢) for simplicity. Let v(t) = xT()Px(t)

for all t =ty — r. By It0’s formula, we have
dv(t) = 2xT (DP[(A; + AA;(D)x(t) + (Bi + ABi(1)x(t — r)]dt
+ trace[ g/ (£, x(£), x(t — r))Pg;(t, x(t), x(t — r))]dt
+ 2xT (1) Pgi(t, x(£), x(t — 1))dW (1), (5.4.6)

where x(t) € Q! by how we have constructed o (¢). By the definition of !,

1
ﬂﬂ&+&ﬂp+mm+ﬂﬂx<—zﬂ0% x e,
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Using this and the assumptions, we can obtain the estimates
2xT(1)P[Aix(t) + Bix(t — )] = 2xT (1)P[A; + Bi] x(¢t) — 2xT (t)PB; [x(t) — x(t — 1)]

< — lxT(t)Qx(t) — 2xT (t)PB;[x(t) — x(t — 1)]
< ;

1
< - E)\min(Q) lx(t)|* — 2xT (t)PBi[x(t) — x(t — 1)],

2" (P [AAi(0)x(t) + ABi(D)x(t — )] < IP[| (21 + B2) Ix(D* + B2 Ix(t — n) ),

and
trace[ g (¢, x(£), x(t — r)Pgi(t, x(t), x(t — r))] < IIPIl (B3 Ix(6)|* + Ba |x(t — 1)[?).

Substituting these into (5.4.6) gives

1
dv(t) < — [E)»min(Q) — IP 2B1 + B2+ B3) ] Ix(t)|* dt

+ [IPIl (B2 + Ba) Ix(t — r)|* dt — 2x" (1) PBi[x(t) — x(t — r)]dt
+ 2xT(t)Pg;(t, x (1), x(t — r))dW (¢). (5.4.7)

Moreover, by the definition of stochastic integral, we have, for t > h,

t

x(t) —x(t—r) = / [(Aa(s) + AAcr(s) (s))x(s) + (Ba(s) + ABo(s)(s))x(s - 1’)] ds

t—r

t
+/ 8o (5)($,x(5), x(s — r))dW (s).
t—r

Note that regarding the switching signal as a function of time gives the simple expression

above. Using this and the assumptions, we obtain, for t >ty + r,
— 2x" ()PBi[x(t) — x(t — 1)]
<[h(1 + 12+ 3+ va) + v5] [

t
2, -1 2, —1p2 2
+ maXN”PBi” 2 <miai(N”Ai” +v; ,31)ft_r [x(s)|” ds

<i< 1<i<

t
12 -1 2 —152 N2
+ max IPBP (v max B>+ vy ) /t_r x(s = )P ds

I I

2

b

t
+)/5_1 <mai< ||PBi||2 /t_ 8o (5) (8, x(5), x(s — 1))dW (s)

<IN
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where y; (1 <i<5) can be chosen later to optimize the estimation. Substituting this into

(5.4.7), we have two cases.

(i) For t =ty + r, we have

t t
dv(t) < [i1 [x(O1* + K [x(t — 1) ]> + K3f Ix(s)|* ds + K4f x(s — r)|* ds]dt
t—r t—r
2

+ K5 dt

t
/ 8o (s5) (S, x(s), x(s — 1))dW (s)
t—r
+ 2xT (1) Pgi(t, x(£), x(t — 1))dW (1), (5.4.8)
where

1
K1 = —Ekmm(Q) + P 2B1+ B2+ B3) +r(vi +v2a+¥3 + va) + vs,

k2 = ||PIl (B2 + B4),

ko= max IPBill* (' max Ail* +v5 7 BY),

1<i< I

2 —1 2 —1 52
ko= max [IPBill* (" max Bl + v, ),

I<i< SIS
ks=y5  max Pl
(ii) Forty <t < ty +r,
dv(t) < — [%kmin(Q) —IIPI @B1 + B + B3) + 1] Ix ()1 de

+ IPIl (B2 + Ba) Ix(t — r)|* dt + max IPB; || |x(t) — x(t — r)|* dt

+ 2xT (£)Pgi(t, x(£), x(t — r))dW (¢). (5.4.9)
Now fix any ¢ > 0. It is clear that

dlef'v(t)] = ee®'xT (t)Px(t)dt + e dv(t). (5.4.10)

Moreover, by the Itd isometry, we have

t t
3 f 809 (5:%(5), (s = AW )| = f E{ (g0t x(9), x5 = ) |ds.
t—r t—r
(5.4.11)

Substituting the previous estimates (5.4.8) and (5.4.9) for dv(t) into (5.4.10), integrating

from ¢, to t, taking expectation from both sides, and by virtue of (5.4.11), we can obtain
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that, forall t >ty and ¢ > 0,
t

E[e" (0} < EEOPEO) + -+ 1PI o) E [

to+r

e |x(s) 2 ds}

t

t s
+ K E{/ e |x(s — r)|? ds} —|—/<3/ e“/ E{|x(t)|2}drds
to+r to+r s—r

t S
+K4/ e“/ E{lx(x — r)|*} dds
to+r s—r
t S
+ K5 f e“/ E{|go) (T, x(x),x(x — r))‘}zdrds + co
to+r

t
< EGOPEO) + (e + IPI ) E] [ e Ixo as]
t—r

t
+ K E{f e®* |x(s—r)|2ds}
fo

+r

+ (k3 + K583) / Ix(r)l }drds
to-H’

+ (k4 + k5PB4) / Ix(t — 1) } dtds + co, (5.4.12)
t0+r

where

_[l

¢

+ K3 E{ /tre'” Ix(s — 1)|? ds}

0

.
12 s . . 2
+ max |PBi E{/ ¢ 1x(s) — x(s — 1| ds}

<i< to

in(@ = IPI @1 + o+ o+ o)+ 1E[ [ e laeof?as]

fo

—[Exmm@) IPIl2B1 + B2+ Bs +6) +1+42+2 max ||PBi||2]

I<i<N

heshE{nanz1 <m;gNuPBin he" E{l|xq1r 11} < o0

To get a simpler estimation of the right hand side, we compute the integrals in the previous
inequality as follows. First, for t >ty + r,

E{ /tO:Lr e |x(s — )| ds} = E{ /t—r efSt) |x(s)|2 ds}

fo

t
<eh E{ / e |x(s)|? ds} + c1,
fo

+r
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where ¢c; = he*" E{||£||} < oc. Moreover,

t s t T+r
/ e“/ E{|x(r)|2}drds</ E{lx(r)|2}/ e®*dsdt
to+r s—r to T

t
< he" E{ / e |x(r)|? dr} + ¢,
to+r

0

where c; = hc; < o0o. Finally,

t S g
/ e"”/ E{lx(r — r)|*} dvds <he*" E{ / e’ x(x —r)|? df}
to+r s—r

fo

t
< he?h E{ / e |x(s)|? ds} + 3,
to+r

0

where ¢c; = ¢;(h + ret") < 0. Substituting all these into (5.4.12) and reorganizing the
items, we finally get

t
E{e”xT(t)Px(t)} <p1+ o E{ / e |x(s)|? ds}, (5.4.13)

fo

where

p1 = E{§(0)PE(0)} + k2c1 + (k3 + ks5B3)cr + (k4 + k5B4)c3 + o < 00,

and
p2 = k1 + |||l & + k2e + (k3 4 K5 B3)he™ + (kq + 15 Ba) e

Our aim is to find some positive ¢ such that p, = 0. Since p, is increasing with respect to ¢,

it is clear that if

K1+ k2 + (k3 + ksB3)h + (k4 + k584)r < 0,

then there exists some positive ¢ such that p, becomes 0. Recall what we denote by
ki (1<i<4) and solve the previous inequality for h gives that
$Amin(Q) — 1Pl 21 + 282 + Bs + Ba) — 5

r< ,
D

where

D=W+y2+vs+y)+ ma |PB|*x
1<i<N

I

—1 2 —1 2 —1 p2 —1 52 —1 —1
m A; m B; .
2 1<;':%(NII il*+ v, 1<iaéN” il>+vs B+ v ' Bs+vs Bs+vs Ba)
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Moreover, to relax the restriction on h, y; (1 <i<5) can be chosen to minimize the denom-
inator D, that is

yi= max |[PB;]| max [A;l,
I<i<N 1<i<N

y2= max |[PBi| max B,
I<i<N 1<i<N

= max |PB; ,
V3 1<1<N|| il B1

Ya= maxX |[PB;| B,

I

which immediately gives that

D=2 max PB; max ||A;||+ max ||B;|| + By +
I 1”(1<i<N” ill 1<1,<N|| ill + B1+ B2)

<i<N

+ys ' max [IPBI* (Bs + B).

I

Now, ys is still not determined. To finish this, we observe that the function f (x) on (0, c0)

defined as
—x

f9= g

for positive a, ¢, and d is increasing on (0 ad and deceasing on )
P & gon (O o Jarrad) 8 On (o )
Hence if we use the notations

1
a = E)&min(Q) — || Pl (2,31 + 2,32 + ,33 + ,84)’

c=2 max PB; max ||A;||+ max ||B;|| + By + ,
I 1”(1<i<N“ ill 1<,~<N” il + B1+ B2)

<i<N

d= _max |[PBi|*(Bs + Ba),

I

then y5 = H‘;—\/ﬁ would maximize the upper bound of h and actually yields
d
;< B d+«/?12+acd _ a*v/d* + acd

¢+ de/dracd — (d 4 /d + acd)(ac + d + Vd? + acd)’

which is our final restriction on h to guarantee that there exists some ¢ such that p, becomes

0. Hence we have, for this ¢, that

E{e'x" ()Px(t)} < p1, (5.4.14)
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for t >ty + r, which eventually implies

et

2 pie
BUOF) <5 @y

forall t > t, + r. Hence

Iimsup% logE{lx(H)*} < —e¢,

t—00

which means system (5.4.1) is exponentially stable in mean square. 0

On the almost sure stability of system (5.4.1), we have the following theorem.

Theorem 5.4.2 Under the same assumptions as in Theorem 5.4.1, system (5.4.1) is also almost

surely exponentially stable.

Proof. The proof is based on Doob’s martingale inequality and the Borel-Cantelli lemma.
For a complete proof one can refer to the proof of Theorem 5.5.4, where both impulses and

switching are considered. [

We consider two special cases of Theorems 5.4.1 and 5.4.2.

The case g;(t, x, y) = 0. If there is no stochastic perturbation in system (5.4.1), as corollar-
ies of Theorems 5.4.1 and 5.4.2, we can have some results on deterministic switched systems.

In this case, system (5.4.1) reduces to
x(t) = (Ai + AAi(t))x(t) + (Bi + ABi()x(t — 1), o(t) =i, t=1. (5.4.15)
For this system, we have the following corollary.

Corollary 5.4.1 Let Assumption 5.4.1 hold and P, Q be defined as thereafter. Assume also

there exist positive constants f8j, 1 <j < 2, such that
IAAiON <1, [ABi(D < pBo, (5.4.16)

forallt=tyandi € {1,2,...,N}. If forsome ¢ > 1,

. e Amin(Q) — 2P| (B1 + B2)¢
2¢ max |[PBill ( max [lAill+ max |[IBill + B1+ B2)’
ISIi<N 1 N <i<N

<i< <i< <i<

then system (5.4.15) is exponentially stable in mean square and also almost surely exponen-

tially stable.
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The case g;(t,x, y) = 0 and AA;(t) = AB;(t) = 0. Now system (5.4.1) further reduces to
x(t) = Agx(t) + Box(t — 1), t=1. (5.4.17)

which is actually the same system considered in [91]. For this system, we have the following

corollary.

Corollary 5.4.2 Let Assumption 5.4.1 hold and P, Q be defined as thereafter. If for some
¢ >1,
Amin(Q)

r < ,
2¢ max |PBi|( max [lAill+ max |IBill)
I<i<N ISIi<N I<SIi<N

< I

(5.4.18)

then system (5.4.17) is exponentially stable in mean square and also almost surely exponen-

tially stable.

5.4.3 Stabilization of Nonlinear Systems

Generally, we can consider the following nonlinear stochastic switched system

dx(t) = [fo (t, x(t), x(t — 1)) + Afo (¢, x(t), x(t — r))]dt
+ g (t,x(1),x(t — r)dW(t), t=t, (5.4.19)

xto = d))

where o : [ty,00) — {1,2,...,N} is the switching rule. We assume that f; and Af; are
locally Lipschitz continuous functions from R x R" x R" — R" satisfying the linear
growth condition so that system (5.4.19) has a global unique solution. Moreover, suppose
that f;(¢,0,0) = Afi(t,0,0) = 0 such that the system admits a trivia solution x(¢; 0) = 0.
The following assumption and lemma are the counterparts of Assumption 5.4.1 and

Lemma 5.4.1.

Assumption 5.4.2 For system (5.4.19) defined above, there exist a symmetric positive defi-

nite matrix P and positive constants A and «;, 1 <i< N, such that Zfil o; = 1and

N
2 ZaixTPfi(t,x, x)< — Alx|?,
i=1

forall t > tyand x € R™. O
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Lemma 5.4.2 Define
Qi =[x e R": xTPfi(t,x, %) + £ (t,x, x)Px< — & |x[*}.
Then R" = UN_ | Q.

This lemma essentially guarantees that we can construct a state-dependent switching rule

for system (5.4.19) as we do in Section 5.4.2. Similar argument will lead to the following

result.

Theorem 5.4.3 Let Assumption 5.4.2 hold and P be the symmetric positive definite matrix.

Assume also there exist positive constants I 1<j<3, and By, 1 <k <4, such that

|fi(t1x)x) —fi(t,x,)’)|<51|x—}’|,
|fi(t, x, y)| < 82]x| + 831yl
|Afi(t,x, )| < Bilx] + Balyls

|gi(t,x, )|* < Bslx|* + BalyI%,

forallt=t),x € R",y € R",andi € {1,2,...,N}. If for some { > 1,

a’y/d? + acd
< )
(d 4+ ~/d? + acd)(ac + d + /d* + acd)

r

where

1
a= E)» — 1P| 2B1 +2B2 + B3+ B4) > 0,
c =261 ||P|| (82 + 83 + B1 + B2)s

d =81 |IP||* (B3 + Bs),

then system (5.4.19) is exponentially stable in mean square and also almost surely exponen-

tially stable.

Proof. The proof is essentially similar to the proof for Theorem 5.4.1 and is omitted. N
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If gi(t,x, y) = 0, then system (5.4.19) reduces to a deterministic switched system, i.e.,
x(t) = fo(t,x(t), x(t — 1)) + Afs (£, x(2),x(t — 1)), t=1. (5.4.20)
The following is a corollary of Theorem 5.4.2.

Corollary 5.4.3 Let Assumption 5.4.2 hold and P be the symmetric positive definite matrix.

Assume also there exist positive constants 3, 1<j<3, and By, 1 <k <2, such that
|fi(t, %, x) — fi(t, %, )| <b1lx — yl,
|fi(t, x, )| < 82x| + 831y,

|Afl(t)x)y)| <,31|X| + /32|)’|)

forallt=ty,x e R", y € R",andi € {1,2,...,N}. If for some ¢ > 1,
oo M 2IPI (Bt B¢
281 1P| (82 + 85 + B + B2)
then system (5.4.20) is exponentially stable in mean square and also almost surely exponen-

tially stable.
Furthermore, if Af;(t,x, y) = 0, system (5.4.20) further reduces to

x(t) = fo (t,x(2),x(t — 1)), t=t, (5.4.21)

For this system, we have the following result.

Corollary 5.4.4 Let Assumption 5.4.2 hold and P be the symmetric positive definite matrix.

Assume also there exist positive constants 8j, 1 < j < 3, such that
|fi(t, %, %) — fi(t, %, )| < d1lx — yl,

|fi(t, %, Y)| < &2|x| + 83|yl

forallt=ty,x € R", y € R", andi € {1,2,...,N}. If forsome ¢ > 1,
A
r< ,
281 |IPl (82 + 83)

then system (5.4.21) is exponentially stable in mean square and also almost surely exponen-

tially stable.
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5.4.4 Examples
Example 5.4.1 Consider a switched system with two subsystems given by
dx(t) = [(A1 + AA(D)x(t) + (B1 + ABy(t)x(t — r)]dt
+ &1(6,x(0), x(t — 1)AW (1), (5.4.22)

dx(t) = [(Az + AA(1)x(t) + (By + ABy(1)x(t — r)]dt

where
-2 2 -1 -7
Al == > Bl = 5
—-20 -2 23
-2 10 4 -5
Ay = , By = >
—4 =2 1 -8
IAA;(D)] <0.1, [[AB;(®)| <0.1, i=1,2,
and

1gi(t, %, P <0.1x|* +0.1|y)%, i=1,2,

forallt >0and x = [x; x,]7 and y = [ yZ]T € R2. Let
H = 0.52(A; + By) + 0.48(A;, + B,)

and Q = I, we can find
0.8247 —0.0429
—0.0429 0.1870

such that PH + HTP = —Q. It is easy to compute that

|P| = 0.8276, max |PB;|| = 7.0148,
1<i<<2

max | A;| =20.1803, max |B;|| = 23.9390.

1<i<<2 1<i<<2

Applying Theorem 5.4.1 with g = B, = B3 = B4 = 0.1, we can conclude that the
system switching between (5.4.22) and (5.4.23) via the switching rule o is exponentially

stable for r < 5.6895 x 104, If there are no stochastic perturbations and uncertainties,
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i.e., gi(t,x,y) = 0and AA;(t) = AB;(t) = 0, then the system reduces to Example 1 in
[91]. Corollary 5.4.2 shows that the system is exponentially stable for r < 0.001615, which
improves the delay upper bound of 0.001573 in [91]. Typical paths of the evolution and
the switching rule o for the above system are shown in Figures 5.2 and 5.3 for r = 0.0005,
¢ =11,

AA{(t) = AB;(t) = 0.1sin(10t) 1,
AA,(t) = AB,(t) = 0.1c0s(101)15,

and

V0.1 | x1Sin(x1y1) + %2 SiN(x22) 0
S =L=—
2 0 ¥1C0S(x1y1) + y2 COS(x2)2)

Also, Figures 5.4 and 5.5 show that each subsystem is unstable even without uncertainties

and stochastic perturbations. N

Next we consider a switched system consisting of nonlinear subsystems.

Example 5.4.2 Consider a switched system with two subsystems given by

dx(t) = [fi(t,x(t),x(t — 1)) + Afi (£, x(t), x(t — 1)) ]dt

+g1(t,x(t), x(t — r))dW (1), (5.4.24)
and
dx(t) = [fo(t, x(1), x(t — 1)) + Afa (£, x(1), x(t — 1)) ]dt
+ @ (t,x(t), x(t —r))dW (1), (5.4.25)
where
Filtyx,y) = | 0.5x1 + 0.5y1 — x2 SIN(¥) [
X1 COS(t) — x; -
Bt y) = _-xl — Y1 — X2 COS(t) [
x19N(t) + 0.1x + 0.9y
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X

----X

Figure 5.2 The solution of the system switching between (5.4.22) and (5.4.23) according to
the switching signal o (t). The time-delay is set to be h = 0.0016 and the initial data given by
x=[1 —1]7.

sqrt(x'Px)
===l
(o)

2.0

1.5

Figure 5.3 The Euclidian norm |x| and quadratic norm ~/xT Px versus the constructed switching
signal o (t).
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Figure 5.4 The solution of subsystem (5.4.22) without uncertainty and stochastic perturbation.
The time-delay is set to be r = 0.0005 and the initial data given by x = [0.01 0.01].
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Figure 5.5 The solution of subsystem (5.4.23) without uncertainty and stochastic perturbation.
The time-delay is set to be r = 0.0005 and the initial data given by x = [0.01 0.01]7".
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for all t >0 and x, y € R?, and the uncertainties Af; and stochastic perturbations g; are

assumed to satisfy
|Afi(t, x, y)| <0.1|x| 4+ 0.1]y],
|gi(t, %, Y)I> <0.1]x]* + 0.1 yI?,
fori =1, 2,t>0,and x, y € R>. Itis easy to show that
2[%fo1(t,x, x) + %foz(t,x,x)] < — |x|2,
filt, %, %) — filt, %, y)| < |x = yl,
|fi(ts x, )| <2lx + |yl

fori=1,2,t>0,andx, y € R?%. To apply Theorem 5.4.2 with ¢ = 1.1,8; = 1,8, = 2.24,
83 =1.74,81 = B, = B3 = B4 = 0.1,P = I,and A = 1, we can compute that

1
a= E)L — IPIl 2B1 + 22 + B3 + B4) = 0.3091,
c =201 ||P|| (62 + 63 + B1 + B2) = 6.4,

d =81 1IP|* (B + Bs) = 0.2.

Thus Theorem 5.4.2 gives that, for

a’v/d? + acd
<
(d + ~/d? + acd)(ac + d + ~/d? + acd)

(25) is exponentially stable. Typical paths of the evolution and the switching rule o for the

r = 0.0258,

above system are shown in Figures 5.6 and 5.7 for h = 0.02,¢{ = 1.1,

0.1x; Sin(yl)/z) + 0.1y; cOS(x1x2)

Afi = Af, = .
0.1x2 SIN(y1y2) + 0.1y, COS(x1x2)
and
g g /0.1 | x1 Sin(xlyl) + x; Sin(XZyg) 0
1= =—
2 0 ¥1 COS(x1y1) + ¥2 COS(x2)2)

Also, Figures 5.8 and 5.9 show that each subsystem is unstable even without uncertainties

and stochastic perturbations. O
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Figure 5.6 The solution of the system switching between (5.4.24) and (5.4.25) according to the

switching signal o (). The time-delay is set to be h = 0.02 and the initial data given by x = [1 —1]7.

2.04

1.5

1.0 o

0.5

0.0 1

lIx]
c

Figure 5.7 The Euclidian norm of x versus the constructed switching signal o (). Note that in

this case P = I and the quadratic norm v/xT Px coincides with the Euclidian norm.



209

5.4 SWITCHING STABILIZATION OF STOCHASTIC DELAY SYSTEMS

300
250
200
150—.
100—.

50

Figure 5.8 The solution of subsystem (5.4.24) without uncertainty and stochastic perturbation.

The time-delay is set to be r = 0.02 and the initial data given by x = [0.01 0.01]7.
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Figure 5.9 The solution of subsystem (5.4.25) without uncertainty and stochastic perturbation.

The time-delay is set to be r = 0.02 and the initial data given by x = [0.01 0.01]7.
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5.5 Razumikhin-Type Theorems for Stochastic Hybrid
Delay Systems

In this section, we will apply multiple Lyapunov functions to obtain several Razumikhin-
type results on the stability and stabilization of general stochastic hybrid systems with

time-delay.

5.5.1 Preliminaries

We will focus on system (5.1.1) formulated in Section 5.1. Here it is assumed that
{fi:ieZ},{gi:ieT},and{];: j e J} satisty assumptions of Theorems 5.1.1 and 5.1.2
so that, for any initial data & € Elﬂ)% and a given impulsive switching signal {(tk, ik» jk)},
system (5.1.1) has a unique global solution, denoted by x(t) = x(t; £), and, moreover,
x (&) € El])_-t forall t >t; and p > 0. In addition, it is assumed that f;(t,0) = 0, gi(¢,0) = 0,
and I;(t,0) = O, foralli € 7,j € J and t € R, so that system (5.1.1) admits a trivial
solution.

Definitions of the two types of stability to be investigated, pth moment stability and

almost sure stability, can be given in a similar way as Definition 5.3.1 in Section 5.3.

Definition 5.5.1 For p > 0, the trivial solution of system (5.1.1) is said to be pth moment
globally uniformly exponentially stable (GUES) over a set S of impulsive switching signals,
if for any given initial data & € E'}_-t and {(tk, ik, jk)} € S, the solution x(¢; &) satisfies

0

E{lx(t; §)IP} <CE{I&|P} e "7, t=1, (5.5.1)

where ¢ and C are positive constants independent of #o and the choice of {(tk, ik, jk)} in S.
It follows from (5.5.1) that

. 1
limsup - log E{|x(t; §)IP} < —e. (5.5.2)
t—>oo 1
The left-hand side of (5.5.2) is called the pth moment Lyapunov exponent for the solution.
Moreover, define )
limsup — log |x(¢; &)] (5.5.3)
t—oo t

to be the Lyapunov exponent of the solution. The trivial solution of system (5.1.1) is
said to be almost surely globally uniformly exponentially stable it the Lyapunov exponent
is bounded by a negative constant that is independent of the choice of & € £'}_-t0 and
{(tikji) ) € S. 0
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Remark 5.5.1 From Definition 5.5.1, one can see that the stability considered here is not
only “uniform” with respect to the initial time, but also “uniform” with respect to an
admissible set of impulsive switching signals S, which in accordance with the uniform
stability we have investigated in Section 2.4 for switched nonlinear systems and in [69] for

switched linear systems. O

The following definition formulates some particular classes of impulsive switching signals
to be used in this section. The classification is based solely on the frequency of impulsive

switching times.

5.5.2 Moment Exponential Stability: Average Dwell-Time
Approach

In this subsection, the impulses are only considered as perturbations. Sufficient conditions
for exponential stability are derived in terms of average dwell-time and Razumikhin-type

conditions.
Theorem 5.5.1 Let p, ci, ¢, cAl, Ai, and p; =1 (i € ) be positive constants. Suppose that
(i) there exists a family of functions {V; : i € T} C C1? such that
c x| <Vi(t,x)<c |x|P, (5.5.4)
for (i,t,x) € T x Rt x R"; and
(ii) there exists a family of continuous functions {i; : i € I} from R to R such that
E{LVi(t,9)} < pni(0) E{Vi(t,¢(0))}, (5.5.5)
wheneveri € I,t >ty and ¢ € LIJ)-} satisfies
rzre"In E{Vi(t +5,¢(s))} <qE{Vi(t,9(0))}, Vse[-r,0], (5.5.6)
where q = e"" is a finite constant and

po=max sup u; (t) < oo, (5.5.7)

1€ tefty,00)

where 1, = max(0, — ;) is the negative part of the function ;.
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Then the trivial solution of system (5.1.1) is pth moment globally uniformly exponentially
stable on S, where S includes all impulsive switching signals o = {(tx, i, ji) } satisfying

(a) o € Sfl(ri,No)for eachi e 7,

(b) there exists a functiond : RT — [1, 00) such that

E{ Vi (t: 9 (0) + I, (1, ) } < pid(t) E{Vi,_, (1,0 (0)} (5.5.8)

for (t,¢) € R x Epft andi, j € T,
t
(c) / [0 (5)(8) + Ao(s) |ds <0, for all t > 1 (se€?),
fo

(d) TI2, d(ty) <d, and
(e) Ti > In(p;)/Xiforeachi € I,

and its pth moment Lyapunov exponent is guaranteed to be not greater than — A, where

A =min;ez {A; — In(p;) /7i}.

Proof. Let {(tk, iks jk)} be a given signal S, o be as defined in condition (c),and & € ‘CE’?O
be the initial data, the global solution of (5.1.1) is simply denoted by x(¢). Without loss of
generality, assume the initial data £ is nontrivial so that x(t) is not a trivial solution. Let
v(t) = E{Vg(t)(t,x(t))} ,fort >ty — r,and

; t
u(t) = v(t) — vl [ ] o; "™ T] d(tk)exp{ / ,&g(s)(s)ds}, t= to,
fo

i€l to<tp <t

where ||vy, || = MmaX_, <s <o v(to +s) and [1;(t) = pi(t) + n, with n > 0 to be chosen later.
Extend u(t) to [ty — 1, tp) by letting u(t) = v(t) — ”Vto H fort € [ty — 1, ty).

It is easy to see that u(t) is continuous on [ty,#;) and u(t) <0 for t € [ty — r,t9]. We
proceed to show that u(t) <0 for t € [ty,t;). Assume this is not true. Then u(t) >« for
somet € [tg,t;) and @ > 0. Let t* = inf{t € [to,t;) : u(t) > «a}. Since u(ty) <0, one

must have t* € (ty, 1) and u(t*) = «. Moreover, u(t) <« for t € [ty — r,t*]. Now for any

2Here o is a switching signal reconstructed using the sequence of pairs {(t4>ix)} by defining o () = i on [k, tg1). This was remarked
in Remark 3.1.1 and should cause no confusion even we also use o' to denote the signal { (t;, i ji)} itself.
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s € [—r,0], one has
t*+s
V(t* +5)<a + || exp (f ﬂa(g)(e)de)
fo

< max {1, exp (/:“ ﬁa(g)(e)de) }v(t*)
<qv(t),

since
t*+s t*+s t*
/ o 0)(0)dO < / Mo 0)(0)dO < / Kooy (0)dO < pur.
t* t* t*+s

By (5.5.5) and (5.5.6), one has
E{LVo@n (15 x0) } <o () E{ Vo o) (%, (%)) } .

Since u(t*) = o > 0,itis clear that E{ V, (o) (t*, x(t*)) } = v(t*) > 0. Hence

E{L Vo) (t*, %) } — o @n) (1) E{ Vo) (8%, x(17) }
< E{LVo e (5, x0) } = o) () E{ Vo (5, x(t%)) }

<0,
which, by continuity, implies that
E{LVs0)0,%0)} — fio©)(0) E{V56)(0,x(6))} <0, 6 € [t*,t*+ h],

provided that k is sufficiently small. Applying It6’s formula on [t*, t* +h'],where b’ € [0, k],
one has

t*+h

u(t* + K — u(t) = f [E{ﬁVg(g)(Q,xQ)} — o) (0) E{ Vo (9)(6,x(6))} ]de

t*

<0,

for all i’ € [0, h], which contradicts the definition of t*. Therefore, one must have u(t) <0
fort € [to, t1).

Now assume that u(t) <0, Vt € [ty — r,t,), where m=>1 is a positive integer. We
proceed to show that u(t) <0 on [t,,, t;;+1). To derive a contradiction, assume that u(¢) <0

does not hold on [t,, t;;,+1). Then u(t) >« for some t € [t,, t;;+1) and some @ > 0. Let
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t* = inf{t € [tm, tmy1) : u(t) > «}. Since, by (5.5.8),

t

utn) = vitw) ~ I T o [T dwe( [ faw©do)
ieT to<tpe <t fo
i Im
<ottt vt = ) [T ] doem( [ raw©s)]
ieT to <t <tm ‘o

<0,

one must have t* € (t,,;, ;1) and u(t*) = a. Moreover, u(t) <« for t € [ty — r,t*]. For

s € [—r,0], one now has,

NE(t*+s,t0)
vttty <a+ vl [Te;7" 7 T] d(rk>exp(f
i€l fo<tp < t*+s fo
t*+s

< max{l,exp(/t* ﬂa(g)(e)dé)}v(t*)

t*+s
fio o) (0)d9)

<qv(t").

Repeating the same argument as on [fy, t;), one can derive a contradiction and hence show
that u(t) <0 for t € [ty, tmy1). By induction on m, one can conclude that u(t) <0 for all

t = ty, which implies

, t
- Ni, -
v(©) <dlve I T o1 exp( / /Lg(s)(s)>ds, V=t (5.5.9)
i€l fo
Since n > 0is arbitrary and independent of ¢, (5.5.9) actually implies
) t
A NI )
v(t)<d H"to H 1_[ 0; o (blo) exp (f Mo (s) (s)ds), YVt =ty. (5.5.10)
ieT fo

By (5.5.4) and the fact that o € S, (5.5.10) gives
E{lx0P} <CE(ler} ep| Y [ s [ oo
— Jitot1no 1 (i)

Ti to
<CE{||§||P}exp{—/t [AU(S)—"‘([’—”“))]ds}

To(s)

t

<CE{Jg[P} e,

where C = d [licr ,OINO c2/c1, which shows that the pth moment of system (5.1.1) is GUES

with its pth moment Lyapunov exponent not greater than —A. 0
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Remark 5.5.2 The formulation of the set S of impulsive switching signals in Theorem 5.5.1
essentially proposes an average dwell-time condition 7; > In(p;)/A; for each individual
mode, which generalizes the well-known average dwell-time notion from [68]. Moreover, it
allows the existence of unstable mode since () can be positive on certain subintervals of
R ™. The condition to guarantee stability is then given by the integral relation in condition
(c) of the theorem, which essentially says that the switching between the stable modes and

unstable modes results in a “stable” balance such that
t
/ [Ma(s) (s) + )»g(s)]ds <0.
fo

This relation bears the same idea which we have used to investigate uniform stability of
switched nonlinear systems with both stable and unstable modes in Chapter 2 (see also,
[199] for switched linear systems; [1] and [200] for switched delay systems with linear

structures), but now in a more general way. O

Remark 5.5.3 According to Theorem 5.5.1, the average dwell-time condition for the ith
mode is given by 7; > In(p;)/A;. If p; = 1, this condition reduces to 7; > 0, which would
read as the ith mode has a positive average dwell-time condition. A closer scrutiny of
the proof (see the estimate (5.5.10)) reveals that there is essentially no average dwell-time
restriction on the ith mode, if (5.5.8) is satisfied with p; = 1. O

5.5.3 Moment Exponential Stability: Impulsive Stabilization

In this subsection, assuming that all the subsystems are unstable, impulses are added as a

stabilizing mechanism to exponentially stabilize system (5.1.1).

Theorem 5.5.2 Let A, p, c1, ¢, pi < 1,6; (i € Z), d be positive constants and v; (i € I) be

nonnegative numbers. Suppose that
(i) condition (i) of Theorem 5.5.1 holds; and

(ii) there exists a family of continuous functions {v; : i € I} from [ty,00) to R satisfying

t+3;
sup vi(s) < vidj, (5.5.11)

te[ty,00) Jt
such that
E{LVi(t, )} <vi(t) E{Vi(t,9(0))}, (5.5.12)
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wheneveri € I,t=>ty,and ¢ € EIJ)-} satisfies
rlrélzn E{Vi(t +5,¢(5)} <qiE{Vi(t,$(0))}, Vse[-r,0], (5.5.13)
where q; =1 is a constant such that
qi = eXp(Ar + Ad; + 1idi). (5.5.14)
Then the trivial solution of system (5.1.1) is pth moment globally uniformly exponentially
stable on S, where S includes all impulsive switching signals o = {(tx, i, ji) | satisfying
(a) o € Séup(&)for alli € 7,
(b) same as (b) in Theorem 5.5.1,
© [T, d) <d
(d) §i < —In(pi)/(A + v;), foralli € I,
and its pth moment Lyapunov exponent is not greater than — A.

Proof. Keep the same notation as in the proof for Theorem 5.5.1. Let A = A — 1, where
n > 0 being an arbitrary number such that A > 0. Choose M ¢ (e(A”"O)SiO, ineA‘S"O) SO
that

vl < Mllvgglle™ A +02% < Mllvlle™ % < gyl I, (5.5.15)
where iy = o (tp) and ||vy, || = Max_, < s < v(to + s). We will show that
v(t) < ME{|£[Ple 200 vt € £, 1), (5.5.16)
by proving a stronger claim:
v(t) < M|lvy,lle 2, Vit € [to, t1). (5.5.17)
Suppose (5.5.17) is not true and observe that

Vv(t) < [l < M||vg, e 2%, (5.5.18)

holds on [ty — 1, tg]. Define t* = inf{t € [ty, 1) : v(t) > M H Vi, H e M%) Then t* € (tp,11)
and, by continuity of v(t),

v(t) < v(t*) = M||v, lle 2%,  Vt € [, t*]. (5.5.19)
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In view of (5.5.18), define t, = sup{t € [to,t*) : v(t) <||v4||}. Then t, € [ty,t*) and, by
continuity of v(t),
v(t)=v(ty) = v ll, YVt € [t t7]. (5.5.20)

Now in view of (5.5.15), (5.5.19), and (5.5.20), one has, for ¢t € [t,,t*]and s € [—r, 0],
v(t +5) < v(r*) = M|y lle™% < gi l|vy, [l < gigv (1)
By the Razumikhin-type conditions (5.5.12) and (5.5.13), one has
E{LVs)(t,x)} <voiy() E{ Vo) Vi€ [tnt™]. (5.5.21)
Applying Itd’s fomula on [, t*] and by (5.5.21), one obtains that

r* b
eftO Va(s)(s)dsv(t*) . e/tO Va(s)(s)dsv(t*)

[N
- elo ”"(S)(S)ds[ E{EVU(S) (s, xs)} — Vo (5)($) E{Vg(s) (s,x(s))} ]ds

f
<0,
which implies, by (5.5.11),
¥ _
V(") < v(ty)els @O <y (p ) eVidi (5.5.22)

Since (5.5.22) contradicts what is implied by (5.5.15), (5.5.19), and (5.5.20), claim (5.5.17)
must be true and so is (5.5.16). Although the choice of M in (5.5.15) depends on iy, one can
choose some M independent of iy such that (5.5.16) holds, due to the fact that 7 is a finite
set.

Now, assume that
v(£) < Millveg le 250, Vi €[5y, 1), (5.5.23)

for all k < m, where k, m € Z* and My, is defined by M; = M and My = My_1d(tx_), for
k= 2. We proceed to show that

v(t) <My ”Vto ||e—A(tm+1—t0), Vt € [t tmt1)s (5.5.24)
by proving a stronger claim:

V(£) < My vy lle™ M —00] -t € 1, 1001), (5.5.25)
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where i, = o (t,;). From (5.5.23) and (5.5.8), one has

V() < Piy )V (t57) < iy (1) M [V 2000 = i, Myl 200,
which implies, by the fact thato € S,
V(b)) < € "mbim M1 |[vy, [le M0 F0in], (5.5.26)
Choose ¢ > 0 sufficiently small such that
V(tm) < € PmOin™E My vy e~ ALOm =100+ 8i)
< e_‘_’im‘SiMMm+1 1Vt ||e_[~‘[(t’”_t°)+5"m]. (5.5.27)
Suppose claim (5.5.25) is not true. Define
7 = inf {t € [t tmr1) © V(E) > Mmﬂ||vt0||e—A[(fm—f0)+5fm]}.
In view of (5.5.26),one has t € (, t,;+1) and, by continuity of v(t).
V() <V(E) = My |V lle =00l v € [1,,,7]. (5.5.28)

In view of (5.5.27), define
= up{t € [t ) V(1) < e P My vy e M0 0l
Then t € (t,t) and, by continuity of v(¢),
V() = V(1) = & Tmdin = My 1 vy [l M= Hoin) = o TTndin=ey (@), (5.5.29)

forallt € [t,t]. Now fort € [t,t] and s € [—r, 0], from (5.5.14), (5.5.23), (5.5.29), and the
factthatt + s € [t,;,—1, t], one has
V(t + S) <Mm+l ”vt()”e—;\(t—f—s—to) — eA(tm—t)—A5+A8imv(Z)

< eAr-I-AS,'m +Vi,,, 85, € V(E)

< qimv(t))

provided that e defined in (5.5.27) is chosen sufficiently small. Similar to the argument on
[#4, t*], an application of Itd’s formula on [¢, f] will lead to v(t) < v(t)e"im%n  which would
contradict (5.5.29). Therefore, claim (5.5.25) must be true and so is (5.5.24). By induction

on m and the definition of M,,;, one can conclude that

vy<M [ dlvylle ™0, Vi1,

o<ty <t
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By (5.5.4) and the condition on d(t), one has

E{lx()[?) <M&E—j E{I5]P) e A0, =g,
Since n > 0 is arbitrary and indpendent of ¢, we actually have shown

E{lx(t)IP} < Maz—j E{II£1P)} e 20—, izt

which shows that the pth moment of system (5.1.1) is GUES with its pth moment Lyapunov

exponent not greater than —A. []

5.5.4 Moment Exponential Stability: Combined Hybrid Strategy

Theorems 5.5.1 and 5.5.2 address the average dwell-time approach and impulsive stabi-
lization, respectively. While Theorem 5.5.1 applies to the situation when both stable and
unstable modes are present in the switched system and stability is achieved by restricting the
switching signal so that a certain balance between the activation time of the stable mode and
the unstable mode, Theorem 5.5.2 assumes all the modes are unstable and addresses how
one can seek an impulsive stabilization rule for a certain class of switching signals. In this
section, these two approaches are combined to achieve a stabilization result for impulsive
switched stochastic delay systems.

The motivation for proposing this strategy is the fact that impulse stabilization should be
kept to a minimal in many applications due to its cost. We consider applying impulses only
when the system is about to switch to an unstable mode. Otherwise, the requirement for
stability is guaranteed by imposing an average dwell-time condition. For this purpose, we
propose a partition of the subsystems by 7 = Z; U Z,, and Z, N Z,, = {J. Recall the notion

from Section 3.1.1 and define
(6, 71, = (16,705, 16T = |16 T1,
i€z i€z,
i.e, [t, T] and [¢t, T]% denote the union of all subintervals of [#, T] on which a mode in Z;

and Z,,, respectively, is activated.

The combined hybrid strategy can be described as follows:

(i) on [t, T];, stabilization is achieved by an average dwell-time approach and impulsive

stabilization is not performed; and

(ii) on [t, T]%,a stabilizing impulse is added at each impulsive switching time.
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Theorem 5.5.3 Let A, A, p, c1, ¢2, d, pi=1(i € Iy), 1;, 8;, pi < 1 be positive constants and v;

(i € Z,,) be nonnegative constants. Suppose that
(i) condition (i) of Theorem 5.5.1 holds;

(ii) there exists a family of continuous functions {j; : i € L} from [ty, 00) to R such that
condition (ii) of Theorem 5.5.1 holds, for all i € Z;, with

jo=max sup p; (1); (5.5.30)

i€Zs te[ty,00)

(iii) there exists a family of continuous functions {v; : i € T,;} from [to, 00) to R satisfying

(5.5.11) such that condition (ii) of Theorem 5.5.2 is satisfied, for all i € Z,,, with

qi = exp(ur + Ad; + v;é;). (5.5.31)

Then the trivial solution of system (7.1.1) is pth moment globally uniformly exponentially

stable on S, where S includes all impulsive switching signals o = {(tx, i, ji) | satisfying
(a) o € S,i(ti,No)for alli € Iyando € S;Jp((Si)for alli € 7,

(b) same as (b) in Theorem 5.5.1,

© T dw <d,

(d) [/,Lg(s) (s) + Ao(s)]ds <O, forall t = t,
[tO)t](sy

(e) Ti > In(p;)/ 1, foralli € T,
(f) §i < —In(pi)/(A + vy), foralli € Z,,

where A = Min;ez, {A; — IN(p;) /i), and its pth moment Lyapunov exponent is not greater
than —A.

Proof. Keep the same notation as in the proof for Theorem 5.5.1. The proof is essentially
a combination of the proofs for Theorems 5.5.1 and 5.5.2. Let n € (0, A) be an arbitrary

number and define

A=A—-n pit)=pni®)+n t=t, i€l
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We claim that, for all t = ¢,

NE (1,1 - -
v(t) < M||vy, || H p; & (tt0) H d(ty) eXp(/ fo(s)(s)ds — / Ads),
ieZs fo<ty <t [to-t]5 [to,t5 15
where H Vi H = maX_, <s<oV(to+5s),M > lisaschosen in the proof of Theorem 5.5.2,and

ty is the next switching instant of o beyond t. For simplicity, let u(¢) denote the right-hand
side of the claimed inequality. We shall prove the claim by induction on [#;_1, %),k € Z7.
Starting on [y, t;), consider two cases: (i) iy = o (ty) € Z;, (ii) iy € Z,,. We have

(i) following the argument in the proof of Theorem 5.5.1,

t ~
V(1) < gy e PoOOE p e g0 1),

which implies the claim on [fy, t;),
(ii) following the argument in the proof for Theorem 5.5.2,
V(D) <Mlvlle™™%, vt € [, 1),
which also implies the claim on [#y, t1).

Now suppose that the claim is true on [to, t,,,), where m € Z+. We shall show that it is also
true on [t,,, tym+1). Consider the following three cases:

(a) o (ty) € Z;. Suppose that the claim is not true on [#,, t;,+1). Then there exists some
a > Osuchthatv(t) <u(t)4o,forsomet € [t,, tyy11). Lett™ = inf{t € [ty, tir1) : V() >
u(t) + a}. Since v(t,,) < u(t;,), one must have t* € (t,,, t;y41). Moreover, by continuity of v
and u on [ty t,, + 1), v(t*) = u(t*) + a and v(t) <u(t) + « for t € [ty — r,t*]. Now for
any s € [—r, 0], one has
u(t* +s)

vttt s)<u(t*+s)+a< max{l,—
u(t*)

b,

where

u(t* +s) - ~
——— =eXp (/ fo(s)(s)ds — / Ads)
u(t*) (5,6 +5]5 [£2,(t*+5)o 11

exp(f ﬂg(s)(s)ds —/ 1~\d5)
[t +s]5 [t +9)]8

exp( / uds + / Ads)
[t 45,515, [£*4s,t%]4

< exp(ur),

N

N



5.5 RAZUMIKHIN-TYPE THEOREMS FOR STOCHASTIC HYBRID DELAY SYSTEMS 222

where in the last inequality the fact that A < ¢ (implied by the theorem conditions) is used.
Following the same argument as in the proof of Theorem 5.5.1, one can draw a contradiction
by applying It6’s formula and the Razumikhin-type argument. Therefore, we have shown
that the claim holds on [t,,, t;;+1).

(b) o (tm) € Z,. On [t,, — 1, ty), one has, by the inductive assumption,

v(t) <u(t) < Cpe™, (5.5.32)
where
N (tt - ~
Cim = M||vy, || l—[ o, o (tm>t0) 1_[ d(ty) exp(/ o (s)(s)ds —/ Ads),
ieZ; 1<k<m LtostmI5 Ltostm]s
and
V(tm) < Cme—ﬁimaim—ASim —& < Cme—l_)imSim—AtSim,
where i,,, = o (t;,) and ¢ > 0 is a sufficiently small number.
We shall show that
V(1) < Cpe Noim, Yt € [ty tms1). (5.5.33)
Assume (5.5.33) is not true. Define
t =inf {t € [tms tma1) : v(t) > Cme‘Ml’m} )
and
t= sup{t € [tmy 1) @ V(1) <Cme_ﬁim8im_A5im_5} _
Then
V(t) = Cpe Vim®im=A0im = — o=Vimdin =€y (7), (5.5.34)
and
v(t)<v(t), VtEeE [tm L], (5.5.35)
v(t)=v(t), Vit e[t 1] (5.5.36)

Therefore, for t € [t,t]and s € [—r, 0], from (5.5.32), (5.5.35),and (5.5.36), one can obtain
v(t +5)<Cpe' < e”r+‘_”'m‘s"m+[\5"m+8v(£) <qi,v(t),

provided that ¢ > 0 has been chosen sufficiently small.
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By the Razumikhin-type conditions (iii) and applying Itd’s formula on [t, ], one can
show that

v(E) < v(t)e mdim,

which would contradict (5.5.34). Therefore (5.5.33) must be true. It follows immediately
that the claim holds on [#,,, t;;+1)-
We can now conclude that the claim holds for all ¢ > ty. By the arbitrary choice of n, we

actually have

v <Ml | T %0 [T dwoewm( /

S
ieTs o<ty <t Ltot15

Mo (s)(s)ds — /

[to,ta](”,

Ads),

which, by the fact that o € S, implies

V(t) <M£l||Vt0|| 1_[ pINO exp(/ I:Inip—((j()s)) — )»U(s)i|d5 — /[‘ ] AdS)
o(s T

ieIs [t())t]f;
g No —A(t—t,
= Md|lvy | [ ] o"e™ 270,
i€l

Finally, by (5.5.4), we have
E{lx®FF} <CE{l§IIP} ™27, Vi=1,

with C = Md [Tier, ,olNo c2/c1, which shows the pth moment of system (7.1.1) is GUES with

its pth moment Lyapunov exponent not greater than —A. U

5.5.5 Almost Sure Exponential Stability

In this section, with some additional conditions, we show that the trivial solution of system
(7.1.1) is also almost surely exponential stable, provided that the conditions in Theorems
5.5.1,5.5.2, or 5.5.3 are satisfied.

Theorem 5.5.4 Letp=>1,C > 0and A > 0. Suppose there exists a constant K > 0 such that

E{lit, I Vv Igit, o)1 v (1, 9)F} <K sup  E{lp(9)IP}, (5.5.37)

—r<s<o0

forallieI,je J,and(t,¢) € Epft. Moreover, suppose o € S;(t,Ny). Then

E{lx(t; §)IP} <CE{l&|IP} e 270, =1, (5.5.38)
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implies

Ilmsup log|x(t; &)] <

t—00

(5.5.39)

~a|>
N
(%)

where x(t; ) is a given solution to system (7.1.1).

Proof. Write x(t) = x(¢; &) in the following. Lets,, = ty + mr, where m =1 is a positive

integer. Consider system (7.1.1) on [s;,—1, Sm] for m = 2. We have

Sm Sm
x(t) = x(sm—1) + / fa(s) (s, x5)ds + / 8o (s) (5, x)dW (s) + Xy, (5.5.40)
Sm—1 Sm

where

XYm = Z Ijk(tka xtk_)'

t €(Sm—15Sm]

By Holder’s inequality, (5.5.40) implies

£ ) < [E st ) + Ef [ o551

+E{ sup

O<h<r

sm1+h
/5_ 8o (s) (S xs)dW(s)‘ } |2m|P}]. (5.5.41)

Now, according to (5.5.37) and (5.5.38) and using Hoélder’s inequality,

E{/ | fo (s xs)|ds} <KrP~ 1/ sup  E{lx(s+0)[P}ds

m— 1—r<0<0

Sm
<K’ 'CE{|&|P} / e AT gs
Sm—1

<K’ CE[|lg||P} e~ A2, (5.5.42)

By the Burkholder-Davis-Gundy inequality (see, e.g., [140, p.40, Theorem 7.3]),

)4
2

Sm—1+h P Sm
/ gg(s)(s,xs)dW(s)‘ }gcpE{ / |80 (5 x0) | ds} . (5.5.43)
Sm—1 Sm

E{ sup

O<h<r
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where C, is a constant that depends only on p. Note that (5.5.37) actually implies
|gi(t, ®)IP <K||p|IP, forall (i,t,¢) € T x RT x PC. Hence we can show that

E{ /s:: |0 (5) (5> xs)|2ds}

<E{ sup \ga(s>(s,xs)|/ |gg(s)(5,x5)|d5}
Sm—1

Sm—1 S5y

P
2

[N1as)

<K E{ sup !ga(s)(s,xs)‘P } + k7! E{ /Sm |gg(s)(s,x5)| ds}p
1

Sm—1 S S sy Sm—

Sm
<KKE{ sup Il || } + K_lrp_lf E{ !ga(s)(s,xs)‘p }ds
Sm—1

Sm—1 S sy
<K E{lxs, [P} + kK E{ 1%, [P} + T KPCE{ 617} 2"2r,  (5.5.44)

where k > 0 is to be chosen later. Since o € S,(7, Ny), there are at most N = [r/t + Ny]

terms in X,, and hence

E{SnulP} <Nt D L ox, )

tk €(Sm—1,5m]

<NPT'K>T sup E{lx(t +9)IP)

te€(Sm—1o5m] " Ss<0
<NPKCE{||g[P} e~ A0m=2T, (5.5.45)
Combining (5.5.41)-(5.5.45) gives
E{llx, 17} < 4~ KKCy[ E{ x5, I} + Efllxs, ., [P}] + Le 227, (55.46)

where L = [(Cp/c_lrp + NP)KC + 1] E{ & ||P}, a quantity independent of k. Now choose

k > 0 sufficiently small such that
4P~ 1cKC,

< —Ar
1 — 4P~ 1kKC, '

0 <e

Then (5.5.46) implies

E{llxs, 17} <e 2" E{lxs, , IIP} + Le~A0m=2),

which is valid for all m > 2 and hence, by induction, implies
E{llxs, [P} < e 2D E{flx, 1P} + (m — 1)Le” A2,

< [ E{ [E ||P} + eAr]mLe_A(m_l)r, Vm=2. (5.5.47)
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Define, for m =2,

Ay = {a) s, 1P > e—(A—e)(m—l)r}’
where ¢ € (0, A) is arbitrary. By (5.5.47),
P(Ap) < eI E g, 1P} < [Efllxg [P} + e JmLee 1",

The Borel-Cantelli lemma implies that P(limsup,,_, ., Am) = 0, i.e., for almost all w € €,
there exists an M (w) such that

s, IP < e”A=Om=Dr -y > M(w), (5.5.48)

which implies that, for t € [sy,—1, Sm],

1 A — —1
Lioglxoyp < - L=O0 =D o M),
t to + mr
Therefore, for almostall w € ,
. 1 . A — —1 A —
limsup — log(|x(¢)]) < lim —( &)m — Dr = — 8. (5.5.49)
t—>oo 1 m—00 (to + mr)P p
Since ¢ € (0, A) is arbitrary, (5.5.39) follows from (5.5.49). The proof is complete. O

Corollary 5.5.1 If p=>1, then the same conditions as in Theorems 5.5.1 and 5.5.2 together
with the conditions in Theorem 5.5.4 imply (5.5.39), i.e., the trivial solution of system (7.1.1)

is also almost surely exponentially stable with its Lyapunov exponent not greater than — A /p.

If 0 < p < 1,aslightly stronger assumption on the coefficients f; and g; is needed while

the assumption on I remains the same.

Theorem 5.5.5 Let 0 < p < 1 and suppose there exists a constant K > 0 such that the
solution process x; satisfies
Bl sp [fit+sx0l’ Vgt sl [ <k sp EfixoP), (5550
—r<s<0 “2r<s<<0
foralli e Zandt=t,+ r and

E{li(t,o)P} <K sup Ellgs)F}, (5.5.51)

—r<s<o0

forallie Z,j € J,and (t,¢) € EI;_-t. Suppose, in addition, o € S,(t,Ny). Then (5.5.38)
implies (5.5.39).
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Proof. From (5.5.40), we have

€l 1) < [ EflxtsnP} + E] [ oo s as)

Sm—

+E{ sp /Sm_l+hga(s)(s,xs)dW(s)‘P}—l—E{IZmIP}], (5.5.52)

0<h<r Sm—1

where the fact that () ai)p <) af , for nonnegative reals a; and 0 < p < 1, is used.
According to (5.5.38) and (5.5.50),

E{[’f |fo(s)(s,xs)|ds}p<rpE{ sup \fa(s)(%xs)\p}

Sm—1 <S5y

<K’ sup  E{lx(s)I’}

Sm—2 NS sy

<K’ CE[||g||P} e~ A2, (5.5.53)

While (5.5.43) remains valid, (5.5.50) implies

Ay

Sm—1 NS spy

<KriCE|Jg[P} e~ A0m-2r, (5.5.54)

On the other hand, according to (5.5.51),

Elzall= Y Efhexl)

€ (Sm—15Sm]

<k Y sp E{lx(y+9)P)

tk€(Sm—1>Sm] —r<s<0
<NKCE/[||g||P} e A0m=2r, (5.5.55)
Combining (5.5.52)-(5.5.55) gives
E{llxs, 1P} < 4P~k KCp[ E{llxs, IP} + E{lIxs,_, IP}] + Le~ 227, (5.5.56)

where L = [K(rp + Cpr% + N) + I]C E{ IE5 ||P} , a quantity independent of k. The rest of
the proof is the same as the proof of Theorem 5.54. O

Remark 5.5.4 Deriving almost sure exponential stability from exponential stability in mo-
ment under certain conditions on the growth of coefficients for stochastic functional dif-

ferential equation is first done in [138] (see also [140, p.175-178]). The proofs here for
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Theorem 5.5.4 and Theorem 5.5.5 are based on the proofs in [140], now taking switching
and impulses into account. It can be seen that additional conditions on switching signal and

the impulse function are necessary for the implication. N

Corollary 5.5.2 If0 < p < 1, then the same conditions as in Theorems 5.5.1- 5.5.3 together
with the conditions in Theorem 5.5.5 imply (5.5.39), i.e., the trivial solution system (7.1.1) is

also almost surely exponentially stable with its sample Lyapunov exponent not greater than

—A/p.

5.5.6 Examples
In this subsection, we will present two examples to illustrate the results obtained in this
section. We shall omit mentioning the initial data, which are always assumed to be in E'j_-

to :
For simplicity, only second moment stability (p = 2) is considered. Almost sure stability

would follow from Theorem 5.5.4 under suitable assumptions.
Example 5.5.1 Consider the switched stochastic delay system
dx(t) = [Ajx(t) + f;, (1, x (1), x(t — r(1)))]dt
+ & (6, x(0), x(t — r(D))dW (1), t # by, (5.5.57)
Ax(t) = L (6, x-), t=t,

where o = {(t, ik,jx)} C RT x I x J is an impulsive switching signal. Suppose that there

exist positive constants «;, &;, 8;, and ,gi such that
|fi(t, %, )| <ailx| + ail yl, (5.5.58)
and
18i(t, x, ) > < Bilx|* + Bilyl (5.5.59)

fori € Zand (t,x, y) € RT x R" x R". A single time-varying delay is given by r(¢), which

is continues on R and satisfies 0 < r(¢) < r for some constant r > 0.

Stability Analysis. Assume that there exist real symmetric matrices P; and Q; such that P;
is positive definite and AiTPl. + P,A; = Q;,foralli € 7. Let Vi(t,x) = xTP;x,i € T. Then

Min Amin(P;) |x[* < Vi(t, x) < max max(P;) |x|%,
i€l i€l
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forall (i,t,x) € Z x R x R". For¢ € E%,we have

LVi(t,$) = 20T (0)Pi[Ai (0) + fi(t, $, p(—1(1)))]

+ trace[ g/ (t, ¢ (0), ¢ (=7 (1)) Pigi(t, $(0), p (—r(1)))]

< max(Qi) [9(0)? + 2atikmax(Pi) ¢ (0) [
+ 2&ihmax (P) 1 (0)p (—r (1))
+ Birmax(P) |9 (0)* + Birmax (Py) | (—r(0))[* .
If, for some g > 1, we have
minE{¢” (5)Pig(s)} <qE{¢" OPip(0)}, Vs € [-r,0],

which implies,

MiN &nin (P) E{lp()1*} <qE{¢"(0Pip(0)}, Vse[-r,0]

Hence, by (5.5.60),

E{LVi(t,)} < E{Vi(t,p(0)},

where ; = ki + gki, with

Amax(Qj) - Amax (Pi)
i=——+ Qo+ o+ pi) ——
“ )Lmax(Pi) +( Gt +13))»min(Pi)
and N b
ki = (@ + Bi) mex(P:)

MiNiez Amin(Pi)’
Average Dwell-Time Approach

If ki + ki < Oforalli € Z,itis clear that each of the equations

[
— (ki + gki) = Ogr(q), iel,
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(5.5.60)

(5.5.61)

(5.5.62)

(5.5.63)

(5.5.64)

has a unique solution g; in (1, —«;/ki). Let ¢ = MaXjez qi» and u© = MaX;ez(—;).

Then g = e*” and condition (ii) of Theorem 5.5.1 is satisfied. Assume, in this case, the

impulse function is constantly zero. We have V; (¢, x) < MaX;e7 Amax (Pl.Pj_l) Vi(t, x), for all
(t,x) € [tp,00) x R" and i, j € T, which implies that condition (b) of Theorem 5.5.1 is

satisfied with p; = MaXjez Amax (Pin_l). By Theorem 5.5.1, the trivial solution of system
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(5.5.57) is second moment globally uniformly exponentially stable on (7);.7 Si(zi, No),
where t; > In(p;)/(—wi), for all i € Z, and its second moment Lyapunov exponent is not
greater than —A = — min;ez{(—wi) — In(p)/7i}.

Impulsive Stabilization

If k; + k;=0for all i € Z, we can consider the situation where all subsystems of (5.5.57)
without impulses are unstable and seek impulsive stabilization for (5.5.57) by Theorem
5.5.2. For given A and r,we can find g; > 1 such that

qi = eXp(Ar 4+ Ad; + idi), (5.5.65)

where u; = k; + qikj, provided that §; is sufficiently small. Now according to Theorem 5.5.2,
if we choose the impulses accordingly such that §; < —In(p;)/(A + w;), then the trivial
solution of system (5.5.57) is second moment globally uniformly exponentially stable on

Nicr Séup((Si) with a second moment Lyapunov exponent not greater than —A.
Combined Hybrid Strategy

Suppose Z = Z,UZ, withk;+k; < 0,foralli € T;,and k;+k; > 0,foralli € Z,. Following
case I, it is clear that, for each i € Z;, (5.5.64) has a unique solution g; in (1, —«;/k;j). Let
q = MaX ez, qi and . = MaX;ez, (—ui). Then g = e"” and condition (ii) of Theorem 5.5.3 is
satisfied. Choose the average dwell-time t; > In(p;)/(—pu;) for i € Z;. We seek appropriate
impulsive stabilization for the subsystems in Z,,. Let A = min;ez,{(—ui) > In(p;)/7i}. For
each i € Z,, and a sufficiently small §;, we can find g; > 1 such that

gi = exp(ur + As; + wid;), (5.5.66)

and u; = ki + gqiki. According to Theorem 5.5.3, if we choose the impulses such that
8i < —In(pi)/(A + p) for i € 7, then the trivial solution of system (5.5.57) is second

moment globally uniformly exponentially stable on
{ N swp(sl-)} N { N S;'(r,No)},
i€z, ieZs

with its second moment Lyapunov exponent not greater than —A. U

The stability analysis for Example 5.5.1 can be summarized in the following proposition,

while the notations are explained in the above argument.
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Proposition 5.5.1 The trivial solution of system (5.5.57) is second moment globally uniformly

exponentially stable on
(i) Nier Sj;(ri,No), ifk;i + ki < 0and t; > In(p;)/(—wi), foralli € Z,
(i) Mier Sap(8i), if ki + ki =0and §; < —In(p;) /(A + ), foralli € T,

(i) {Miez, Sip@) | N {Miez, Si@ N} if i + & < 0 and 7 > In(o)/(—2o), for all
i €T,andki+ki=0andd; < —In(p;)/(A + i), foralli € Z,,.

In all three cases, the second moment Lyapunov exponent is guaranteed to be not greater than
—A. If, in addition, assumptions of Theorem 5.5.4 are satisfied, then the Lyapunov exponent

is guaranteed to be not greater than — A /2.

Example 5.5.2 LetZ = {1,2}, J = Z x Z,and choose

—4.05 2.01 -1.31 —0.87 —0.64 0.05
A;=|—-453 —4.18 —-033|, A= 087 085 2.70
—-1.24 0.15 -3.15 —1.52 —-3.37 0.59

Consider a special case of (5.5.57),
dx(t) = [Ajx(t) + Byx(t — r)]dr + Cix(t — )dW (1), t > fo, (5.5.67)
with
I (tk, ¢) = D(ix—1, ix)$ (0),

where r > 0 is a constant, B; = C; = E3 (Es3 is the 3 x 3 identity matrix), and D(-, -) are

3 x 3 constant matrices.

Combined Hybrid Stabilization. We shall follow the same notations and argument as in
Example 5.5.1. Choose Vi (t,x) = V,(t,x) = x2 (i.e., Py = P, = Iz). Taking fi(t,x, y) :=
Biy, gi(t,x, y) := C;y, itis clear that (5.5.58) and (5.5.59) are satisfied with &; = || B;||, Bi =
|Cill?>, and a; = B; = 0. We can compute, from (5.5.62) and (5.5.63),

K1 = rmax (AT + Ay) + |Bi]l = —3.0139, & = ||Bi]| + [IC1]* = 2,

and
K2 = *max(AT + A2) + || Ba|l = 2.4545, &y = ||By|l + [ Coll* = 2.
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Therefore, k; + k1 < 0 and k, + k2 > 0. Following case (iii) of Proposition 5.5.1, we can
choose a combined hybrid strategy to stabilize system (5.5.67). The key steps are to find
the average dwell-time condition t; for the first mode, and the constants §, and p,, which
characterize, respectively, the impulse frequency and impulse strength for the second mode.
Since P; = P, = E3 and there are no impulses applied when the first mode is to be activated,
we have that (5.5.8) (in condition (b) of Theorem 5.5.1), for j = 1, is satisfied with p; = 1
and d(t) = 1, which, according to Remark 5.5.3, implies that there is essentially no average
dwell-time restriction for the first mode. Solving (5.5.64) for i = 1 gives q; = 1.3550 and
w1 = —0.3038. Hence A = u = 0.3038. Choose 6, = 0.1. Solving (5.5.66) for i = 2 gives
q2> = 3.8765. Hence p, = 10.2075. To introduce impulses for the second mode only, let

D@G,1) =0, D(,2) = —05;, i=1,2. (5.5.68)

Therefore, (5.5.8) is satisfied with p, = 0.25 and d(t) = 1. It is verified that

In(o2)
A+

3, =0.1 <0.1319 = —

According to Theorem 5.5.2, the trivial solution of (5.5.67) is second moment globally
uniformly exponentially stable and its second moment Lyapunov exponent is not greater
than —0.3038. If, in addition, 0 = {(tk,ik, jk)} satisfies an overall average dwell-time
condition, Theorem 5.5.4 also guarantees that trivial solution of (5.5.67) is almost surely

exponentially stable and its Lyapunov exponent is not greater than —0.1519.

Numerical Simulation. With o € Sszup(o.l), typical samples of (5.5.67) are simulated
and shown in Figure 5.10. It is demonstrated that the combined strategy can successfully
stabilize system (5.5.67), which, in the absence of impulses, can be unstable, as shown in
Figure 5.12.

Average Dwell-Time Approach. Now we illustrate, still by Example 5.5.2, that Theorem 5.5.1
can well cover switched systems with both stable and unstable modes and an average dwell-
time switching would exponentially stabilize system (5.5.67). Solving (5.5.64) fori = 1 gives
q1 = 1.3550 and p; = —0.3038. Choose g = q; = 1.3550 and pp = kp + gk = 5.1645.
It is easy to verify that condition (ii) of Theorem 5.5.1 is satisfied. Suppose that there are
no impulses, i.e., D(i,i’) = 0 for all i, i’ € Z. Therefore, (5.5.8) is satisfied with p; = 1 for

i = 1,2. According to Remark 5.5.3, there are no average dwell-time restrictions for both
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combined hybrid switching and impulse stabilization (multiple samples)

combined hybrid switching and impulse stabilization (single sample)

a typical switching signal

T

18

T

1.6

14

T

T

1.2

Figure 5.10 Simulation results for Example 5.5.1.
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X=|

average dwell-time switching stabilization (multiple samples)

234

average dwell-time switching stabilization (single sample)

10

-0.5

15 | | | | | I I I
0
a stabilizing switching signal

181

141

1.2+

10

Figure 5.11 Simulation results for Example 5.5.1.
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system response without impulses (multiple samples)
400 -

200 -

T
Xy %p %]

X=

-200

T

—400 1 1 1 1 1 ]
0

t

system response without impulses (single sample)
30

T
By X, %]

X=

a switching signal that fails to stabilize the system

2 —r—r—r—r—r—r—r——

1.8h

16

1.2hH

Figure 5.12 Simulation results for Example 5.5.1.
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modes. The only condition in 5.5.1 remains to be verified is condition (c), which reads

t
f Ma(s)ds < — At — t0)> t = 1o, (5.5.69)
fo

for some constant A > 0. To check (5.5.69), define, for i = 1, 2, ;(t) to be the total
activation time of the ith mode up to time ¢. If & = {(#, ik, ji) } is such that

t
0 _ 9, t>to (5.5.70)
mi(t)

for some constant ¥} > 0, then, by the identity 7y (t) 4+ m2(t) = t — ty, we have

t— 1t
1+

mi(t) =

>

and, consequently,

(1 + P pa)(t —to)
1+9

t
ft Mo (syds = m(t) 1 + ma(H) s < , t> .

0
Therefore, if we choose # = 0.05 > 0 such that u; + 9y = —0.0456 < 0, then (5.5.69) is
verified and Theorem 5.5.1 guarantees that the trivial solution of (5.5.67) is second moment
globally uniformly exponentially stable and its second moment Lyapunov exponent is not
greater than —0.0456. If, in addition,o = {(tk, ik, jk)} satisfies an overall average dwell-time
condition, Theorem 5.5.4 also guarantees that trivial solution of (5.5.67) is almost surely

exponentially stable and its Lyapunov exponent is not greater than —0.0228.

Numerical Simulation. With (o, ) satisfying (5.5.70) with & = 0.05, typical samples
of (5.5.67) are simulated and shown in Figure 5.11. It is demonstrated that the average
dwell-time switching under the balance condition (5.5.70) can successfully stabilize system
(5.5.67), which has both stable and unstable subsystems. Moreover, it is shown in Figure
5.12 that, a switching signal that fails to satisfy the balance condition (5.5.70) may also fail
to stabilize the system. O

5.6 Summary

In this chapter, we have presented a general mathematical framework for studying prac-
tical systems that may exhibit all the hybrid characteristics of impulse effects, switching,

stochastic dynamics, and time delays.
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Stability analysis and stabilization strategies have been proposed for such systems, which
achieve both moment stability and almost sure stability under various circumstances. Given
switched delay systems, Section 5.3 gives an impulsive stabilization scheme for such systems.
In Section 5.4, a different stabilization approach is given, where a state-dependent switching
signal is constructed to stabilize a family of unstable systems with time-delay. The results
are extended to nonlinear systems and delay upper bounds have been quantified, which give
various delay-dependent stability criteria.

Section 5.5 deals with general hybrid systems with time-delay and several Razumikhin-
type theorems on stability have been established, each emphasizing a different situation.
We first consider the situation that average dwell-time switching plays a dominant role
in achieving stability. Here a balance between stable and unstable systems is formulated
using an integral inequality that essentially proposes a class of generalized average dwell-
time impulsive switching signals. We then consider the situation where average dwell-time
switching fails and introduce impulse control scheme in this very general setting. Stability
is guaranteed under a class of of impulsive switching signals with reverse average dwell-
time. Finally, we consider the situation where both switching and impulse are used in the
stabilization. Stabilizing impulses are only used when average dwell-time switching fails to
stabilize certain subsystems.

While increasing attention has been paid to stability analysis and impulse control of
stochastic delay systems, little has been paid to the existence and uniqueness of impulsive
stochastic hybrid time-delay systems. It has been realized that there exist some key differ-
ences between continuous time-delay systems and impulsive time-delay systems. The same
observation is true in the stochastic setting. By formulating the solutions in the space of
piecewise continuous functions on the delay interval, we have established in Section 5.1
some existence and uniqueness results for general impulsive and switched hybrid stochas-
tic time-delay systems. It should be pointed out that, in this thesis, the impulsive and
switching signals are considered to be purely time-dependent and deterministic. The cases
of state-dependent and random impulsive and switching signals can be topics of future

research.
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Consensus in Dynamical Networks

While consensus problems have a long history in both computer science [134] and statistics
[42], there has been a recent surge of interests among various disciplines of engineering and
science in problems related to networked systems of multi-agents that emphasize consensus
or agreement (see, e.g., [11], [15], [28], [29], [30], [46], [64], [77], [78], [76], [81], [127],
[144], [148], [154], [153], [184]; see also [147] for a recent survey and extensive references
therein). Consensus problems naturally arise when a group of agents, often distributed
over a network, are seeking agreement upon a certain quantity of interest, such as attitude,
position, velocity, voltage, direction, or temperature, depending on different applications.
Networked systems are often subject to environmental uncertainties and communication
delays, which make it difficult or impossible for a networked agent to obtain timely and
accurate information of its neighbors. Moreover, link gains/failures and formation recon-
figuration make it necessary to address consensus problems for networks with switching
network topology. The recent work of [77], [78], [76] studies stochastic consensus prob-
lems of networked agents, with or without switching topology, in the discrete-time setting
using algorithms from stochastic approximation. In [127], the work of [77] is extended
to the continuous-time setting, and both necessary and sufficient conditions for stochas-
tic consensus have been obtained for networks that are balanced and contain a spanning
tree (equivalent to strongly connected and balanced). Other work on consensus problems
that explicitly takes into account measurement and environmental noises in different con-
texts includes [11], [17], [30], [43], [64], [153], [172], [173], and [184], in some of which the

noises are modeled as deterministic but unknown disturbances (e.g., [11] and [43]). None

240
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of the above mentioned work, however, has investigated stochastic consensus problems of
networks with communication delays, either in discrete- or continuous-time setting, while
delays are ubiquitous in communication networks.

The purpose and main contribution of this chapter are to investigate stochastic consensus
problems with communication time-delays. Following the time-varying consensus protocol
introduced in [77] for discrete-time systems and in [127] for continuous-time systems, both
without communication delays, we propose a time-varying consensus protocol that takes
into account both the measurement noises and general time-varying communication time-
delays. We take a continuous-time approach using differential equations and stochastic
calculus, and aim to provide conditions under which the proposed consensus protocol
actually leads to consensus for networks with strongly connected and balanced topology.
Moreover, the consensus results are extended to networks with arbitrary deterministic
switching topology and with Markovian random switching topology. Explicit delay upper
bounds for guaranteeing consensus are obtained in each case.

The rest of this chapter is organized as follows. In Section 6.1, we formulate the consensus
problem, propose the consensus protocol, and introduce two notions of stochastic consen-
sus. A Gronwall-Bellman-Halanay type inequality is established in Section 6.2, which plays
an essential role in proving the consensus results. The main consensus results are presented
in Section 6.3, followed by demonstrations through numerical simulations in Section 6.4.
This chapter is concluded by Section 6.5, with a discussion on some possible future research

along the line of this chapter.

6.1 Problem Formulation and Consensus Protocols

6.1.1 Network Topology

The interaction topology of a network of n-agents is modeled by a weighted digraph (or
directed graph) G = (W, £, A) of order n with set of nodes V = {vy,-- -, v,}, set of edges
& C V x V, and a weighted adjacent matrix A = [ajj],x, with nonnegative elements a;;.
An edge of G is denoted by e;j = (v;,vj). An edge e; exists if and only if a;; > 0. It is
assumed that a;; = 0 for i = 1,---,n. The set of neighbors of a node v; is denoted by
N; = {vj eV: (vpyv)eé } Let x; € R denote the value of node v;, which is a scalar
quantity of interest. Denote the set {1, - - - , n} by Z. The graph Laplacian L of the network
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is defined by
L=D— A, (6.1.1)

where D = diag{d,, - - - , d,} is the degree matrix of G with diagonal elements d; = ZJ- i dij
and A is the weighted adjacent matrix. A digraph (and the corresponding network) is
strongly connected if there is a directed path connecting any two arbitrary nodes in the
graph. A digraph (and the corresponding network) is said to be balanced if Z#i aj =

> jiajiforalli € 7.

6.1.2 Consensus Protocols
Consider each node of the graph to be a dynamic agent with dynamics
xXi=uj, 1€l (6.1.2)

where the state feedback u; = u;(x;,,- - - ,x;,) is called a protocol with topology G if the set
of nodes {xi1> .. ,xik} are all taken from the set {v;} U N, i.e., only the information of v;
itself and its neighbors are available in forming the state feedback for the node v;.

We consider the following consensus protocol in [148]
w= Y ajl5-x) iel. (6.1.3)
VjE/\/i

The above protocol requires that agent i can obtain information from its neighbors in
N timely and accurately, i.e., it assumes zero communication time-delay and accurate

information exchange among agents. Let y;; be a measurement of x; by x; given by
Yjii = X + ojiwji(t), €T, (6.1.4)

where {Wﬁ(t) chLj=1,--+, n} are independent standard white noises and oj; > 0 represent
the noise intensity. Replacing x; in (6.1.3) with the noisy measurement yj; gives the following

stochastic consensus protocol

u; = Z ai]'()/]'i - xi)) i€ 7. (61'5)
VjE/\/,‘

If, in addition, time-varying communication delays are considered, we propose the following

delayed stochastic consensus protocol

ui(t) = c(t) Y aglyji — xi(t — ()], i€l (6.1.6)
VjEM
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where
yji = xj(t — ;1)) + ojiw;i(t), i€,
and the time-varying delays 7;;(¢) lie in [0, 7] for some T > 0 and are assumed to be

continuous in ¢. The function ¢ : Rt — R* in (6.1.6) is a piecewise continuous function

satisfying
o0 o0
/ c(s)ds =00 and / c2(s)ds < oo. (6.1.7)
0 0

The role of the function c(¢) is to attenuate the noise effects as t — oo. Condition (6.1.7),
on the one hand, implies that c(¢) is vanishing as t — o0, but, on the other hand, not too
fast due to fooo c(s)ds = oo. Without loss of generality, we can assume that Sup, ~ , c(¢) <1.
If N is fixed, (6.1.6) gives a fixed topology protocol. If N; is time-varying, we have a
switching topology protocol. The communication delays and noisy measurements in the

protocol (6.1.6) are illustrated by Figure 6.1.

xi(t-73(1))

0jiji

Figure 6.1 Delayed measurements with additive noises.

6.1.3 Network Dynamics

If the time-delays are uniform, i.e., 7;(t) = ©(¢t) for all i,j € Z, the collective dynamics of
system (6.1.2) under the consensus protocol (6.1.6) can be written in a compact form of a

stochastic delay differential equation (SDDE) as
dx(t) = c(t)[—Lx(t — t(t))dt + OdW (1)], (6.1.8)

where W () is an n?-dimensional standard Wiener process, £ is the graph Laplacian of the
network,and ® € R i3 a constant matrix defined by ©® = diag(®,,--- , ®,), where ©;

is an n-dimensional row vector given by ©; = [a;101; ai202i -+ Ain0ail.
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6.1.4 Consensus Notions

We introduce the following notions of consensus for the multi-agent systems (6.1.2) under

the consensus protocol (6.1.6) in an uncertain environment.

Definition 6.1.1 Given p > 0, the agents in (6.1.2) are said to reach average-consensus in
the pth moment if E { lx; (1) |P } < ooforallt >0andi € 7 and there exists arandom variable
x* such that E{x*} = avg(x(0)) = > 7, xi(0)/n and lim;_, E{|xi(t) — x* |P} = 0 for all

i € 7. Particularly, if p = 2, the agents are said to reach mean square average-consensus.[]

Definition 6.1.2 The agents in (6.1.2) are said to reach almost sure average-consensus
n

if there exists a random variable x* such that E{x*} = avg(x(0)) = > i, x;(0)/n and
lim;_, o xi(t) = x* almost surely for alli € 7. O

In [77], the authors defined and investigated both mean square consensus and almost
sure consensus (called strong consensus) in the discrete-time setting, without emphasizing
average-consensus and considering communication delays. Continuous-time mean square
average-consensus has been defined and studied in [127], without considering communica-

tion delays.

6.2 A Gronwall-Bellman-Halanay Type Inequality

In this section, we present a generalized Gronwall-Bellman-Halanay type inequality for
estimating a function based on a delay differential inequality, which is essential to prove the
main theorem and might be of independent interest as well, since it generalizes the classical

Halanay inequality in the sense that it can be applied to non-autonomous systems.

Lemma 6.2.1 Let ty and r be nonnegative contants. Let m : [ty —1,00) —> R be continuous
and satisfy

DYm(t) <y (t) — uc(®)m(t) + rc(t) sup m(t+s), (6.2.1)
—r<s<0

on [ty, 00), where y and c are piecewise continuous functions with y (t) =0 and c(t) € (0, 1]

forallt =0, and p and A are constants satisfying i > X > 0. Then

t t t
m(t) < mgyexp {—,0/ c(s)ds} + / exp {—,0 / c(r)dr} y(s)ds, (6.2.2)
to to s

holds on [ty, 00), where p > Qistherootof —p = —pu+Ae’ andmy = SUP_, < ; < o m(to+S).
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Proof. Define
RHS of (6.2.2), t € [tg, 00),
u(t) =

my, t e [tO -1, t()))
and

t* =t"(e) =inf {t € [ty,00) : m(t) > u(t) + ¢},

where ¢ > 0 is an arbitrary positive constant. Note that, if t* = oo for all ¢, then the lemma
is proved. Suppose t* € [ty, 00) for some ¢ > 0. By the definition of t* and the continuity
of m(t), we have m(t*) = u(t*) + ¢ and

sup m(t*+s)<  sup  u(tt +s)+e<e’u(t*) +e < e’ m(t"). (6.2.3)
—r<s<0 —r<s<o0

Therefore, by (6.2.1) and (6.2.3),
DT [m — ul(t*) < (—u + xe”" + p)c(t*)m(t*) — pc(t¥)e = —pc(t*)e <0,  (6.2.4)

which contradicts how t* is defined. Therefore, we must have t* = oo for all ¢ > 0 and the

lemma is proved. O

6.3 Consensus Results

In this section, we analyze the consensus properties of the dynamics of system (6.1.2).

6.3.1 Networks with Fixed Topology
We start by analyzing networks with fixed topology, i.e., the weighted graph G = (V, £, A)

is time-invariant.

Theorem 6.3.1 Suppose that G is a strongly connected and balanced digraph with L as its
Laplacian. Let 1,(L) denote the second smallest eigenvalue of L; = (L + LT)/2. If
A2(L)
< o
L2

where ||-|| denotes the spectral norm, then the consensus protocol (6.1.6) leads to mean square

(6.3.1)

average-consensus for the agents in (6.1.2).
To prove this theorem, we introduce a so-called displacement vector as in [148] and [127]

() =x(t) — la(t) = I — ])x(1), (6.3.2)
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where 1 stands for the column n-vector with all ones, a(t) = avg(x(t)) = %lTx(t) =

% Y i xi(t),1is the n x nidentity matrix,and J = }11 17, 1t is easy to see that

178(t) = in(t) —na(t) =0, t=0. (6.3.3)
i=1

The dynamics of §(¢) is given by
dé(t) = c(t)[-LS(t — t(t)dt + (I — ))OdW (1)], (6.3.4)

where we have used the fact that 17£ = £1 = 0. The consensus analysis relies on the

Lyapunov function candidate
V() =8T (s = s)*, t=0.

The quantity 1,(L), called the algebraic connectivity of the graph G, was originally
introduced in [47] for undirected graphs and later extended to digraphs in [148]. The
following property of the graph Laplacian L for strongly connected and balanced digraphs
(see Theorem 7 of [148]),

STLS=2,(L) 1817, ViTs=o, (6.3.5)

plays an important role in ensuring that the protocol (6.1.6) leads to consensus of the agents
in (6.1.2).

Proof (Theorem 6.3.1). Applying It6’s formula to V (¢) in view of (6.3.2), we have
dv (1) = —2c(t)8T () L8 (t)dt + 2c()8T () L[S(t) — 8(t — T(t))]dt
+ Coc®(t)dt + 2c()8T ()T — )HOAW (t), (6.3.6)

where
Co = trace[(I — ])*@OT]. (6.3.7)

Equation (6.3.6) implies that

t
E{V(H} —E(V(D)} = —2/ c(s) E{8T(s)L8(s)}ds

T

t
+ 2/ c(s) E{8T(5)L[8(s) — 8(s — T(s))]}ds

t
—|—C0/ c*(s)ds. (6.3.8)
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Let m(t) = E{V (t)} for t = 0. Writing the above integral equation in differential form gives
DYm(t) = —2c(H) E{sT () L8} + Coc (1)

+2c() E{8T (1) LI8(t) — 8(t — T (1)1} (6.3.9)

Note that
E{sT(1)L8(t)} = 1(L)EV (),

and
2E{8T()LI8(H) — 8(t — ()]} <e E{V(D)} + é E{L[5() — 8¢t — t ()]},

where ¢ > 0 is a constant to be determined later. On the other hand, equation (6.3.4)

implies that
E{L[5(t) — 8t — z(t)])?
¢ 2
<(1+p8) E” / c(5)L28(s — r(s))ds) }
t—t(t)

1 t 2
+ (4 E{ f c(s)L(I —])@dW(s)‘ }
B t—1 ()
t t
<A+ | E{IsG6—t@6)IP}ds+ 1+ é)rcouﬁzu c*(s)ds
t—7T t—1

t
<A+ PP swp E{V(f+5)}+(1+%)TC0||£2||/ 2 (s)ds,
t—1

—2r<s<0
where 8 > 0is a constant to be chosen later. Putting the above three estimates together into
(6.3.9) and setting & = 7| L?||, we obtain

D m(t) < = 222(L)c()m(t) +2(1 + B)T|L2|lc(t)  sup  m(t + )

—2r<s<<o0
1
B
Inequality (6.3.1) implies that we can choose 8 > 0 sufficiently small such that 2A,(£) >
(24 B)1||L£?||. Therefore, there exists p > 0 such that —21,(£) + 2+ B) || L?||e*’T = —p.

Lemma 6.2.1 shows that

t t t
m(t) <myg exp{—,o/ c(s)ds} —I—f exp{—,o/ c(r)dr} y(s)ds, (6.3.10)

t
+ 1+ )c§/ A(rydr + Coc*(t), t=t.
t—1
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on [1,00) with

t
my= sup mf(s), y(t):(1+%)C§/ A(r)dr 4+ Coc?(1).

—T<s<t t—1

t
exp{—,of c(s)ds} — 0,

ast — 00. On the other hand, note that, for all t = T > t, we have

t t s
/exp{—,o/ c(r)dr}/ c*(r)drds
T . N , S—T .
:/ exp{—,o/ c(r)dr}/ ¢ (r)drds

t t s
+/ eXp{—,o/ c(r)dr}f c*(r)drds
T s s—T
t (0, 0) N (0, ¢] N
< E‘XD{—/O/ C(r)dr}/ / cz(r)drds—l—/ / c*(r)drds,
T T s—T T s—T

and, similarly,

t t
/ exp{—,o/ c(r)dr} c2(s)ds

t o0 0
< exp{—p/ c(r)dr}/ cZ(s)ds-l-/ c*(s)ds.
T T T

In view of (6.1.7), for fixed T,
t
exp{—,o/ c(s)ds} — 0,
T
ast — o0o,and

o0 s o0 r+t o0
f / cA(r)drds < f cz(r)f dsdr = ‘L’/ cA(r)dr < oo.
T s—T 0 r 0

Therefore, both
0,0) S o0
f / c(r)drds — 0, f c*(s)ds — 0,
T s—T T

It follows from (6.1.7) that

248

(6.3.11)

(6.3.12)

(6.3.13)

(6.3.14)

(6.3.15)

(6.3.16)

as T — oo. Putting (6.3.14), (6.3.15),and (6.3.16) into (6.3.12) and (6.3.13), we have shown

t t
/ exp{—,of c(r)dr} y(s)ds — 0,

(6.3.17)
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ast — 0o. Combining (6.3.11) and (6.3.17) into (6.3.10), we finally get E{V (¢)} = m(t) —
Oast — oo.

Now note that

t
a(t) = l1Tx(t) = l1Tx(0) +/ lc(s)lT(I — HOAW (s).
n n o N

Since
t 1 2 1 t o0
E{f —lT(I—])G)dW(s)} = —co/ cA(s)ds </ c*(s)ds < oo,
o N n 0 0

where Cy is defined by (6.3.7), it follows that « is an L?-bounded martingale. Doob’s martin-
gale convergence theorem guarantees there exists a random variable x* with E { |x* |2} < 00
such that
lim a(t) =x"as. and |im E{|a(t) — x*|2} =0.
t—00 t—00
Moreover, E{x*} = E{a(t)} = E{w(0)} = >, xi(0)/n. On the other hand, for alli € Z,
i (1) — x** <20xi(1) — (O + 2] () — x*|?
= 2|8;(1)[* + 2Jer(t) — x*|?
<2V (1) + 2la(t) — x*|%.
It follows from both E{V (t)} — 0 and E{loe(t) — x*|2} — 0 that
E{lxi(t) —x*I’} = 0,
as t — 00. Moreover, it is easy to check that

E{lxi()*} < E{V()} + E{e*()} <00, t=0.

Therefore, mean square consensus is reached and the proof is complete. N

6.3.2 Networks with Arbitrarily Switching Topology
In general, the network topology specified by the weighted digraph G = (V, £, .A) can be

time-varying due to node and link failures/creations, packet-loss, asynchronous consensus,
formation reconfiguration, evolution, and flocking as pointed out in [147]. To effectively
model the dynamic changing of the network structures, we consider a collection of digraphs
and introduce a general time-dependent switching signal, either deterministic or stochastic,

to switch the network structures among the collection of digraphs.
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We consider deterministic time-dependent switching in this subsection. Let Z denote a
finite index set and {G, : p € Z} a family of digraphs. Let o : R™ — T be a piecewise
constant and right-continuous function called a switching signal. The collective dynamics

(6.1.8) can be written as a switched system
dx(t) = c()[ — Lox(t — t(t))dr + OdW (1)], (6.3.18)
where £, (p € Z) is the corresponding graph Laplacian of G,.

Theorem 6.3.2 Suppose that each G, in {G, : p € I} is a strongly connected and balanced
digraph with L, as its Laplacian. Let 1,(L,) denote the second smallest eigenvalue of f =
(Lp+L))/2. If

MiNyez A2(Lp)

T < 2
maXper | Ly

) (6.3.19)

then the consensus protocol (6.1.6) leads to mean square average-consensus for the agents in

(6.1.2) under any arbitrary deterministic switching signals.

Proof. Let o (t), t =0, be a given switching signal. Then V(¢) can serve as a common

Lyapunov function for the displacement dynamics
ds(t) = c()[ — Lowd(t — T(0)dt + I — )OdW (1)], (6.3.20)

which follows from (6.3.18). Repeating the same argument as in the proof of Theorem 6.3.1,

we can obtain
D m(t)< —2min Ao (Lp)e(t)m(t)
pel

+Q+prmax|Lille()  sup  m(t+s)
pel

—2r<<s<<o0

1 t
+(1+ E)CS/ c(rydr + Coc (1), t=rt.
t—1

Since we can choose B > 0 such that 2min,cz A2(Lp) > (2 + B)T MAXper 1£2]|, there
exists p > 0 such that —2A,(£) + (2 + B)t||L?| e = —p. Lemma 6.2.1 implies that the
same estimate (6.3.10) holds and the rest of the proof is essentially the same as the proof of
Theorem 6.3.1. [
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6.3.3 Networks with Markovian Switching Topology

Hybrid systems driven by continuous-time Markov chains have long been used to model
many practical systems where abrupt changes in their structures and parameters caused
by phenomena such as component failures and repairs as pointed out in [137]. In this
subsection, we consider the case where the switching signal is modeled by a continuous-
time Markov chain. More specifically,leto : RT — 7 be aright-continuous Markov chain

with generator I' = (y;j)Nxn given by

. , iiA + 0(A), i 7 J

PO+ M) =jlow == " 7
1+viA +o(A), i=],

where A > 0, N is the cardinality of Z, y;; = 0 for i # j,and yj; = — ) _; +j Vij- Such switching

signals are called Markovian switching signals.

Theorem 6.3.3 If all the conditions in Theorem 6.3.2 are satisfied, then the consensus protocol
(6.1.6) leads to mean square average-consensus for the agents in (6.1.2) under any Markovian
switching signals.

Proof. The proof is essentially the same as that of Theorem 6.3.2, except that we should
apply the generalized It6’s formula [137, Theorem 1.45] due to the Markovian switching.
Since a common Lyapunov function V' = |5|? is used, we obtain the same integral equation
as (6.3.8) for the expectation E{V (¢)} with L, ) in place of L. The rest of the proof is the

same.

6.4 Simulation Results

AN VAN

gl @*—*@ @ @

Figure 6.2 Three different network topologies of 3-agents.

Consider dynamical networks of three agents. Figure 6.2 shows three different topologies
denoted by the family {G;, G,, G3}. While all digraphs in the figure have 0-1 weights,
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Figure 6.3 Simulation results for fixed topology Gi: the left figure shows results for c(r) =
1/(t+ 1) and © = 0.499; the right figure shows results for c(f) = 1 and t = 0.499.
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Figure 6.4 Simulation results for a Markovian switching topology among {G1, G, G} driven by
the generator I' = [—0.5 0.2 0.3; 0.4 — 0.7 0.3; 0.2 0.55 — 0.75]: the left figure shows results for
c(t) = 1/(t + 1) and T = 0.111; the right figure shows results for c(t) = 1/(t + 1)? and 7 = 0.111.

they are also all strongly connected and balanced. The intensity of the measurement
noises satisfies 0j; = 1 for all a; = 1 (i,j € Z). It can be calculated that 1,(£;) = 1.5,
M(Ly) = 2(L3) = 1,and | L3 = 3, L5 = L3l = 9. We simulate two different
situations. First, we consider a fixed network topology given by G;. According to Theorem
6.3.1, if the communication delays are less than 1,(L)/ ||£f|| = 0.5, then the stochastic
consensus protocol (6.1.6) will lead to mean square average-consensus for the network G;.
The initial states are chosen so that avg(x(0)) = 0. Average-consensus is confirmed by
simulation as shown in Figure 6.3, where we choose ¢(t) = 1/(¢t + 1). It is also shown in

this figure that if we choose c(t) = 1, the noises cannot be attenuated, the states tend to
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diverge from each other, and average-consensus is not reached. Second, we consider the
situation where the network topologies are randomly switching among the three different
configurations in {G, G, G3} according to a continuous-time Markov chain. It follows

from Theorem 6.3.3 that if the delays are less than

ming <;<s3A2(Li)

. %:0.1111,
max; < ;<3 £l

then mean square average-consensus is reached. This is confirmed by simulation as shown
in Figure 6.4, where we choose c(t) = 1/(t + 1). It is also shown in this figure that if we
choose c(t) = 1/(t + 1)%, while the noises seem to be over attenuated, the states are settled
at different values, and again consensus is not reached. Therefore, condition (6.1.7) on the

function c(t) plays a critical role in both attenuating the noise and achieving consensus.

6.5 Summary

We have investigated the average-consensus problem of networked multi-agents systems
subject to measurement noises. A time-varying consensus protocol that takes into account
both the measurement noises and general time-varying communication delays has been
proposed. We have considered general networks with fixed topology, with arbitrary de-
terministic switching topology, and with Markovian switching topology. For each of these
three cases, we have obtained sufficient conditions under which the proposed consensus
protocol leads to mean square average-consensus. The sufficient conditions provide explicit
delay upper bounds guaranteeing mean square average-consensus in terms of the graph
Laplacians. We conclude this chapter by pointing some possible future research.

First, although both moment and almost sure average-consensus are formulated, this
chapter focuses only on the mean square average-consensus. For future research, it would
be interesting to propose consensus protocols to reach both general pth moment consensus
and almost sure consensus.

Moreover, while characterizing exact delay bounds for stability of general linear time-
delay systems remain challenging issues, obtaining optimal delay upper bounds for consen-
sus are of practical importance. In [148], the exact delay bound for average-consensus is
obtained for a fixed digraph network with a single constant delay, and in [15], exact delay
bounds for average consensus are obtained for a fixed undirected network with a single

time-varying delay or multiple constant delays. It would be interesting to know if these
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bounds are still optimal under the measurement noises considered in this chapter. If so,
one might be able to obtain necessary and sufficient conditions for mean square consensus
despite both measurement noises and communication delays following the treatment in
[127] for networked systems without communication time-delays.

Finally, when considering switching topology network, it is possible that some modes
of the network fail to have a strongly connected and/or balanced network. These modes
may be characterized as unstable modes and it would be interesting to investigate if the
ideas from stability analysis of switched nonlinear systems with both stable and unstable
subsystems in Section 2.4 can be applied here to investigate consensus problems under such

situations.



Dynamics of Neural Networks

A neural network (or artificial neural network) is a mathematical or computational model
inspired by the structural and functional aspects of the vast network of neurons in the
human brain. A neural network processes information and performs computing tasks by
connecting a large number of simple computing units, called (artificial) neurons.

As pointed out in [65], a neural network model can be regarded as a class of nonlinear
signal-flow graphs. Each neuron takes weighted inputs from other connected neurons
and produces an output through an activation function (often nonlinear). Therefore,
neural networks are in fact a class of nonlinear dynamical systems due to the nonlinearity
of activations. On the other hand, the computation developed using neural networks is
essentially a self-adaptive distributed method based on a certain learning algorithm. The
key point for the success of such an algorithm depends on whether or not the states of
neurons converge to a given equilibrium. In this sense, the study of dynamics of neural
networks is important for the desired applications. Most of the previous results on dynamics
of neural networks have been focused on neural networks with Lipschitz continuous neuron
activations.

The original work in [51] (see also [131]) has stimulated some interesting recent work
(e.g., [51], [50], [49], [131], [132], [133], [149], [180], [177], [202]) on global stability of
the equilibrium for neural networks with discontinuous neuron activations, which is an
ideal model for the case in which the gain of the neuron amplifiers is very high [51], and
frequently encountered in many applications (see, e.g., [72], [71], [125]). In practice, time-

delays are inevitable in the applications of neural networks due to the finite switching
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speed of amplifiers and communication time ([37], [141]). Interesting results have been
published on delayed neural networks with discontinuous neuron activations ([50], [132],
[133], [180], [177], [202]). In the seminal work [50], the authors investigated a class of
delayed neuron networks with an arbitrary constant delay and discontinuous activations.
Sufficient conditions for global exponential stability and global convergence in finite time of
the delayed neural networks are given in terms of M-matrix conditions. In [132], dynamical
behavior of delayed neural networks with discontinuous neuron activations are investigated.
Under an easy-to-check assumption in terms of linear matrix inequalities, the authors
derived global existence of solutions (viability), existence of equilibrium point, and global
asymptotic stability of the delayed neural networks. In [180], the authors investigated
dynamical behavior of the delayed Hopfield neural networks, where the neuron activation
functions are assumed to be discontinuous and non-monotonic. In [177] and [202], taking
the uncertainties into account, the authors investigated the robust stability of delayed neural
networks with discontinuous neuron activations.

However, almost all of the above mentioned results deal with only a single constant
time-delay. As pointed out in [50], it would be interesting to investigate discontinuous
neural networks with more general delays, such as time-varying or distributed ones usually
considered in neural networks with Lipschitz continuous neuron activations (see, e.g.,
[25], [26], [27], [82], [201]). One of the particular difficulties brought by time-varying
and distributed delays, in the case where the activation functions are discontinuous, is
that the step-by-step construction of local solutions to the discontinuous equations with
delays as shown in [50] is no longer valid. In recent work [133], the authors not only
investigated almost periodic dynamics of a general class of neural networks described by
delayed integro-differential equations, they also showed that, by constructing a sequence
of solutions to delayed dynamical systems with high-slope activations, one can obtain a
solution in the sense of Filippov to discontinuous equations with general distributed delays.

Inspired by the approach in [133], we find that the difficulty of the existence of solutions
for neural networks with discontinuous activations and general mixed time-delays can be
overcome, which enables us to further investigate global stability of delayed neural networks
with discontinuous neuron activations and mixed time-varying delays and distributed
delays. We then investigate global stability and convergence of this general discontinuous
delayed neural network model. Two sets of sufficient conditions are established, one in terms

of linear matrix inequalities (LMIs) and the other in terms of M-matrix type conditions.
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These results extend previous work on global stability of delayed neural networks with
Lipschitz continuous neuron activations, and neural networks with discontinuous neuron
activations and only constant delays. The study of this applied neural network model can
also be regarded as applications of hybrid systems, since hybrid systems are often modeled
with a combination of differential inclusions and difference inclusions as proposed in [55].
The structure of this chapter is outlined as follows. Section 7.1 discusses the neural net-
work model studied in this chapter and presents some preliminaries. Section 7.2 present the
main results on global stability and convergence, in which Section 7.2.1 provides sufficient
conditions in terms of linear matrix inequalities and Section 7.2.2 gives M-matrix type
conditions. Section 7.4 gives two examples to demonstrate the main results. Section 7.5

provides concluding remarks and possible topics for future work.

7.1 Neural Network Model and Preliminaries

Consider a class of neural networks described by the system of differential equations

dx;(t)
dt

= —dixi(t) + Y _ a;gi(x(t)) + > biigj(xi(t — T;i(1)))

n 00
+Zcij/ gi(xj(t —s)pij(s)ds +1;, i=1,---,n t=0, (7.1.1)
j=t 70

where x; is the state variable of the ith neuron; d; > 0 are the self-inhibition of the ith
neuron; a;; are the connection strength of the jth neuron on the ith neuron; b;; and c;; are
the delayed feedback of the jth neuron on the ith neuron, through time-varying delay and
distributed delay, respectively; 7;;(t) are the time-varying delays; p;;(s) are the probability
kernels of the distributed delays; g; : /R — 'R represents the neuron input-output activation
of the ith neuron; and I; denotes the external input to the ith neuron.

Throughout this chapter, we suppose that the activation functions g; belong to the class G,
where G denotes the class of functions from R to R which are monotonically nondecreasing
and have at most a finite number of jump discontinuities in every bounded interval.

Moreover, we assume, throughout this chapter, that the time-varying delays and the dis-
tributed delays satisfy that, fori,j = 1,--- ,n, 7;j(t) are continuous functions from [0, 00)
to [0, 00) such that 0 < 7;(¢) <r;; < 00, where r;; are some non-negative constants, and each

kernel function p;;(-) is a measurable function from [0, c0) to [0, 00) with fooo pij(s)ds = 1.
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Before we introduce the concept of Filippov solution for system (7.1.1), we present some
preliminary definitions for later use. Given a set E C R". Then x — F(x) is called a set
valued map from E — R",if for each pointx € E,there existsanonemptyset F(x) C R". A
set-valued map F with nonempty values is said to be upper semicontinuous at x, € E, if for
any open set N containing F(xo), there exists a neighborhood M of x( such that F(M) C N.
The map F(x) is said to have a closed (convex, compact) image if for each x € E, F(x)
is closed (convex, compact). We define Graph(F(E)) = {(x, y)|x€eE, yeF (x)}. Let
x € R"beavectorand A € R™*" be a matrix. We use ||x|| to denote the Euclidean norm of
x and ||A|| to denote the matrix norm induced by the Euclidean norm.

Now, forx € R"and g; € G,i = 1,--- ,n, we denote by g(x) = (g1(x1), - ,gn(xn)), a

diagonal mapping, and denote
K[g(x)] = (K[gi1(xD)],- - - > K[gn(xn)]);

where K[gi(x))] = [8i(x; ), &i(x)],with gi(x;) = lim, _, .- gi(x) and g (x;") = lim, _, .+ gi(x).

Definition 7.1.1 (Filippov Solutions) Suppose that ¢ = (¢y,---,¢,)! is a continuous
function from (—00,0] to R" and ¥ is a measurable function ¥ = (Y1, ,¥,) T from
(—00,0] to R" such that ¥ (s) € K[g(¢(s))] almost everywhere (a.e.) on (—00, 0]. We say
that x(f) = (x1(¢), - - - ,x,(t))T, a function from (—o0, T] to R", is a solution to the initial
value problem for (7.1.1) on [0, T'], with initial data (¢, V), if

(i) x is continuous on (—o0, T'] and absolutely continuous on [0, T'];

(ii) there exists a measurable function y = (y1,- -+, ¥») T from (—o0, T] to R" such that
y(s) € K[g(x(s))]a.e.on [0, T] and

dx;(t) - "
g = G+ ; aijy;(t) + ; bijy(t — Tyi(t)
+ D ci / it — $)pij(s)ds + I, (7.12)
0

j=1
holdsa.e. on [0, T],foralli =1, -, n;
(iii) x(s) = ¢ (s) and y(s) = ¥ (s) hold forall s € (—o0,0].

Any function as in (7.1.2) is called an output associated with the solution x. N
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Throughout this chapter, the initial functions ¢ and v (as described in Definition 7.1.1)
satisfy the following: ¢ is a bounded continuous function from (—o0, 0] to R" and v is an
essentially bounded measurable function from (—o0, 0] to R" such that y(s) € K[g(¢(s))]
a.e. on (—o00, 0]. The norms of ¢ and  are given by the supremum and essential supremum

norm, respectively.

7.1.1 A Lemma on Existence of Equilibrium Point

Definition 7.1.2 (Equilibrium Point) We say that a vector £ € R" is an equilibrium point
of (7.1.1) if there exists n € K[(g(£))] such that

0=-Dé+(A+B+COn+1,

where D = diag{d;,---,d,}, A = (aij)?,j=1’ B = (bij)ﬁjzl, C = (Cij)ijl’ and I =
(I, ,I,)T. The vector 7 is called an output equilibrium point corresponding to the

equilibrium point &. [

Remark 7.1.1 If there exists an equilibrium point of (7.1.1), without loss of generality,
we can assume that 0 is an equilibrium point of system (7.1.1) with I = 0, and 0 is a
corresponding output equilibrium point, i.e., 0 € K[g(0)]. Actually, if £ is an equilibrium
point of (7.1.1) and n is the corresponding output equilibrium point, we can always define

y(t) = x(t) — & and u(t) = y (t) — n, and investigate the resulting system about y(¢). [

The following lemma, taken from [131], provides a useful sufficient condition to check for

the existence of an equilibrium point for system (7.1.1).

Lemma 7.1.1 (Existence of Equilibrium, Theorem 2 in [131]) If —S is a Lyapunov diago-
nally stable matrix, i.e., there exists a positive definite diagonal matrix P such that —PS — ST P

is positive definite, then there exist§ € R" and n € K[g(§)] such that
0=—DE+Sn+1,
where g, D, and I are the same as in system (7.1.1).

This important lemma is proved in [131] using an equilibrium theorem from [3]. For
the sake of completeness, we present here a different and somewhat more direct proof of

Lemma 7.1.1 based on a nonlinear alternative for set-valued maps, taken from [56].
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Lemma 7.1.2 (Nonlinear Alternative, Theorem 8.5 in [56]) Let C be a convex set in a normed
linear space, and let U C C be open with 0 € U. Let K(U,2°) denote the set of nonempty
compact convex upper semicontinuous set-valued maps from the closure of U to C. Then each

F € K(U, 2°) has at least one of the following properties:
(a) F has a fixed point in U, i.e., there exists some xo € U such that xo € F(xo);
(b) there exists x € dU (the boundary of U) and A € (0, 1) such that x € AF(x).

Now we are ready to prove Lemma 7.1.1.

Proof (Lemma 7.1.1). It is easy to see that the conclusion of Lemma 7.1.1 is equivalent to

the statement that there exists £ € R” such that
£ e D' {SK[g®)]+1}, (7.1.3)

i.e., the set-valued map G(x), defined by G(x) = D! {SK[g(x)] + I} for x € R", has a

fixed point. Consider two cases:

(i) Suppose that G, as a set-valued map from R" to R",is bounded. Therefore, there exists
an open ball B(0, r), centered at 0 and with radius r > 0, such that G(x) C B(0,r) for
all x € R". Welet U = B(0,r). It is clear that the second alternative in Lemma 7.1.2
does not hold for G and U, and, therefore, G(x) has a fixed point by Lemma 7.1.2.

(ii) Suppose that G is unbounded. It follows that ¢ must be unbounded. Since g; are class

G functions, there must existi € {1, - - - , n} such that
either lim gi(s) =00 or lim gi(s) = —oo0.
S—> 00 5—> 00
Without loss of generality, we shall assume that lim;_, o, gi(s) = oo. Let

2||PI|I?
a

a=Amin(—PS —STP) >0, b= > 0,

where Amin(-) represents the minimum real eigenvalue of a matrix. Without loss of
generality, we can assume 0 € K[g(0)]. Actually, if this is not the case, we can define
g = g — 7, where j € g(0),and I = I + S7j. Then, we have 0 € K[g(0)], and § still
satisfies lim,_, o, gi(s) = coand G(x) = D! {SK[g(x)] + f}. Now, since 0 € K[g(0)]

and g; is in class G, it follows that

nTPDx>0, VxeR", 1neK[gx)] (7.1.4)
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Since lim;_, », gi(s) = oo, it follows that there exists ¢ > 0 such that x; > ¢ implies
gi(x;) > \/Z‘b .LetU = {x € R" : xi < c}.We proceed to show that, with this choice
of U, the second alternative of Lemma 7.1.2 does not hold for G. We show this by
contradiction. Suppose there exists x € dU, i.e., x; = ¢, and A € (0,1) such that

x € AG(x),1.e., there exists n € K[g(x)] such that
0= —Dx+ ASn +1I). (7.1.5)
It follows from (7.1.4) and (7.1.5) that
0 = 2nP[—Dx + A(Sn + 1)]
< — AT (=PS — STP)yn + 2ayTPI
< —anlinl? + Sx Inl? + 2 eI
<x(—§|m|2+b), (7.1.6)

where n; € [gi (xi_),gi(x;r)]. By the choice of ¢, it follows that —5 Inil?> + b < 0,which
contradicts (7.1.6). Therefore, G(x) has a fixed point by Lemma 7.1.2.
The proof is now complete. [

As an immediate consequence of Lemma 7.1.1, it is seen that, if —(A + B+ C) is Lyapunov

diagonally stable, then there exists an equilibrium point for system (7.1.1).

7.2 Global Stability and Convergence

In this section, we present the main results of this chapter, which include two sets of sufficient
conditions for the global stability and convergence of both the state and the output of system
(7.1.1),in terms of linear matrix inequalities in Section 7.2.1,and M-matrix type conditions

in Section 7.2.2.

7.2.1 Sufficient Conditions by LMls
We propose the following linear matrix inequality based on the coefficient matrices A, B,
and C of (7.1.1):
—PA—ATP—-Q—-R —-PB —PC
Z= —BTP (I-pQ 0 | >0 (7.2.1)
—CTp 0 R
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where p is a non-negative constant, P is a positive diagonal matrix, and Q and R are positive
definite symmetric matrices.

The main results of this subsection state that, if the linear matrix inequality (7.2.1) holds,
then there exists an equilibrium point of (7.1.1) and the equilibrium point is exponentially
stable.

Theorem 7.2.1 If (7.2.1) is satisfied, then system (7.1.1) has an equilibrium point.
Proof. The matrix inequality (7.2.1) implies that

—PA—ATP—-Q—R —-PB —-PC
—BTp Q 0 | >0,
—CTp 0 R

which, by Schur’s complement (see, e.g., [19]), is equivalent to

r Q! o [|BTP
—PA—ATP > [PB PC] +Q+R,
o0 R'||cTp

= PBQ 'BTP+ Q+ PCR™'CTP +R.

Since
[Q 2BTP — Q217[Q 2BTP — Q2] >0,
and
[R2BTP — R2]T[R"2BTP — RZ]>0,
we have
PBQ'B'P+ Q=PB+ B'P,
and
PCR™'CTP+R=PC+ CTP.
Therefore,

—P(A+B+C)—(A+B+0C)TP>0,

i.e., —=(A 4 B + C) is Lyapunov diagonally stable. It follows from Lemma 7.1.1 that there

exists an equilibrium point for system (7.1.1). Theorem 7.2.1 is proved. [

Note that, in view of Theorem 7.2.1 and Remark 7.1.1, we may suppose that I = 0 and
0 € K[g(0)], by using a translation y(t) = x(¢t) — & and u(t) = y(t) — n, if necessary.
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Moreover, in order to write system (7.1.1) in matrix form and derive stability conditions in
terms of linear matrix inequalities, we further assume that 7;;(t) = (¢) and p;(t) = p(?),
fori,j =1,--- ,n,where0<t(t)<r < 00, 7'(t)<p < l,and fooop(s)ds = 1, with both
r and p as non-negative constants with p as given by (7.2.1). Therefore, a solution x(t) to

system (7.1.1) in the sense of Definition 7.1.1 satisfies

x'(t) = —Dx(t) + Ay (t) + By (t — t(t)) + C/ y (t — s)p(s)ds, (7.2.2)
0

where y (t) is an output associated with x as in Definition 7.1.1.

We have the following result on the global stability of system (7.1.1).
Theorem 7.2.2 If (7.2.1) is satisfied, then the following statements are true.

(i) There exists a solution to system (7.1.1) on [0, 00) for any initial data.

(ii) There exist a unique equilibrium point & and a unique corresponding output equilibrium

point n of (7.1.1).

(iii) Let x(t) be a solution to system (7.1.1) on [0, 00) and y (t) be an associated output. There

exist positive constants M > 0 and ¢ > 0 such that
lx(t) — &l <Me™, =0,

i.e., the equilibrium point & is globally exponentially stable, and y (t) converge to the

output equilibrium point n in measure, i.e, . — liMy_ o y(t) = n, where A\ is the
Lebesgue measure.

The following lemma on linear matrix inequalities is used in the proof of Theorem 7.2.2.

Lemma 7.2.1 If the matrix inequality (7.2.1) holds, then there exist a positive constant ¢ <

MiNie(1,2,.. .0 di» a positive diagonal matrix P, and positive definite symmetric matrices Q and

R such that

—2D+¢E, A B C
AT © PB pPC
H= <0, (7.2.3)
BT BTP —(1-p)Q 0
cT cTp 0 —R
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where & = PA + ATP + ¢®"Q + €°"R + ¢E,, and E,, is the n-dimensional identity matrix.

Proof. Choosex, y, z, w € R" and P = 9P, Q = QQ,IAQ = OR,where P, Q,and R are from
the matrix inequality (7.2.1) and 6 > 0, together with ¢ > 0in (7.2.3), is to be determined

later in the proof. We have
[xT yT 2T WT]H[xT yT 2T WT]T
= —2x"Dx 4 exTx + 2xTAy + 2x"Bz 4 2x"Cw
+0yT(PA+ ATP)y +0eyTQy + 67y Ry
+ syTy + 20yTPBz +20yT"PCw — (1 — p)02"Qz — Ow Rw
= —G[yT zt WT]Z[yT zr WT]T
— 2xTDx + exTx + 2xTAy + 2xTBz 4+ 2xTCw
+0( —1)y'Qy+6(e” — Dy Ry +ey'y,
where Z is from (7.2.1). Let A = Amin(Z) and d = MiN;e(13,... .y di> the above equation gives
[xT yT 2T WT]H[xT yT 2T WT]T
< =0Ty +z2Tz4+wlw) — (2d — 4e)x"x
+{0 =1 IQI+ 0 = 1 IR +&+ &7 AI? 5Ty
+e M IBIP Tz + e CP wlw (7.2.4)

Now choose the positive constant ¢ < d (as required by Lemma 7.2.1) sufficiently small

such that
2d —4e >0, (" —=DQll <A, (" —=1D|R| < A.

Fix this choice of ¢ > 0 andlet & > 0 be sufficiently large such that

Or >0 — 1) IIQlI+ 6" — 1) IR| +¢&+&" A%,

and
0xr > e V|BI?, 6r>¢e L |C|>.

Then inequality (7.2.4) shows that H is negative definite. Lemma 7.2.1 is proved. [

The following lemma generalizes a useful integral inequality from [57].
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Lemma 7.2.2 Let u be a measurable function defined on [0, 00) and R be a positive definite
symmetric matrix. Suppose that p : [0,00) — [0, 00) is measurable and fooo p(s)ds = 1. We

have

00 00 T 00
/ uT(s)Ru(s)p(s)ds>(/ u(s)p(s)ds) Rf u(s)p(s)ds.
0

0 0

Proof. Applying the Cauchy-Shwartz inequality, we have

o0 T (0, @) o0 1
( /0 u(s)p(s)ds) R /0 u(s)p(s)ds = H /0 R2u(s)y/p(s)y/p(s)ds
< fo | R2u(s)y/p(s) || *ds fo p(s)ds

= /OO uT(s)Ru(s)p(s)ds.

0

2

Lemma 7.2.2 is proved. [

Now we are ready to present the proof of Theorem 7.2.2.

Proof (Theorem 7.2.2). The proof of part (i) is illustrated in Section 7.3. The existence
of equilibrium point and output equilibrium point follows from Theorem 7.2.1 and the
uniqueness follows from part (iii). It remains to show part (iii). Let x(¢) be a solution
to (7.1.1) on [0, 00) and y (¢) is an associated output. According to Remark 7.1.1 and the
remark after Theorem 7.2.1, we can assume both & = 0, n = 0, and x(¢) obeys (7.2.2).
Consider

t

" x;(t)
v = e axn + 23 eh [ godst [y Toaree
0 t

i=1 —T(1)
o0 t R
+f / yT(O)Ry (0)p(s)dods, t=0,
0 t—s

where &, P, Q, and R are given by Lemma 7.2.1. Differentiating V' (¢) according to (7.2.2)
and the generalized chain rule (see [38]; see also [51] or [131] for details), we obtain

dVv (t)
dt

— ee®'xT (1)x(t) + 2e€fxT(t)[ — Dx(t) + Ay ()

By =) +C [y - 9peds]
0

n 2e”y(t)i>[ — Dx(t) + Ay ()
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o0
FBy =) +C [yt -peras]
0
no pxi() .
+2ee” Y P f gi(s)ds + ey Qy (1)
. 0
1

—fTTO G — ()Tt — 1 ()Qy (t — T(1))

+ e f TRy (Dp(s)ds — / T = Ry (¢ - 9p()ds.
0

0
By e < min;eq,2,... .y di, 0 € K[gi(0)], and the monotone property of g;, we have

xi(t)
. / gi(s)ds < exi(1)yi(1) < dixi (D) 7i(0).
0

Using /() < p < 1 and Lemma 7.2.2, we have
dv (t)
Cdr
where H is given by Lemma 7.2.1 and

<ezTHz —eyT()yy () < — ey T (1)y (1) <0, (7.2.5)

e’} T
z= [me yI@w) yie—@) f yT(t - 5)p(5)d5] :
0
It follows that V (t) < V(0) and

x| </ V(e < /V(0)e 2, t=0.

We proceed to show the convergence of output. From (7.2.5), we have

t
Vi) - V()< —¢ /0 ly ()]1% ds.

Since V (t) =0 for all t = 0, we have

o0 1
/ ly (s)[1* ds< —V(0).
0 &

Forany ey > 0,let E;; = {t € [0,00) : ||y (¢)|| =¢&o}. Then

Yo, f Iy ()12 ds = f Iy > e2A(Eey),
& 0 E

€0
where A(-) is the Lebesgue measure. It follows that A(E;,) < oo. By Proposition 2 in [51], we

have y (t) converges to 0 in measure, i.e., A — lim;_, o y (t) = 0. The proof is complete. [J

Remark 7.2.1 If there are no distributed delays (i.e., C = 0) and the time-varying delay
reduces to a constant delay (i.e., 7(f) = v and p = 0), then it can be seen that Theorems
7.2.1 and 7.2.2 include some of the main results in [132] (i.e., Theorems 1, 4, and 5 there) as

corollaries. O
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7.2.2 Sufficient Conditions by M-Matrix

The M-matrix type conditions allow us to deal with more general types of mixed delays, i.e.,
7jj and p;; can be non-identical. We assume that there exist a positive constant & > 0 and

constants p;; € [0, 1) such that

oo
f e*’pij(s)ds < 00, TH(H)<pj <1, (7.2.6)
0

foralli,j=1,--- ,nandt=>0.

In order to propose some M-matrix type conditions on the coefficient matrices A, B, and
C of (7.1.1), we first introduce the following notations. We define M(A) = (aij)ijl , where
ajj = |a;i| for i = jand a;; = —|ayj| for i # j, i.e., A is the comparison matrix of A (see
[73]). Let |C| denote the matrix obtained by taking entrywise absolute values of the entries

. R N A |bij]
3 an I L1
in C. Define B = (bz])i,j=1>Where bij = T—p;°

Assumption 7.2.1 (M-Matrix Condition) The matrix ® = M(A) — B — |C| is an M-

matrix, i.e., all successive principal minors of ® are positive,and a;; < Ofori =1,--- ,n.0]

The main results of this subsection state that, if the above condition holds, then there
exists an equilibrium point of (7.1.1) and the equilibrium point is exponentially stable.

According to the theory of M-matrices (see [73]), Assumption 7.2.1 is equivalent to that

there exists a vector 8 = (B1,- - - , Bn) > Osuch that,fori = 1,--- , n, we have
& 1
IBiaii+Z,3j|aji| +Z T +Zﬂj|cﬁ| <0. (7.2.7)
j=1 J=1 J=1
Jj#i

In view of (7.2.6) and (7.2.7), if Assumption 7.2.1 holds, we can find a constant § €
(0, MiNjeq1,2,... ) di) sufficiently small such that,fori = 1, - - , n, we have

n n St n 00

ed"i

Biaii + 6 + E Bilajil + E ,3j|bji|1 o + E /3j|Cji|/ epii(s)ds < 0. (7.2.8)
j=1 Y ooi=1 0

j=1
j#i
This inequality plays an important role in the proof of the following results.

Theorem 7.2.3 If Assumption 7.2.1 is satisfied, then system (7.1.1) has an equilibrium point.
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Proof. Since 0 < 1 — p;j <1, inequality (7.2.7) implies that

n n
Biaii + Y Bjlaiil + Y Bkl +1gil) <0, i=1---,m,
j#i

which, by a;; < 0, implies that
Bilaii + bi; + ciil = Bi(—aii — |bii| — |ciil)

n
> > Bilail + bl + lail)
j=1
Jj#i
n
= Z'leaﬁ +bji +cil, i=1,---,n.
j=1
Jj#i
This shows that —(A + B + C) is an H-matrix;, i.e., the comparison matrix of —(A + B+ C)
is an M-matrix. Since the diagonal entries of —(A + B + C), given by —a;; — b;i — cjj, are
positive, we can conclude that —(A + B + C) is Lyapunov diagonally stable [73]. It follows
from Lemma 7.1.1 that there exists an equilibrium point for system (7.1.1). Theorem 7.2.3

is proved. O

Theorem 7.2.4 If Assumptions 7.2.1 is satisfied, then the same statements as in Theorem 7.2.2
hold.

Proof. Proof of part (i) is illustrated in Section 7.3. The existence of equilibrium point and
output equilibrium point follows from Theorem 7.2.3 and the uniqueness follows from part
(iii). It remains to show part (iii). Let x(¢) be a solution to (7.1.1) on [0, 00) and y () is an
associated output. Same as before, we can assume both £ = 0,1 = 0,and x(t) obeys (7.1.1)
with I = 0. Consider

=1 Pij Jt—;i(r)

! n Bilbiil t
V) =) Bilx)le + ) 1—] 1y;(5)|e>C+7i) ds
i=1

n oo pt
+ > ,31'|Ci]‘|/ / 1y0)1eC P dods, t=0,
0 t—s

ij=1
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where $ and § are from (7.2.8). Differentiating V () gives

dV(t)

Z 8Bilxi(1)]e™ + Z Bie"sign(xi(0) ( — dixi(0)

+ Z ayi(t) + Z bigi (xi(t — T(1))) + Z ci f g5t = $)py(s)ds)

j=1 j=1

+Zﬂ" ’J' _‘ [ 7501 — (=2 )t — 750
ij=1

+ Zﬂﬂclﬂe‘”/ [yj(0)1e* — 1y (£ = 5)|]ds
i,j=1

= Y Bl (—di+5) +Ze‘”|yl(t)|(ﬁzau

i=1

+Zﬂ]|aﬂ|+2ﬂ]|bﬂ| +Zﬁ]|cu|f & pj)ds).
fot

By the inequality in Remark 7.2.8, it follows that

dv (t)
dt

<-4 Z lvi()| <0. (7.2.9)

i=1

Therefore, V(t) < V(0) and

Y Bilxit < V(0)e™, t=0.

i=1
Since B > 0 and all norms in R" are equivalent, there exists a positive constant ¢; > 0 such

that
lx(®)] <c1V(0)e ™, t=0.

We proceed to show the convergence of output. From (7.2.9) and that all norms in R" are

equivalent, we can find a constant ¢, such that

t
V() = VO < — /0 Iy (5)ll ds.

The rest of the proof is similar to that of Theorem 7.2.2. O
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Remark 7.2.2 If there are no distributed delays (i.e., C = 0) and the time-varying delays
reduce to a constant delay (i.e., 7;j(t) = 7 and p;; = 0), then Assumption 7.2.1 becomes
that ® = M(A) — |B| is an M-matrix and a;; < 0,i = 1,---,n, which is exactly the
same assumption as proposed in [50] for global convergence of (constantly) delayed neural
networks with discontinuous neuron activations. Therefore, the convergence results in [50]

can be regarded as corollaries of Theorems 7.2.3 and 7.2 4. O

7.3 Local Existence of Solutions

In this section, we provide a sketch of proof for part (i) of Theorem 7.2.2 and Theorem 7.2 4.
Following the idea of [58], it is shown in both [132] and [133] that, by constructing a sequence
of delay differential equations with high-slope right-hand sides, one can obtain a Filippov
solution of delayed neural networks with discontinuous activations. The same approach
enables us to obtain a solution to system (7.1.1) in the sense of Definition 7.1.1,1.e., one can
first construct a sequence of delay differential equations with high-slope right-hand sides
and then prove that the solutions approach a solution of (7.1.1) in the sense of Definition
7.1.1. The approach is similar to that of [132] and [133], except that we consider both time-
varying delays and distributed delays here. We shall only sketch the main steps and more
details can be found in [132] and [133]. Throughout the section, let g;, i = 1,2,--- ,n,
be fixed class G functions and ¢ and ¥ be initial functions satisfying the assumptions in
Definition 7.1.1.

Step 1 (Construction of High-Slope Functions). Let {0y} be the set of discontinuous
points of g;. Pick a strictly decreasing {3} with limy,_ o 8kim = 0, and let Ji;m =
[0k,i — Ok,i,m> Ok,i + Ok,i,m] be intervals such that Ji, i . Nk, im = @ for k1 # ka. Define g/"(-)
by letting g/ (s) = gi(s) if s & Ji,i,m for any k, and

gi+ T gi_

S— o0 —8u: A
23k,i,m ( Ok,i k,z,m) + gl

g'(s) =

where
g = &i(0ki + Skim) and g~ = gi(oki — Skim)-

We can observe the following properties of the sequence of functions { g™ (-) }:

(i) each function g : R" — R" is a diagonal mapping,i.e.,

gm0 = [g"x)s-g" xn)]
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and g/ is nondecreasing and continuous, fori = 1, - - , n;

(ii) for each compact set W C R", there exists a constat C = C(W) > 0, independent
of the choice of g™ in the sequence, such that |g/"(x)| < C holds for all x € W and

i=1,,m

(iii) we have
1im dp (Graph(g™(5)), K[g(S)D) =0,

forall S ¢ R",where dy (-, -) denotes the Hausdorff metric of R".

Step 2 (Local Solutions to DDEs with High-Slope RHS). For each g™, consider the
following system of delay differential equations

d i n " n .
ydit) = —dyi() + ) _aggl" (5(0) + ) biyig" 0yt — (1))

n 00
+ ch]/ g]-m(yj(t —s)pij(s)ds +1;, i=1,---,n, t=0, (7.3.1)
=t 7°

with yi(s) = ¢i(s) for all s € (—00,0]. Following the classical theory of functional
differential equations (see [62] and [70]) and based on the properties observed above for
the sequence {g™}, there exists an @ > 0 such that, for any g™ in the sequence, there is a
solution to (7.3.1) on [0, «]. Therefore, we obtain a sequence of solutions { ym(t)} to (7.3.1)
on [0, o].

Step 3 (Boundedness of Solutions to (7.3.1) and Continuation). Using a similar Lya-
punov functional approach as in the proof of Theorems 7.2.2 and 7.2.4, under the ma-
trix inequality (7.2.1) and Assumption 7.2.1, respectively, one can show that the solutions
{y™(t)} are uniformly bounded and hence, by [62], they can be extended to the interval
[0, 00). Therefore, we obtain a sequence of solutions { ym(t)} to (7.3.1) on [0, 00) which are
uniformly bounded (the bound is independent of m).

Step 4 (Convergence to a Filippov Solution). This part is essentially Lemma 2 in [133],
only now we take the time-varying delays into account. Using Mazur’s convexity theorem
[198] and property (iii) of the sequence {g"”(-)} (see step 1), one can obtain a sequence of
functions, which is a convex combination of the original sequence {y™ (1)}, converges to a
solution of (7.1.1) in the sense of Definition 7.1.1 (for details, e.g., how the output y (¢) is

constructed, see [133]).
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state vs time

[x, %,]"

X=
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t
output vs time
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Figure 7.1 Simulation results for Example 7.4.1.

7.4 Examples

Example 7.4.1 Consider the second-order neural network (7.1.1) with D = diag {0.01,0.01}
and
—1.5 —0.1 04 —-04

A - 5 B =
0.1 -—1.5 0.35 —0.35

Suppose C = 0 (i.e., no distributed delays). Let 71,(t) = 712(t) = 5 — Sin(t/4), 121 (t) =
T2(t) = 5 — cos(t/4),I = [6 1017, and g1(s) = g2(s) = s + sign(s). Hence rl./j(t) <p=
1/4. It can be easily verified that Assumption 7.2.1 is satisfied. Consider the IVP of
(7.1.1) with initial conditions ¢ () = [5c0s(10t), —5c0s(10¢)] for t € [—6,0],and ¥ (t) =
[g1(5€0s(10¢)), g2(—5€0s(10¢))] for t € [—6,0]. Figure 7.1 shows that both the simulated
state x(¢) and output y (t) converge to the unique equilibrium point, which is in accordance

with the conclusions of Theorem 7.2 .4. O
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state vs time
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Figure 7.2 Simulation results for Example 7.4.2.

Example 7.4.2 Consider Example 7.4.1 with distributed delays given by

—0.2 —0.1 1
C - > Pl](s) =
0.1 —0.25 0,

s €[0,6],

s € (6,00).

Let jj(t) = 7(t) = 5 — sin(t/2) and g1 (s) = £2(s) = s + sign(s). Hence rl./j(t) <p=1/2.
It can be seen that Assumption 7.2.1 (M-matrix condition) no longer holds. However,
using the MATLAB LMI control toolbox [52], we can check that the matrix inequal-
ity (7.2.1) is satisfied. We present simulation results for two different inputs. With
input I = [6 10]7 and under the same initial conditions as in Example 7.4.1, Fig-
ure 7.2 shows that both the simulated state x(t) and the output y(f) converge to the
unique equilibrium point £ = [6.8512 6.6327]” and the unique output equilibrium point
n = g(&) = [7.8512 7.6327], respectively, which is in accordance with the conclusions
of Theorem 7.2.2. Here the convergence of the output is in the usual sense since g(x) is
continuous at £ = [6.8512 6.6327]7. With input I = [0.65 — 1.2]7, it can be shown that
the unique equilibrium is £ = [0 0]7 and the unique output equilibrium n = [1 — 1]7. In
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Figure 7.3  Simulation results for Example 7.4.2.

this case g(x) is discontinuous at £ = [0 0]7 and the convergence of output to 7 is in the

measure sense. Figure 7.3 shows the corresponding simulations. 0

7.5 Summary

In this chapter, we investigated the dynamical behavior of a class of neural networks with
mixed time-delays and discontinuous neuron activations. Both time-varying delays and
distributed delays were considered, while almost all of the recent work on neural networks
with discontinuous neuron activations considered only constant delays. We established
two sets of sufficient conditions for both the global exponential stability of the neuron
state and global convergence of the neuron output. These results extend previous work on
global stability of delayed neural networks with Lipschitz continuous neuron activations,
and neural networks with discontinuous neuron activations and only constant delays.

We conclude by pointing out a few questions not answered in this chapter. In [51] and [50],

the important notions of convergence in finite time for both the neuron state and neuron
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output are investigated. One of the key point is that, after the neuron state converges to the
equilibrium point in finite time, the output can be shown to obey an algebraic memoryless
equation [50]. As for neuron networks with time-varying delays and distributed delays,
the relation can get significantly more involved. Also, as shown in [50], the uniqueness of
solution (both the neuron state and output) is closely related to the convergence in finite
time. In this chapter, the uniqueness of solution is not discussed. However, we have shown
that, under the theorem conditions, all solutions will converge to the unique equilibrium
point. Furthermore, it remains an interesting topic whether the model of discontinuous
neural networks can be extended to a stochastic one, so that the stochastic model can cover

the situation with random noises.



Conclusions and Future Research

The objective of this thesis has been to to present a coherent study of various aspects of
hybrid dynamical systems related to the fundamental theory, invariance principles, stability
and stabilization issues, and related application problems. Particular emphasis has been
given to systems with nonlinearity and time-delays and subject to random disturbances.

In this chapter, we summarize the main results presented in this thesis and relate them to

possible future research.

Fundamental Theory

Impulse and delay together make it necessary to formulate solutions of an impulsive delay
system in the space of piecewise continuous functions as shown in [9]. When there are
random disturbances, we are forced to study stochastic differential equations in the space of
piecewise continuous functions. In Chapter 5, we have developed the fundamental theory
regarding the existence and uniqueness of solutions for general hybrid systems with time-
delay. In this theory, the impulsive switching signals are assumed to be time-dependent and
deterministic.

While this theory can be generalized to stochastic time-dependent signals with stopping
times as impulsive switching times in a straightforward manner, future research can be
focused on a particularly challenging case in which the hybrid signals are state-dependent.

Other aspects of the fundamental theory such as continuous dependence and differen-
tiability of solutions with respect to the initial data can also be investigated. A theory of

hybrid systems with neutral-type delays, in addition to the theory developed in this thesis,
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might be of both theoretical and practical interest. While the theory in this thesis focus on
stochastic systems subject to deterministic hybrid signals, a more general theory of stochas-
tic hybrid systems can be formulated using more advanced theory of hybrid switching and

jump diftusions.

Invariance Principles

Invariance principles characterize asymptotic stability of nonlinear systems in the absence
of strict Lyapunov functions. In this thesis, invariance principles have been established for
both switched delay systems and impulsive switched systems.

Future research can be directed to establish invariance principles for general hybrid
systems with time-delay and stochastic hybrid systems. Similar to the fundamental theory, if
both impulses and time-delay are present, the challenge in establishing invariance principles
for such hybrid systems lies not only in that the solutions of such systems are discontinuous,
but also in that the state space becomes a non-complete infinite-dimensional space. In
such a situation, a new topology such as the Skorohod topology on the space of piecewise
continuous functions [14] might be used to overcome the difficulty encountered by the
usual supremum topology . For stochastic hybrid systems, one may not expect the same
invariance-like properties as in the deterministic case. LaSalle-type theorems for locating

the limit set of stochastic hybrid systems could be very useful as shown in [139].

Stability in Two Measures and Input/Output Stability Notions

Input-to-state stability analysis extends the Lyapunov stability theory by considering ro-
bustness with respect to external inputs and disturbances [164]. In this thesis, input-to-state
stability properties have been studied for impulsive switched systems with and without
time-delays. Stability in terms of two measures unifies various stability notions [100]. In
Chapter 3, we have formulated and investigated input-to-state stability in terms of two
measures, which bridges the existent theories of stability analysis in two measures and
input/output theories for nonlinear systems.

General outputs are not considered in this thesis. Future research can be directed to
establish general input/output stability theories for hybrid systems and, particularly, hybrid
time-delay systems, following the recent results in [84], [85], and [86]. It is interesting to

note that input-to-output stability analysis has a somewhat similar formulation as that of
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stability in two measures, where input is understood as one measure and output the other.
It would be interesting to know if this formal similarity can help to provide a unified theory.

Input-to-state stability for stochastic systems received increasing attention in recent years
([75], [110], [170], [171]). Stochastic hybrid systems have not been investigated with few
exceptions [75]. Future research can be conducted along this line.

Applications

Two application problems relevant to the qualitative studies of hybrid systems have been
studied in this thesis. Namely, the consensus problem in networked multi-agent systems
and global convergence of artificial neural networks with discontinuous neuron activation
functions and mixed time-delays.

As introduced in Chapter 1, hybrid systems have diverse applications. One important
perspective is that networked systems often are subjected to communication time-delays and
operated in an uncertain environment. Hybrid time-delay systems and stochastic hybrid
systems are most suited for the studying of these practical applications. Future research can
be done to explore more real-world applications along this line either by applying existent

theories or developing new theories.

Numerical Methods and Stability

For many practical systems, it is very difficult, if not impossible, to obtain analytical solu-
tions. Therefore, numerical approaches have to be applied. Although numerical simulations
have been conducted throughout the thesis, a general theory concerning the numerical
methods for hybrid systems is not developed. In contrast with those well-developed nu-
merical methods for ordinary differential equations and stochastic differential equations,
general theories concerning numerical schemes for hybrid time-delay systems and stochas-
tic hybrid systems are largely not available. Future research can be done to develop accurate
and efficient numerical schemes to solve these hybrid systems and apply them to the numer-
ical determination of both Lyapunov exponents and moment Lyapunov exponents, which
are of great importance in characterizing the qualitative behavior of hybrid time-delay

systems and stochastic hybrid systems.
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