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Abstract

This thesis introduces the notion of using stability analysis in terms of two measures for
impulsive switched systems. Impulsive switched systems are defined in the context of
hybrid system theory and the motivation for the study of these systems is presented. The
motivation for studying stability in two measures is also given, along with the definitions
of stability, uniform stability, and uniform asymptotic stability in one and two measures.

The results presented are a sets of sufficient stability criteria for linear and nonlinear
systems. For autonomous linear systems, there are criteria for stability and asymptotic
stability using a particular family of choices for the two measures. There is an additional
stronger set of criteria for asymptotic stability using one measure, for comparison. There
is also a proposed method for finding the asymptotic stability of a non-autonomous system
in one measure. The method for extending these criteria to linearized systems is also
presented, along with stability criteria for such systems. The criteria for nonlinear systems
cover stability, uniform stability, and uniform asymptotic stability, considering state-based
and time-based switching rules in different ways.

The sufficient stability criteria that were found were used to solve four instructive
examples. These examples show how the criteria are applied, how they compare, and what
the shortcomings are in certain situations. It was found that the method of using two
measures produced stricter stability requirements than a similar method for one measure.
It was still found to be a useful result that could be applied to the stability analysis of an
actual impulsive switched system.
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Chapter 1

Introduction

Stability theory is the foundation of control methodologies that we use to make a mechan-
ical or electrical system accomplish a desired task with a desired precision. The funda-
mentals of stability theory have been around for many years, and the field has grown to
the point where we can model almost any process as a dynamical system and develop an
algorithm to monitor and control that system’s behaviour in real time. This thesis adds
to our understanding of the stability of impulsive switched systems using two measures.

At the most basic level, stability theory deals with the question of whether the states
of an evolving dynamical system will stay within a given set of boundaries. Although
this seems limited, for many physical problems with complicated dynamics, the important
questions we need to answer are based on this requirement. Although it may seem desirable
to find explicit solutions to the evolution of a dynamical system, this is difficult in practice
and probably unnecessary. Consider a very simple problem, the design of the temperature
control of an oven. Depending on its intended use, the oven will need to maintain an
internal temperature within a given tolerance and may be required to increase or decrease
the temperature at a specific rate. A mathematical model of the oven, its heating elements,
its contents, and the influence of the outside world would be too complex to sove explicitly,
so solving for the exact time-varying internal temperature function would be effectively
impossible. It is also unnecessary. Instead of an exact solution to the control problem, we
make the desired solution a stable point of the system, such that once the temperature gets
close enough to the desired temperature, it will stay within a tolerated bound. A more
complex problem is the design of a robot arm for use in a manufacturing process. The
arm itself, along with its sensors and motors, compose a physical system that is modeled
as a dynamical system of equations. This model will never be a perfect representation
of the sum of the physical components, but it must be precise enough for the robot to
perform a desired function. This is essentially to be in a particular place and orientation
at a particular time. Solving the equations of motion for a robot arm would be difficult



and ultimately futile, since they are never a perfect representation of the physical system.
It is better to arrange that the destination of the robot arm is an asymptotically stable
point of the system. In this case, we use the related concept of asymptotic stability so that
the state of the system will approach the desired state in a predictable way.

When formulating a dynamical system to describe a physical system, one of the many
considerations is whether to use continuous or discrete dynamics [38, 40]. The former
is a system is governed by a rule prescribing the instantaneous rate of change of the
states, while the latter is a system governed by a rule prescribing the states at the next
time step. In many cases, it is obvious which is the better choice; we pick the best
choice and modify the necessary parts of our model to fit. We may decide that discrete
dynamics are inappropriate because they require instantaneous events that are not possible
in the physical world (requiring, for example, infinite acceleration), or we may decide that
continuous processes can be effectively modeled by a discrete process with an arbitrarily
small time step (as in all computer simulations). We could, for example, approximate the
occasional step function with a steep ramp function or choose a small enough time step
so that a discrete variable appears to evolve continuously. In some situations, however,
trying to make the system fit into one of these two categories is not only mathematically
awkward, but it fundamentally changes the character of the system.

Hybrid systems are used when neither continuous nor discrete dynamics are appropriate,
and we wish to combine the two approaches. There are many different examples of hybrid
systems, which can be found in [40]. One good example is temperature control in an
oven. For a typical household oven, the temperature will be set by a simple thermostat.
The temperature of the oven’s interior is naturally modeled using a continuous system;
we can simplify it to the exponential decay of Newton’s law of cooling or we can use the
heat equation to keep track of the temperature in space as well as time. The thermostat,
however, is a simple switch that either turns the heating elements on or off, depending
on the temperature. This is fundamentally not a continuous function. Although, in this
simple case, we could just decide that the temperature is the most important state to
consider and remodel the state of the oven’s element to be a continuous variable taking
values between “on” and “off,” we can also use a hybrid system. In some situations, using a
hybrid system will be unavoidable. This is often the case with a supervisory control model,
as shown in [40] and used in [II]. If the control input for the system changes the system
abruptly in fundamental ways, we must accept this as a discrete change, even thought we
may want to use continuous variables for other states of the system.

It is often desirable to turn a system that could be modeled accurately as a continuous
system into a hybrid system. Usually we are motivated to do this by a control prob-
lem where we want to give occasional impulsive control inputs, but not apply continuous
control. When controlling a switched system, it is particularly useful practical to make
impulsive control inputs, as detailed in [12].



Switched systems and impulsive switched systems are subcategories of hybrid systems,
which are further explained in Chapter 2. The purpose of studying these systems is to
extend the results of stability theory for continuous systems to systems that have switch-
ing and impulses. This will enable us to include models of systems where the equations
governing the system can change abruptly, and the values of the states can change as well.

Stability analyses using two measures were developed to unify several different stability
criteria. The mathematical definitions of stability involving two measures are provided in
Chapter 2. The essential idea is that by using one set of stability criteria, we can evaluate
the stability of a system in a traditional manner. A system is stable if all of the states
begin close enough to a desired state, and they remain close to that state; or a system is
partially stable if all the states begin close enough to a desired state, some of the states
will remain close.

In addition to the information on hybrid system theory, Chapter 2 also contains some
background on stability in terms of two measures. This area of stability theory, best
presented in [I§], concerns unifying different characterizations of stability. Rather than
considering the value of the states themselves to determine stability, we create two measures
based on the states and consider stability with respect to these. This way, by defining the
measures the right way, we can consider the stability of other aspects of the system besides
just the states. This makes it easier to determine the stability of anything other than a
point, such as a periodic cycle or an invariant set. We can also consider partial stability,
where we only look at the stability behaviour of a subset of the states. By formulating
stability results for impulsive switched systems in two measures, it will be easier to make
these types of dynamical system models adhere to more exotic stability requirements.

The results in Chapter 3 are sufficient conditions for stability and asymptotic stability of
linear impulsive switched systems. Since linear systems are common simple models to use,
and their stability is easy to verify, the results are worked out based on specific properties of
the equations governing the systems, from which it is possible to make quadratic Lyapunov
functions. In Chapter 4, we cover nonlinear systems, which have more general requirements
based on finding Lyapunov functions, rather than the governing equations themselves. In
both cases, we consider multiple Lyapunov functions, where each subsystem of the switched
system has its own independent Lyapunov function. This method makes it easier to use
existing methods for finding Lyapunov functions and applying them to impulsive switched
systems.

Chapter 5 contains examples pertaining to the stability criteria in Chapters 3 and 4.
With these examples, we illustrate the potential utility of the results, based on how easy
it is to demonstrate the stability of a particular system, and whether the stability criteria
are overly restrictive and fail to be satisfied by many systems which are, in fact, stable.
Although this work does not constitute anything close to a complete characterization of sta-
bility of impulsive switched systems in two measures, it does present useful and applicable



results that can be extended in many ways.



Chapter 2

Background

2.1 Dynamical Systems

2.1.1 Definitions and Terminology

Dynamical systems are the broad category of mathematical objects we are studying. In
general, a dynamical system consists of a number of states with a rule that defines how
those states will change a short time in the future (see [16], [32] and references therein
for details). As such, many dynamical systems consist of ordinary differential equations
(ODEs) such as

T = f(t,x), t € [0,00) (2.1)

or a difference equation such as
x(k+1)= f(k,z(k)), ke {0,1,...}. (2.2)

In these two cases, the new state of the system depends only on the current state, unlike
systems with time delay, which we will not study here. A trajectory of the system is a
(multivalued) function returning the value of each of the states at a given time. In most
cases, these trajectories are distinguished by initial values, where the state vector x(t) or
xy, is defined for a specific ¢ or k (often 0). In some simple cases it is possible, using only
the dynamical system along with this information, to explicitly write an expression for the
system trajectory. Take, for example, the following ODE,

i = Az, (2.3)

where A is a constant real valued matrix. It is classified as linear because f(t,z) = Az is
linear in x and autonomous because f(t,x) = Az does not depend directly on ¢. Starting

Y



with any initial condition z(ty) = zo, we can explicitly write the solution as
z(t) = etz (2.4)

using the matrix exponential [39).

Linear Systems

In the simplest form there is no dependence on time, so the system is autonomous. We
can examine the stability of the system by explicitly finding the solution to

z(t) = et g, (2.5)

where x(ty) = xo. Since the eigenvalues of the matrix exponential are exactly the same as
the exponentials of the eigenvalues of the matrix A, we can determine stability entirely by
examining the eigenvalues of A.

A slightly more complicated example is the non-autonomous linear system given by
T = A(t)x (2.6)

In this case, it is not alway possible to write the solution in an explicit closed form. It is
also not immediately clear whether the eigenvalues of A(t) will provide a complete picture.
In fact, it can be shown by a simple counterexample that, even with eigenvalues that always
have negative real part, the solution will not necessarily be stable. The key is to construct
an example with constant eigenvalues but time varying eigenvectors. Certain trajectories
will be able to grow without limit.

Example 1. [10] Consider the system given by

{ 71 = (=14 1.5cos?*t)z; + (1 — 1.5sint cost)xy 2.7)

Ty = (=1 — 1.5sintcost)r; + (=1 + 1.5sin )z,

We can calculate the eigenvalues and see that they are actually constant valued at

1 V7. 1 V7.
)\1 __Z_L+TZ’ )\2— _Z_L_TZ (28)

However, we can see that there is a solution

that is, nevertheless, unstable.



Figure 2.1: Possible trajectories of a stable system

Existence/Uniqueness of the Solution of Dynamical Systems

If all dynamical systems based on ODEs could be explicitly solved as easily as , they
would not comprise an interesting field of study. Before we can study the trajectories of
the general system , we must consider the existence and uniqueness of these solutions
using the following theorem.

Theorem 1. [Ezistence and Uniqueness/[39] Let D be an open set in R"*. If f: D+ R"
is locally Lipschitz on D, then, given any (to,zo) € D, there exists a § > 0 such that
along with the initial value x(tg) = xo has a unique solution x(t,ty,zq) defined on
[to — 0,10 + 0].

Stability of Dynamical Systems

We are primarily concerned with the stability of dynamical systems. There are several
different ways to characterize stability. Before we look at that, however, we must note that a
system is only stable with respect to a certain trajectory. Usually, the trajectory of interest
is the solution x(t) = 0. If we wish to consider a particular solution z*(t), we can simply
reformulate the problem using a change of variables so that y(t) = x(t) — x*(¢); hence, 0
is a solution. With this in mind, the simplest form of stability is that the trajectories will
remain within a certain bound, provided they begin close enough to the zero solution. In
addition to the mathematical definitions, Figure 2.1]illustrates how trajectories stay within
an arbitrary bound €, provided they start within a stricter bound 9.

Definition 2. [Stability,S1] x = 0 is stable if for any € > 0 and ty € R, there exists a
§ = 6(to,€) > 0 such that for any solution x(t) = x(t,to, o), of (2.1), where x(ty) = o,
|xo|| < & implies ||z(t)|| < € for all t > t.

Definition 3. [Asymptotic Stability,S2] x = 0 is asymptotically stable if it is stable and
there exists a o > 0 such that ||zo|| < o implies x(t) — 0 as t — oo.

7
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Figure 2.2: A trajectory of an asymptotically stable system.

i

Figure 2.3: Relations of stability definitions S1-S4

See Figure 2.1.7]

Definition 4. [Uniform Stability,S3] x = 0 is uniformly stable if it is stable for a §
independent of to.

Definition 5. [Uniform Asymptotic Stability,S4] x = 0 is uniformly asymptotically stable
if it is uniformly stable and there exists o > 0 such that ||xo|| < o implies for any n > 0,
there is a T ="T(n) > 0 such that ||x(t)|| <n if t > to+ T for any initial time t.

See Figure [2.1.1] which shows how these definitions relate to one another.

Definition 6. x = 0 is unstable if it does not satisfy the definition of stability.

There are many other forms of stability that we will be unable to cover. For instance,
one may specify robustness for any stability condition, which requires that the system be
stable even if there is some parameter uncertainty or disturbance present.

Lyapunov Functions

The primary tool we will use in stability analysis is the Lyapunov function. This general
concept applies to most dynamical systems, and it is a familiar approach to take. We begin
with a few definitions.



Suppose that the function W (z) € C[D, R*], W(0) = 0; V(t,z) € C[R" x D, R*] and
V(t,0) = 0 where D C R".

Definition 7. The function W (z) is said to be positive definite if

W (z) >0 forxe D,x#0,
=0 forx=0.

W (x) is said to be positive semi-definite if W (x) > 0 for x € D.
W (z) is said to be negative semi-definite, if W (z) <0 for z € D.
Definition 8. The function V (t,z) is said to be positive definite, if there exists a positive

definite function W (x) such that V (t,z) > W(x) and V(t,0) = 0. The functioin V(t,x) is
said to be negative definite, if —V (t,x) is positive definite.

Theorem 9 ([31]). The necessary and sufficient condition for the zero solution of system
being stable is that there exists a positive definite function V(t,x) € C[RT x Gy, Rt] such
that along the solution of

av
dt

L0V ROV

= — —fi(t,x) <0
8t i—1 aﬁ(]z

holds, where Gy = {(t,z),t > to,||z|| < H = constant}.

For more about the Lyapunov functions, one can see [20] and references therein.

2.2 Hybrid Systems

The terms “hybrid system” and “switched system” are used to describe dynamical systems
with continuous and discrete components. An example would be a system of the following

form: i )
z= f(t,z,«
{ Aa = g(t,z,0) (2.10)

Here, x represents a vector of continuous states, and « represents a vector of discrete
states. The functions f and g can take on many different forms, but it is important to note
that the evolution of the continuous and discrete states are not independent of each other.
These systems are highly generalized, so it is common to only study particular classes.



2.2.1 Switched Systems

Switched systems are a subset of hybrid dynamical systems consisting of a finite number of
continuous subsystems, see [21] and references therein. Each subsystem is itself a dynamical
system based on an ordinary differential equation as follows:

i= f(t,x). (2.11)

The one discrete state variable is a switching rule that is used to change the governing dy-
namics. Hence, if we have a set of equations of the form @ = f, (¢, x), for a € {1,2,...,m},
the switched system becomes

= fo(t,z(t)))(t, x) (2.12)

Here, the switching rule, o : RT x R™ — {1,2,...,m} depends on both the state and time.
There are other possibilities: the switching signal may depend on time or state alone, the
switching signal may additionally depend on its own previous values, and the switching
signal may have a delay (o(t — r,z(t — r)). In all the cases where the switching does not
depend solely on time, the signal may be either synchronous or asynchronous [38]. An
asynchronous signal may change in value at any time, according to the arguments. A syn-
chronous switching signal may only change value at certain predetermined times, t;, with
ty —tr_1 > At > 0 and limy,_ ot = oo. It is not, however, required that the subsystem
switches every t,. Hence, the switching rule may depend on the value of its arguments for
an entire interval or only a certain time within that interval. Synchronous switching rules
tend to be better behaved because having pre-determined switching times enforces a min-
imum activation time, At,;,, which prevents chatter or infinitely fast switching. Chatter
is a problem because it can lead to instability, and this behavior cannot be implemented
in a real system. Here, we will be concerned with time-based switching rules as well as
synchronous and asynchronous switching rules based on the state and time, although some
results will be generally applicable. It is also possible to consider switching rules that
involve memory of past states. When there is a memory of past time, this is usually con-
sidered time delay, such as studied in [30] and [41]. However, we can also require that the
system remembers past state values [23].

2.2.2 Switched Systems with Impulses

An impulsive switched system is a more general type of hybrid system, the major difference
being that hybrid systems have impulses that occur at the switching times. A general
example is as follows:
T = foraw)(t ), t#
’ 2.13
Ax = Loty ()t 2(tr)), t=te (2.13)

10



Note that here, although we mention ¢;, ¢ may be an asynchronous signal meaning that
the times, t;, are simply not known a priori. The equation, as written is also ambiguous
in terms of whether the impulse for subsystem « is applied at the end of an interval where
the continuous portion of subsystem « was activated or at the beginning. Arguments may
be made for both cases, and it is even possible to make the impulse depend on both the
previous and next active subsystem. For our purposes, we will define

Az =z(t]) — x(ty) (2.14)

In this case, if there are m continuous subsystems, one can simply create a hybrid system
with m? subsystems of which there are only m different continuous portions, but each has
a different impulse. Rather than deal with these different situations, we will consider the
case where a subsystem «, with the continuous portion active on the interval (¢;_1, t] has
the impulse applied at ¢, such that z () —2(tx) = La(tr, x(tx)). Here, z(t;) = lim,_,+ z(t).

Hybrid systems are useful because they provide great flexibility for modeling and control
problems. The impulses may represent actual disturbances as a result of switching the
dynamics of the system, or they may simply be control impulses meant to stabilize the
system. A system with the same continuous dynamics and periodically applied impulses
is still a hybrid system. For more about the systems with impulses one can see [17, 19, [15]
42, 144, [1] and references therein.

2.2.3 Stability of Switched Systems

Even without involving impulses, stability results for switched systems require more care
than systems based on ODEs. It is possible to take several subsystems that would be
stable at the origin on their own and devise a switching rule that renders them unstable
as a switched system. A good example found in [26] has been modified and included in
Chapter 5. By running this same situation in the reverse time direction, it is possible to
stabilize several otherwise unstable subsystems through careful switching. In general, to
get around this problem, we introduce dwell time conditions. These conditions are worth
some detailed study [34], but their main purpose is to allow subsystems to be activated
for a long enough period of time that they can stabilize the system. In fact, rather than
looking at which subsystems are stable and unstable, it is just as informative to look at how
long the stable subsystems are active and how quickly we switch away from an unstable
system.

Because of the basic problem of switching causing instability, the Lyapunov function
approach has some problems. In the example where instability occurs, the subsystems are
both stable, but not using the same Lyapunov function. This is crucial because, finding a
global Lyapunov function for a switched system — a function that works for all the different

11



subsystems — can lead to stability conditions for arbitrary switching rules, such as the one
listed in [23]. Even if we directly try to solve a linear switched system, we end up with a
trajectory given by the product of an arbitrary number of matrix exponentials (for each
switching mode that occurred). As shown by [5], however, this is not a trivial problem.
The only time we have a hope of doing anything with the expression is if we have a periodic
switching rule, in which case we can collapse each matrix multiplier in a single period to a
single matrix, and the system essentially becomes a matrix to an arbitrary power. We can
then, and only then, glean some information on stability from the eigenvalues.

The problem with global Lyapunov functions is that they are hard to find. There are
already some existing techniques for finding Lyapunov functions for standard systems, so
it would be helpful if we could simply use a different one for each subsystem. Of course,
the major problem is that the level sets of the Lyapunov functions cross each other, so,
under certain switching rules, the system state can switch to higher and higher level sets.
Usually it is not possible to consider arbitrary switching signals, but we need to impose
rules such as dwell time conditions. There is also a question of how to keep track of the
magnitude of the state variable when there are several different functions being used. This
task is addressed different ways, for example, by [29] and [13].

2.3 Stability with multiple measures

There are different types of stability in addition to the ones covered already. In some
situations, we do not need to know if all the states of the system are stable. There are a
number of other options including partial stability, stability of invariant and conditionally
invariant sets, and orbital stability. The way these differ from standard stability results is
simply in the measure that is used in the stability definition. Instead of using ||z||, we can
use d(z, A), the distance of x to an invariant set A, for example. We can then generalize the
concept so that all these types of stability can be described by first defining two measures,
h(t,z), and ho(t, x), see [18] 2§].

2.3.1 Definitions

In most stability results, we need to make some form of comparison with functions satisfying
particular properties. The most useful classes are as follows:

K ={a € C[R*,R*] : a(u) is strictly increasing in u and a(0) = 0}, (2.15)

Koy ={d € C[R",R"|: d(u) > 0 for u > 0 and d(0) = 0}, (2.16)

12



CK ={a € CR" xR"R"]:a(t,-) € K and a(-,u) is continuous., (2.17)

PCK = {a € C[R" x RYR*] : a(t,-) € K and a(-,u) is piecewise continuous., (2.18)
and

I'= {h:R" xR" — R* h(-,z) is piecewise continuous, h(t,-) is continuous, and
inf, h(t,z) = 0 for each t € RT}.
(2.19)

Finally, for hg and h, there is always an order of precedence in the stability definitions.
Therefore, to assure we are using the correct measures in the correct position, we require
that hg is finer that h according to the following definitions.

Definition 10. hg is finer than h if there is a constant o > 0 and a function p € PCK
such that ho(t,x) < o implies h(t,xz) < o(t, ho(t, x))

Definition 11. hg is uniformly finer than h if there is a constant o > 0 and a function
© € K such that ho(t,z) < o implies h(t,z) < o(ho(t,z))

An example of this relationship can be found in the case of partial stability.

The following definitions can be found in [I8, 28]. For nonlinear systems, the basic
definitions for stability are as follows:

Definition 12. [(hg, h)-stable] A system is (ho, h)-stable if, for any € > 0, and trajectory
x(t) = x(t, to, o), such that x(ty) = xg, we can find § = §(to,€) > 0 such that ho(to, zo) < §
implies h(t,z(t)) < € fort > ty.

Definition 13. A system is (ho, h)-uniformly stable if it is (hg, h)-stable and § is indepen-
dent of tg.

Definition 14. A system is (hg, h)-uniformly asymptotically stable if it is (ho, h)-uniformly
stable and for each € > 0, there are constants &g and T' such that ho(ty,zo) < o implies
h(t,x(t)) < € fort >to+T. These constants are also independent of to.

There are equivalent definitions corresponding to other types of stability that are not
required here.

Definition 15. A system is partially stable if for any ¢ > 0, there is a 6 = d(tg,€) > 0
such that ||xo|| < € implies ||x(t)||s < & for all future time t > ty. The truncated norm is
given by ||z||s = /23 + 22 + -+ + 22, where s < n.
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In this case, ||z||s takes on the role of h and ||z|| takes on the role of hy.

In order to use these measures, we also need to define some common mathematical
properties of functions given in terms of functions measures hg, h € I'.

Definition 16. V is h-positive definite if there is a p > 0 and a b € K such that h(t,x) < p
implies b(h(t,x)) < V(t,x).

Definition 17. V' is weakly h-decrescent if there is a 6 > 0 and an a € PCK such that
h(t,x) < 0 implies a(t, h(t,x)) < V(t,x).

Definition 18. V is h-decrescent if there is a § > 0 and an a € K such that h(t,z) < §
implies a(h(t,x)) < V(t,x).

Definition 19. We say (t,x) € S(h, p) when (t,z) satisfy h(t,x) < p.

2.3.2 (hg, h)-Stability Results for Non-Hybrid Systems

Basic Results

Consider (2.1]) as a basic nonlinear system. The basic stability results using two measures
can be found as follows.

Theorem 20 ([28]). Assume V € C[RT x R" R*] and h,hy € T' satisfy the following
conditions:

1. hg s finer than h;
2. V(t,x) is locally Lipschitzian in x and h-positive definite;
3. DTV (t,x) <0, (t,x) € S(h,p);

4. V(t,x) is ho-weakly decrescent.
Then the system is (ho, h)-stable.
First, we find a function a € CK (continuous in ¢ and strictly increasing in z), so that
V(to, xo) < alto, ho(to, xo)), if ho(to,zo) < do, (2.20)
which is guaranteed by V being weakly hg-decrescent. Since V' is also h-positive definite,
b(h(t,x)) < V(t,x), if h(t,x) < po, (2.21)
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where b € K. Since hy is finer than h, we can find §; sufficiently small so that hg (o, xo) < &1
implies
h(to,fbo) S (p(to,ho(to,l‘o)) (222)

and (g, d1) < po. Therefore we have bounds placed on hq(tg, zo) such that the solution is
initially contained in the region where the required assumptions are true. Now, let € > 0
and ty € RT, assuming € < pg without loss of generality. We find 0 such that a(tg, d2) <
b(e). If we let § = min{dy, 01,02}, then when ho(ty, zo) < 0, we have b(h(to, zo)) < V(to, xo)
from (51, V(to,[)’}o) < a(to,ho(to,l’o)) from (50, and a(to,ho(to,l'g)) < b(C) from (52, SO
h(to, o) < € at the start. Assume that there exists a solution x(t) = z(t,to,29) and
t1 > to such that h(ty,z(t1)) = €, but h(t,xz(t)) < € for t € [ty,t). The assumptions on
V imply that V(¢,2(t)) < 0 for [to,t1]. This implies V' is nonincreasing on the interval,
leading to the contradiction that

b(€) = b(h(t1,x(t1))) < V(t1, x(t1)) < V(to, x(to)) < ble) (2.23)
So no such t; can exist and the system is stable.

Theorem 21 ([I8]). Assume V € C[RT x R" R*] and h,hy € T satisfy the following
conditions:

1. hg is uniformly finer than h;
2. V(t,x) is locally Lipschitzian in x, h-positive definite, and ho-decrescent;
3. DYV (t,x) <0, (t,z) € S(h,p), C € K;

Then the system is (hg, h)-uniformly stable.

The criteria for uniform asymptotic stability are simpler than the criteria for asymptotic
stability alone.

Theorem 22 ([I8]). Assume V € C[RT x R",R*] and h,hy € ' satisfy the following
conditions:

1. hg is uniformly finer than h;
2. V(t,z) is locally Lipschitzian in x, h-positive definite, and ho-decrescent;

3. DTV (t,z) < Clho(t,z)), (t,2) € S(h,p), C € K;

Then the system is (ho, h)-uniformly asymptotically stable.
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As is the case in standard stability analysis, for asymptotic stability alone, there are
some additional requirements.

Theorem 23 ([28]). If

1. hg,h € T and hg is finer than h;
2. V(t,x) is locally Lipschitzian in x, h-positive definite, ho-weakly decrescent and
DYV (t,x) < —C(h(t,x)) (2.24)
in a local region, with C' € K;

3. h € C'RT x R",RT] and the magnitude of the derivative of h along a trajectory,
|W (t,x)| = |he(t, ) + he(t,z) - f(t,x), is bounded in the region

Then the system is (ho, h)-asymptotically stable.

2.3.3 Stability Analysis of Switched Systems

When dealing with hybrid systems, traditional stability theorems do not directly apply.
This is similar to the situation where a linear, non-autonomous system’s stability does
not depend on its eigenvalues alone. Although A(t) may be a stable matrix for all ¢, it
can rotate in such a way so that a trajectory can constantly be in a position where it is
increasing.

In addition, there are several more categories of stability analysis that are not present
in the standard theory. The most obvious stability problem is determining the stability
properties of a hybrid system, given all the subsystems and a specific switching rule. This
is essentially the same problem as a continuous dynamical system, and we must determine
the stability for different initial data. Quite often, however, a hybrid model is designed
precisely because the switching rule is either something unpredictable, but falling within
certain parameters, or something that is designed to achieve the desired stability properties.
We may even want stability under all possible switching rules.

Stability Under all Switching Rules

Stability under all possible switching rules necessitates the most strict stability require-
ments, but many can be deduced immediately: the continuous portion of all subsystems
must form a stable system, and the impulsive portions; taken as discrete dynamical sys-
tems, must also be stable. These are not the only requirements, but they already limit
the possibilities. The best method to deal with this problem is to use a global Lyapunov
function approach, as described later.
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Stability Under Constrained Switching Rules

Stability under constrained switching allows for more flexibility in the types of subsystems
used. The goal with this approach is to allow some unstable elements in the continuous
and discrete dynamics, that will be compensated for by a selection of requirements on the
switching rule. Two important criteria commonly used for this analysis are the average
dwell time and the ergodicity. The average dwell time, 7, is defined in terms of the number
of discontinuities (switch operations), N,(to,t), for the switching signal o between the

times tg and ¢:

(t —to)

Ny + < Ny(to, t) < N;T. (2.25)

(t —to)
T
The ergodicity criteria are that for all subsystems, a and for all ¢y, the set

{tlo(t) = o} (it to + T} (2.26)

is non-empty. This ensures that a minimum number of switches occur and also that no
subsystem is over used or under used. A finite average dwell time ensures that infinitely fast
switching cannot occur. This is an important condition to eliminate chattering, where the
subsystems start to switch infinitely quickly, which would not occur in any real system.
These conditions can also be made more complex, so that certain subsystems must be
activated for a given portion of the total elapsed time. These types of rules may be useful
in situations where the switching rule is unknown, but it satisfies these sorts of properties
due to the properties of the real system being modeled.

Stability Using Supervisory Control

When we are attempting to design a switching rule that will stabilize a hybrid system,
there is often a supervisory control problem, where we have a control “supervisor” that
chooses the correct subsystem at any particular time. This is a similar problem to the
previous one, only now we are looking to actually design a specific switching rule, rather
than come up with some general constraints on the switching that might be satisfied even if
we do not have total control over what the switching rule will be. Generally, the switching
rules obtained will be state-based, since the system presumably does not have dynamics
that can be calculated trivially, and the switching signal must rely on information in the
emergent behaviour.

Difficulties with Autonomous Linear Systems

For autonomous systems, the only types of stability to consider are Lyapunov stability and
asymptotic stability, which is equivalent to exponential stability for these systems. We can
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also consider all of these in the context of hg, h-stability, although only certain interpreta-
tions apply. Since particular Lyapunov functions are often used for linear systems, rather
than using a general V (), we will use standard quadratic Lyapunov functions, 2 Pz, but
also consider the difference when it satisfies different properties.

The simplest type of hybrid system uses linear equations for both the continuous and
impulsive portions as follows:

v = Ajgeyr, tF
{ Ar = Bi(t7x)$, t= tk. (2'27)

The switching signal may be time and state dependent, so i : Ry xR® — I = {1,2,...,m}.
Although the system may be asynchronous, t, represents the right boundary of the kth
switching interval, (¢;_1,%;]. For ease of notation, we also use iy to represent the active
subsystem in this interval.

Since the equations are linear, we are in a position to explicitly solve the equations.
Each subsystem, a has a solution z(t) = eA«®0(t=t) 3, Therefore, we can write the full
solution to an initial value problem as follows:

x(t) ettt e (tg, t] (2.28)

z(t) = ettt (B 4+ Netalt0gg e (1,1, (2.29)

x(t) et (B, 4 Detin 2=t (B, 4 e (t=to) g (2.30)
t € (tp1,ts]

The stability problem essentially becomes one of an infinite matrix product. There are
a few conclusions we can come to immediately. Firstly, if we want stability under arbitrary
switching it is necessary for each linear subsystem to be stable since an unstable subsystem
may be run for an arbitrary amount of time. Secondly, the matrices for the impulses must
satisfy Apin{Ba+ 1} < 1. Otherwise, consider a subsystem « such that z* is an eigenvector
of B, with eigenvalue A, |[\| > 1. Starting in any subsystem «, let z(0) = z*. If we switch
at time t; a short time later, z(t,) = x*+x., where |z.| may be arbitrarily small. Therefore,
z(tf) = (I+ By)z(t1) = M\x* + (I + B,)x.. By switching immediately to another subsystem
and then back to subsystem « fast enough, the system will be unstable. Note also the
situation when I + B, is singular: if the impulse is applied at exactly the right time, the
state may be moved immediately to the equilibrium point. Other than these conclusions,
there are no other obvious criteria for stability under arbitrary switching rules revealed by

looking at (2.30)).

Directly using (2.30]) can be helpful in very specific special cases. Ideally, the switching
signal would be periodic. If this is the case, the times At = t, —t;_; are all known ahead
of time. In addition, x(t) becomes equivalent to the infinite product of a single matrix,
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which itself is the product of all matrices My, = (B;, + I)e®ix-17%) that make up a single
period. The eigenvalues of this matrix must lie strictly inside the unit circle for asymptotic
stability and on, or inside, the unit circle for stability.

If we generalize this case only a little to the case where the dwell time for each subsystem
is constant, but the order of the subsystems in arbitrary, this problem is much harder.
Interestingly, Blondel and Tsitsiklis showed that the boundedness of an infinite arbitrary
product of only two different matrices was undecidable [5]. For aperiodic switching signals,
this approach is not practical.

2.3.4 Lyapunov Functions

Lyapunov functions are also a common method of finding stability results for hybrid sys-
tems, but they need to be used in different ways.

Global Lyapunov Functions

A global Lyapunov function behaves in a similar way to a Lyapunov function for standard
dynamical systems, since is must be positive definite, and the derivative along trajectories
of all subsystems must be less than or equal to 0. It is particularly useful because the
switching signal becomes irrelevant under a global Lyapunov function. Even with a hybrid
system with impulses, we only need to make sure that the impulses are bounded and that
they do not occur too frequently, and we can conclude stability or asymptotic stability in
a similar way.

An example of where we can get sufficient conditions is in the case of the following
switched linear system with an asynchronous state-based switching rule:

& = Ax(t) + Bul(t) (2.31)

us(t) = Lox(t)

un(t) = me(t) (2.32)
(2.33)

In this case, we attempt to find a switching rule to stabilize the system. The necessary
and sufficient conditions for such a rule to exist can be found using a Lyapunov function
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that works on each subsystem for some values of x. The problem of stabilizing the system
is shown to be equivalent to finding a matrix P such that the matrices

Z, = (A+BL)"P+ P(A+ BLy)

Z, = (A+BL,)"P+ P(A+BL,,) (2.34)
(2.35)

form a set such that for any x # 0, 27 Z,x < 0 for some Z,. Hence, it is possible to use
a single Lyapunov function that does not work for each subsystem for all values of x, but
still stabilizes the system for a particular switching rule.

This form of global Lyapunov function is less strict, but it is difficult to find and verify.
Usually, another condition will have to be satisfied that is sufficient to show that the set
of matrices satisfies the desired properties. Another issue is with applying impulses to
the system. Certainly impulses can be accommodated if they adhere to requirements on
maximum absolute size and frequency, but it is difficult to integrate them seamlessly into
this method so that impulses may act as a desired property of the controller and stabilize
the system.

Multiple Lyapunov Functions

It is sometimes difficult to find a global Lyapunov function for a particular system, so it
would be useful to use standard methods to find multiple Lyapunov functions for each
of the subsystems involved. With this method, we must be much more careful about
what properties the switching signal satisfies. We can use Lyapunov theory to determine
whether each subsystem is stable or unstable, but, as we know, this alone is not sufficient
to determine stability. We can see how multiple Lyapunov functions work in Chapter 3
and 4.

2.3.5 Special Cases

Periodic switching signals are common for many different models, and they have enough
useful properties to be considered separately. For an autonomous system, in particular, we
can consider the trajectory over each period. In the case of linear systems, we can evaluate
this and actually apply the time period as a mapping, effectively converting the hybrid
dynamical system into a discrete dynamical system.
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2.3.6 Necessary and Sufficient Conditions

There are necessary and sufficient conditions that have been developed for switched au-
tonomous linear systems with no impulses [23]. This is based on the problem of robust
asymptotic stability for polytopic uncertain linear time-variant systems. These systems

are of the form:

where A(k) € Conv{A;, Ay, ..., A,}. Conv{-} is the convex combination. Hence, A(k)
can be made from any convex combination of subsystem state matrices. The result is that
system is robustly asymptotically stable if and only if there exists an integer [ such
that

For all I-tuples of A;; € {A1, As,..., Ax}. The oo norm for matrices is used.

This problem is equivalent to the stability of a discrete switched linear system:
LTk+1 = Ag(k)l’k (238)

This can also be extended to the continuous case we are interested in, where the following
are equivalent:

1. The switched linear system
:L‘(t) = Aa(t)l‘(t) (239)

with Ay € {A1,..., An} is asymptotically stable under arbitrary switching;
2. the linear time-variant system
(t) = A(t)x(t) (2.40)
with A(t) € Conv{Ay,..., A}, is robustly asymptotically stable; and

3. there exist a full column rank matrix L € R™*", m > n, and a family of matrices
{A; e R™™ i € T} (the set of subsystems) with strictly negative row dominating
diagonal, i.e., for each A;, i € T its elements satisfying

ge+ Y aw| <0,k =1,...,m (2.41)
k#l

such that LA; = A,L for all i.

These conditions are directly from [23].
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Chapter 3

Stability of Linear Impulsive
Switched Systems

3.1 Problem Formulation

In this chapter we will study the stability of autonomous linear systems in the following

form:
T = Ag(tyz)x, t # ty
Ar = Ba(t,m)‘r; t=ty,

where the switching signal o takes on values o € {1,2,...,m} = L, and A, and B, are
constant real matrices for all a € L.

(3.1)

The method used is an adaptation of the method in [28], which formulates sufficient
stability conditions for nonlinear impulsive systems (with a single continuous mode, not
hybrid systems) in two measures. We will begin by presenting the stability conditions using
the standard single measure definitions of stability, however. The reasons for the choice
are, firstly, to better introduce the material, and, secondly, because, for a linear system, we
expect to be able to characterize the stability based on the properties of the matrices that
make up the subsystem, and not based on a general Lyapunov function. For two measure
stability, the Lyapunov functions are closely linked to the measures hy and h, so we need to
choose these together. In the section on stability in terms of two measures, we will discuss
this issue further.

Since we are using ordinary one measure stability, we will use quadratic Lyapunov
functions to determine stability. We use multiple Lyapunov functions, which means we
can use standard methods to find the functions, but we require extra conditions to ensure
stability. Recall that, to choose a quadratic Lyapunov function for a continuous linear
system, we solve an equation of the form AT P + PA = @ for an unknown positive definite
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symmetric matrix P. We choose P such that ATP + PA = (@), where Q is positive
definite. The sign of () depends on whether A is a stable matrix, meaning the eigenvalues
are entirely in the left half complex plane. If A is stable, we use the negative sign, and,
if A is unstable (with eigenvalues entirely in the right half complex plane), we use the
positive sign. If A has eigenvalues with real part zero or of mixed sign, we choose to
add ¢/, a multiple of the identity, such that A + ¢l has eigenvalues of positive real part.
Hence, (AT + cI)P + P(A+cl) = Q, so ATP + PA = Q — 2cP, and we use the P found
in this equation. These are all linear equations, and solving them provides a clear and
unambiguous method for finding Lyapunov functions. From now on, when we refer to P,
and @), associated with subsystem «, we mean the solution to the appropriate equation
involving A, and any @, > 0:

ATP, + P A, = Q. A, is unstable;

ATP, + P A, = —Q., A, is stable;

ATP, + P A, = Q4 — 2cP,, A, is neither stable nor unstable,
but A, + ¢l is unstable.

P, > 0 such that

(3.2)

In the following sections, for a matrix A, we will use A(A) to denote all the eigenvalues;
Amax(A), the maximum eigenvalue; and Ay, (A), the minimum eigenvalue.

3.2 Stability Criteria in One Measure

For the special case where h = hg = ||z||, we will start with the criteria for stability. Because
we are dealing with linear non-autonomous systems, the stability will automatically be
global uniform stability. We do not make any explicit assumptions about the switching
rule, but the criteria implicitly require it to satisfy certain properties. We can achieve these
using either a time- or space-based switching rule. The difference between using different
switching rules is also covered in Chapter 4, with nonlinear systems.

Before we present the stability results, we need the following lemma.

Lemma: For a symmetric Q and positive definite P, 2T Qz < Apax(P71Q)2T Px.

This follows by taking z7Qz = 2xTP7'QPx < 2"\ (P71Q)Px. We get equality if
and only if z or Px is an eigenvector of eigenvalue .. (P~1Q) for P71Q. We can show
this by decomposing either x or Pz into a linear combination of eigenvectors of P~1Q).

Theorem 1. Assume that
1. there exist positive definite matrices P, for each o € L;
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2. there exist jo > AtoAmax(Py (AL Py+PoAL)) and va g > Amax(Py H(BE Ps+BL Ps B, +
P3B,, + Ps— P,)) with At, a conservative estimate of the activation time of the sub-
system for every o, 3 € L such that

o + Vg < O3 and

3. there exists v, > 0 for every o, 8 € L such that

po +1In(1 4+ v45) < —7a. (3.3)
Then the zero solution of system 15 uniformly stable.

Before proceeding with the proof, note that there are two aspects of condition 2 that
relate to the switching rule. The conservative estimate of the activation time of the sub-
system should be taken to mean that At, is the maximum activation time of a subsystem
if o > 0 and that At, is the minimum activation time of a subsystem if p, < 0. If the
switching rule is a known function of time, these can be changed to specific values for
specific intervals. See Chapter 4 for details. The conditions required for all ordered pairs
«, 8 only need to be verified if it is possible, based on the switching rule, for a switch from
subsystem « to subsystem [ to occur.

Proof. Let Vo (z(t)) = z(t)T Pax(t), Qo = ALPy+PyA,, a € Land V (£, ) = Vo 1)) (2(2)).
If the subsystem « is activated at time t, we have

V(a(t) = Val)
= 2T(ATP, + PA)a (3.4)
< I‘TQaaj < /\maX(Pole>vOé<I)
Mo
< A_tava(x). (35)

If the system is switching from subsystem « to (3, we have

V(x(tT)) = V(a(t)

AVop(x)

Va(zt) — V() (3.6)
= 2™ Pyt — 2" Py

= @' ((I + Ba)" Ps(I + Bpgj,))r — ' Pax

< VagVal2). (3.8)

Let ¢ > 0 be given. Choose oy such that o; = e 'b(e) with b(e) = \%,,6 where
Apy = maxaeL{\/A(P,)}. Using the condition on the sum of p, and v, 3, we know that
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[to < 1, since otherwise, v, 3 must be less than —1, which is contradicted by condition
in the theorem.

Note that the choice of oy implies that when V(z) < oy, [|z(t)]] < e.

There exists a 09 = g3(€) > 0 such that
o9 +voy < 07,

where v = max, ger{Va,g}-

Choose 0 = min{oje™ !, 02}. There exists a § = §(€) > 0 such that
V(o) < og if |z <

where ¢ is the first active subsystem after the initial condition. This notation avoids any
potential problems with having to choose the time intervals based on the initial condition.
We assume the initial condition is z(7,") = x, where 75 may or may not be a switching
time (using 7, eliminates any ambiguity).

Let x(t) = x(t, 79, x0) be a solution of with ||zo|| < §. Then ||zo]] < €, assume
that, for all t, ||z(t)|| < e. If not, there will be some ¢ > 7y such that ||z(t*)|| > e. Set
i = max{klt, <t} If j > q, for any k = ¢+ 1,...,J, suppose subsystem « is active in
(tk—la tk], we have

Vola(te)) g
/ - S ,ua

Valz(ti_) S

Therefore,

A similar integration from ¢ to ¢; with system switching from system « to  leads to

(V) = ()

By (3.3) we know

(V) \ | (Vale) ) [ Valelt)(  veo)
! (vam(t:_l») 1 (va<x<tz_1>>)“ ( Va((6)

Hence, V(z(t))) < Val(z(t]_,)) < Vy(t), z). We now claim that

>§—%<0

V(ts x) <o
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In this first time interval, we assume that the gth subsystem is activated. There are two
possibilities. The first is that p, < 0. In this case, the condition on the derivatives along
trajectories implies V' (z(t,)) < V(o) < 0¢. Because of our choice of oy, we have that

V(x(t])) < oo+ vog <oy (3.9)

The other case is that p, > 0, we must have Vgolatd)) < 0 by condition , which implies
V(x(t])) < V(x(t,)), and

/Vq(l"(tq)) ds < /Vq(x(tq)) ds < tq — T -
— < — < fiq-
- S Vy(z0) S 7 Atq e

0

However, because j, < 1, we know that

ald
/ —Szln(ﬂ>zlzuq
70 S (o))

Therefore, V(x(t,)) < 01, which implies V (¢}, z) < 01, since the impulse is stabilizing in
this case.

We have now established that the Lyapunov functions decrease on the endpoints of
the intervals. We now assume that there is a time ¢ where ||z| > e. This occurs in some
interval j, and € (£,t;,1), where { = max{7,¢;}. Suppose the ath subsystem is activated
in this interval. If { = ¢ or if £ > ¢ and ta < 0, then we have

V(z(th) < V(2(t%)) <oy,
which leads to the following contradiction
b(e) < b(l|lz(E)])) < V(x(t)) < o1 < b(e).
The other contradiction is when p, > 0, in which case we do the same integration as above
Va(z(®) g
/ — S M-
Va(a(it)) S
The contradiction arrives because this integral should be larger than integrating from o
to eoy. By the original choice of oy, if ||z|| > €, the Lyapunov function will have to be

greater than eo;. But, once again, since there is a factor of e between the two values, this
integral will be greater than or equal to ;11

Va(r(f)) ds e dS
Mo Z / — > / — =1 Z Mo -
Vo (z(it)) S o S

Thus we must have ||z|| < € and therefore system (3.1]) is uniformly stable. O
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Although the notation was very cumbersome in the above proof, it will be useful for
the results in two measures because we need to generalize what V,, (¢, ) means. This proof,
in fact, is very similar to the corresponding one that will follow in the section on two
measure stability. For this reason, rather than including the extension to these criteria
that will satisfy asymptotic stability, we will look at a different set of criteria, using a
slightly different approach, that will be sufficient to show asymptotic stability. This result
is included later in this chapter.

3.3 Stability Criteria in Two Measures

3.3.1 Quadratic Lyapunov Functions in Two Measures

Partial stability and the stability of invariant sets are two relevant considerations for linear
systems, so it is necessary to consider stability using two measures. In order to continue
using the quadratic Lyapunov functions, we need to take care how these measures are
defined. We have a quadratic version with some symmetric P, which is of the form:

V(z) = 2" Px

Positive definite means V' (z) > a(h(z)). Decrescent means V (z) < b(ho(x)). The functions
a and b can be any suitable functions in K. The upper bound is relatively simple, and it
can be achieved for any quadratic Lyapunov function based on a symmetric matrix. The
other major condition on V' is that

V() = 2T(ATP + PA)z < AV (x).

For a linear system, we will generally be concerned with stability results related to
measures involving different subspaces of R™. For partial stability, we will use ho(z) = ||z||
and h(z) = ||z||s = /22 + 22 + - -+ + 22. The second measure is the norm on a subspace
of R™. Similarly with invariant sets, we will be interested in the null space of the matrices
A,. Because we are dealing with switched systems, there are other possibilities, including
stable orbits or different types of invariant sets, but, in order to have some structure on
the measures and Lyapunov functions, we must make some assumptions. If we are only
dealing with subspaces, we can essentially use the same quadratic Lyapunov functions. We
simply take the subspace we wish to use for h(z) and find a basis for R™ that separates the
subspace from its complement. It is then only necessary to express the Lyapunov function
in terms of the lower dimensional system. Since the Lyapunov functions will be essentially
the same, we do not need to adjust the stability conditions very much.
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3.3.2 Stability Criteria

For hg, h-stability of a linear hybrid system, we can make many simplifications. Stability
is automatically global, since we are dealing with a linear system and uniform, since it is
autonomous. We present the theorem in a more general form that will help with

Theorem 2. If the following criteria are satisfied, the hybrid autonomous linear system
will be (ho, h)-stable.

1. ho,h € ' and hg is finer than h;

2. there exist functions a € PCK, b € K and constants 0y, a9 > 0 such that for all
acl
)‘PMH‘CEH < a(ho(t>$)) Zf <t7$) € S<h0750)7

and

Apm|lz|| = b(h(t, x)) if h(t, x) < ap,
where Apyr = maxpeL {A(Pr)}, Apm = minge {\(Fy)};
3. there exists pto > Atodmax(Py'(ATP, + PyAL)) and vas > Amax(Py ' (BLPs +

BI'PsB, + PsB, + P3 — P.)) with At, a conservative estimate of the activation
time of the subsystem for every a, 3 € I such that

Mo + Va3 S 0.

4. there exists v, > 0 for each a € L
Ha + ln(l + Va,ﬁ) < Ya-

Proof. Let V,(z) = 2’ Pox, Qo = ALP, + Py A4, a € L and V(2(t)) = Vopn(x). If the
ath subsystem is activated at time ¢, we have

V(z(t)) = Valo)

xT(AZ:Pa + P,A,)x
T Qqx

Amax (Py ' Qo) Va ()

o
At,, Va(2)

IAIA

IN

If the system is switching from the subsystem a to 3, we have
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By condition 1, there exists ¢ € PCK and ¢; > 0 such that

h(t,x) < @(t, ho(t,x)) < ap whenever ho(t, z) < d;.

Let po = 5= with Ap = maxyer.{\/A(I + By)}. Then (tx,z) € s(h, po) implies (¢, z +
B(ty,x)) € s(h,p), k=1,2,...;

Let € > 0 with 0 < € < p* = min{py, ap}. Choose g1 = e b(¢). Using the condition on
the sum of 1, and v, 3, we know that p, <1, since otherwise, v, 3 must be less than —1,
which is contradicted by the condition on AV

Note that the choice of oy implies that when V(z) < oy, h(t,z) < €.

There exists a o9 = 09(€) > 0 such that
09 + Vo9 < 071,

where v = max, ger{Va,s}-

Choose g = min{oie™ !, 02}. There exists a § = §(e) > 0 such that
V(l‘o) < og if Hho(to,xo)” < 0.
Let z(t) = x(t, 70, 70) be a solution of (3.1)) with ho(tg,z0) < 0. Then h(ty,zo) < €.

Assume that, for all ¢, h(t,z(t)) < e. If not, there will be some # > 7, such that h(t, z(t+) >
€. Set j = max{kl|ty <t}. If j > q, then for k = ¢+1,...,j, suppose subsystem « is active

in (tg_1,tx], we have
Valalte)) gg  [Val@(t) gg
/ - S / — S Ha-

Valz(tf_)) ¥ a(@(ti_y) S

A similar integration from ¢ to ¢; leads to

(i) = (™)

Therefore,

This means we know

Vs(2(t))
(i ) =°
Hence, Vs(x(t])) < Valz(ti_,)) < Vo(x(t])). We now claim that

V(x(t))) <o
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In this first time interval, we assume that the gth subsystem is activated. There are two
possibilities. The first is that p, < 0. In this case, the condition on the derivatives along
trajectories implies V(z(t,)) < V(o) < 0¢. Because of our choice of oy, we have

V(x(t])) < oo+ vog <oy (3.10)

The other case is that y, > 0, in which case we quantify the difference between V,(z) and
V,(x(t,)) by integrating:

Va(z(tq)) ds Va(z(tq)) ds tq — T

4] S Vg (o) §

However, because j, < 1, we know that

o1 d
/'—fzm(ﬂ)zlzuq
70 S 0o

Therefore, Vy(x(t,)) < o1, which implies V;(x(t])) < 01, since the impulse is stabilizing in
this case. Thus our claim is true.

We have now established that the Lyapunov functions decrease on the endpoints of
the intervals. We now assume that there is a time # where ||z|| > e. This occurs in some
interval j, and € (£,t;,1), where f = max{7o,¢;}. Suppose the ath subsystem is activated
in this interval. If f = ¢ or if £ > ¢ and ;11 < 0, then we have V(z(f)) < oy, but this is
only possible if ||z|| < e. The other contradiction is when g;; > 0, in which case we do

the same integration as above:
Vala®) gg
/ — S Mo
Va(z(it)) S

The contradiction arrives because this integral should be larger than integrating from oy
to eoy. By the original choice of oy, if ||z|| > €, the Lyapunov function will have to be
greater than egy. But, once again, since there is a factor of e between the two values, this
integral will be greater than or equal to p;11

Va (z(f)) d eo1 d
mz/ i>/ Z > (3.11)
Vo (z(Ft)) S o S

which is a contradiction. Thus we must have ||z|| < € and therefore system ({3.1)) is (ho, h)
stable. =

Remark 1. Since ¢§; is independent of ¢, so we can also get the uniform stability of the
system.
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To show how this theorem would be used to show a stability result, we present a
corollary showing the conditions for partial stability.

Corollary 1. If the following criteria are satisfied, the hybrid autonomous linear system
will be partially stable with respect to ||z||s.

1. There exists pto > AtoAmax(PyHALP, + PyAL)) and vas > Amax (P (BLPs +
BYPsB, + PsB, + Ps — P,)) with At, a conservative estimate of the activation
time of the subsystem for every a, 3 € I such that

Ho + Vo < 0,and
2. there exists v, > 0 for each a € L
po + (1 + v45) < —7a.
Proof. Denote hg = ||z||, h = ||z]|s- It can be seen that hg,h € T and hy is finer than h, V'
is h-positive definite and weakly hg-decrescent. Then all the conditions of Theorem [2] are

satisfied. This completes the proof. ]

The next result is on (hg, h)-asymptotic stability.

Theorem 3. Assume all the requirements for stability are satisfied and

1. Aty is bounded and there exist d € K and op > 0 such that

Apu||z]| < d(h(t,x)) if h(t,z) < a.

2. for every B, M > 0, there is a positive integer N such that

q¢+N
> Brlglelﬂ{l{’yk} > M, Vg > 0.
k=q+1

Then system is (ho, h)-asymptotically stable.

Proof. By Theorem 2] the system is (hg, h)-uniformly stable. Thus for p = min{p*, o;}
there exists a 0 = 8(p) > 0 such that hy(7y,z¢) < 0 implies h(t,z(t)) < p, t > 79 , where

with ho(70,209) < d. It is easy to see, in view
of condition 1, that system (3.1]) is also (h, h)-uniform stable. Let € € (0, p) be given and

x(t) = x(t,79,x0) is any solution of )
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define § = d(€) as in the definition of (h, h)-uniform stability. From conditons (ii) there

exists N > 0 such that
q+N

> otwnbot(6) > d(p) (3.12)

k=q+1
Note that this is not immediately guaranteed by our assumption, which uses a constant

B and M, but, given a finite number of subsystems, we can choose 3 to be the smallest
value of by(,)(0). Let Aty < At for all k = 1,2,..., and choose T' = (N + 1)At. Then
for any t, € Ry let z(t) = x(t, 79, o) be a solution of (3.1) with ho(ry,2z¢) < 0. It is
sufficient to show that there exists t* € [ry, 79 + T'] such that h(t*,z(t*)) < ¢. For the
sake of contradiction, assume h(z) > § for the entire interval [rg, 79 + T']. This means that
integrating between any endpoints of a switching interval

— < Yo (ty)

/‘Va(tk.+1)(x(tz)) ds
Vo) (@(t_1)) §

yields
Vot (#(61)) < Vot (#(8) = Yot boe) (9)-
Let ¢ = min{k : t, > 70}. Then by the choice of T, t,4n € [T, 70 + T]. Then by (3.12) we

obtain
q+N

VU(tq+N+1)<x(t;—+N)) S d(ﬁ) - Z /Ya(tk)ba(tk)(é)

k=q+1

which leads to the contradiction

Va(tq+N+1) (x(t;_]v)) < 0.

Thus we must have h(t*, z(t*)) < 0 for some t* € [19, 79 + T] and hence h(t,z(t)) < € for
t > 79+ T. So the system (3.1)) is (hg, h)-asymptotically stable. O

3.4 Other Results

Although these results are sufficient to cover basic stability properties of linear systems,
there are a couple of other results we should at least consider.

3.4.1 Asymptotic Stability in One Measure
These criteria are based on [13], but we will also consider the stabilizing effect impulses

have on the overall system. Because we are not concerned with using consistent notation
with a similar result in two measures, the notation will be different here.
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We define the average dwell time, by stating that the number of discontinuities, N, (o, t)

must satisfy

(t=to) < N,(to, t) < NJ+M, (3.13)

a TCL

Ny +
where 7, is the average dwell time.
We categorize the subsystems « into two classes:
1. S™ ={a| ats + In(p(1 + v,)) < 0} and
2. ST ={a| \ame +In(p(1 +v,)) > 0}.

Amax(Poc)
Amin(Pa)

t is given by T, (to,t). We define T~ (to,t) and Tt (o, ), respectively as the total times of
activation of the subsystems in the two classes. We also define

Here, p = max ( ) The total time a subsystem « is used between time ¢y and time

1. for a € S7, we let [Lambda~ denote the max, (A7, + In(p(1 + v,)) and
2. for a € ST, we let AT denote the max, (A7, + In(p(1 + v,)).

Theorem 4. Assume we have a system of the form (2) and we can find positive definite
matrices P, and the functions g, and v;., j = 1,2,3 associated with them in a local
region. Assume also that all of the definitions above. If

A" +gAt <0 (3.14)

for some ¢ > 0 and if
T (to, t) < qT~ (to, 1) (3.15)

then the trivial solution will be exponentially stable.

Proof. Find a switched Lyapunov function of the form

Vi, (z(t)) = 2" P2, i, €{1,2,...,m}, (3.16)

where each P;, > 0.

We take the derivative along trajectories:

‘/;k<x(t)) = xT(AZZ;Pik—i_PikAik)x

xTQikl“

Amax(Py, ' Qi ) Vi ()

A Vi (2(8) (3.17)

INIA A
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Therefore,

Vi () < Vig(a (i) 0t e (b, ). (3.18)
Considering the impulses, we see that
AV, (z(ty)) = AV, (x) (3.19)
= Vi (z") = Vi,(2) (3.20)
= o' Pat —2"Px (3.21)
= 2 ((I+B)"P, + (I +By))r —2"P,x (3.22)
< v Vi (e(t) (3.23)
Therefore,
Vi, (65) < (14 v, Vi, (8 )erint =t (3.24)
We can further simplify the equation using w(t) = " (¢)z(¢) and p, obtaining
w(td) < p(t + v Jw(t)_|)etis (t=th-1), (3.25)
As a result, we find the solution on the first interval satisfies
w(t) < wtd)pern =)t e (ty,t]. (3.26)

The kth interval satisfies

w(t) < w(tg)p"(k—14vi, +vig +- vy ) exp[hiy (t —to) + Xiy (b2 —t1) +- -+ Xiy (E— 1)),

(3.27)
for t € (tx_1,tx]. Note that we multiply by a factor of p each time we switch to a different
subsystem.

Now we collect the contributions of each subsystem:

w(t) < w(td)pexp [Tl(to,t) (Al +In(p(1 + 1)) (% + Tl(]:; t))> (3.28)

F oo To(to, 1) (Am +In(p(1 + v)) (Tia + %)ﬂ ;o (3:29)

where N, = N; or N, as appropriate to maintain the inequality. Since we are only
interested in the asymptotics, and the terms with N, do not depend on ¢, we can take
them out of the exponential as the constant C;. We also collect the subsystems of the two
different types together, obtaining;:
w(t) < w(td)pCrexp [T (to, t)A™ + T (to, t)A™]
< w(ty)pCrexp [T~ (to, t) (A~ + gA™)]

< w(ty)pChexp (A™ +gA")(t —to)]| - (3.30)

I+gq
With this inequality, we see that exponential stability is satisfied. O]
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For this result, we used a different approach, where we did not consider each possible
switch from one subsystem to another. This meant we needed the parameter p as a “worst
case.” It would also be possible to do this in a similar way to the other criteria. The major
aspect that cannot easily be reconciled, however, is the fact that this proof requires very
explicit upper bounds on the growth of the system during each interval. This is difficult to
estimate when we are using two arbitrary measures, which is why it is easier to make sure
the Lyapunov functions do not increase on each interval. For standard stability results,
however, this method allows more interesting cases.

3.4.2 Non-Autonomous Systems

Since we have only covered autonomous systems, it is natural to ask about non-autonomous
systems. As mentioned in Chapter 2, these systems present certain difficulties, even when
they are not also impulsive switched systems.

The systems of interest are described as follows:

I' = Ag(tw(t))(t)x(t), t 7& tk (331)
Az = Bo o) (tr)2(tr), t =t

with the same assumptions on the switching signal o.

In this case, the Lyapunov functions, V(¢,z), depend on time. If we also need to
incorporate measures h(t,z) and ho(t,z) in a meaningful way. We will again want to
restrict the possibilities for h and hg, in order to be able to specify Lyapunov functions
more exactly, but, in this case, we must remember that sets invariant under A(¢) are
dependent on time. This will require a different approach from simply making a change
of variables to isolate two subspaces in which we are interested. It might be possible
to incorporate a time varying change of variable matrix in order to have the Lyapunov
function constantly expressed in a basis that separates the invariant set. In order to deal
with partial stability, we could attempt the same approach as before.

First, we recall the conditions for exponential stability of a standard non-autonomous
system

& = At)a(t).

We require a continuously differentiable positive definite matrix P(t¢) such that

L. ¢llz])* < 2T P(t)r < cofjz||* and

2. —P'(t) = AT(t)P(t) + P(H)A(t) + Q(t), Q(t) > 0.
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Let P(t) be a C' positive definite matrix such that

—P(t) = AT(t)P(t) + P(t)A(t) + Q(1)

Q(t) is normally required to be positive definite, and, in addition, constants are required
so that ¢[|z]|* < V(t,z) < oz

3.4.3 Stability Criteria

We propose the following stability criteria without proof, but as template for what is likely
to be found possible.

1.
2.

ho,h € I' and hyg is finer than h;

there are Ag € R such that Ag < Apax{Ba(t)} for all « € {1,2,...m} and t € R,;

. there exists constant 0 < py < p such that (tx,x) € s(h, po) implies (tg, z+I(tx,z)) €

s(h,p), k=1,2,...;

there exist functions a € PCK, b € K and constants dg, ag > 0 such that for all
ie{l,2,...,m}
Mpaur (W) ||z||* < alt, ho(t, z)) if ho < 6o,

and
)\pm(t)HwHQ > b(h(t,x)) if h(t,z) < ag

where )\pM(t) = MaXgelL /\(Pk(t)) and )\pm(t) = minke]L )\(Pk(t))
for each a € I, there exists P,(t) such that
—Fa(t) = AT()Pa(t) + Pa(t)Aa(t) + Qalt)

for a symmetric matrix Q),;

. Q. above satisfies properties such that the eigenvalues of P;!(¢)Q,(t) are bounded

for all time and

—27Qu(t)x < K—;J;Tpa(t)x;
there exists Vo5 > Amax(Py ' (¢)(BL Ps(t) + BL P(t) By + Ps(t) B + Ps(t) — Pa(t)) for
a, € L; and

. there exists v, > 0, such that

fo +1I0(1 4+ v45) < —7a.
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Then the zero solution of system (3.31)) is (hg, h)-stable.

Remark 2. Note that for time-dependent switching, we can find v, and p; more easily
because we do not require the global convergence of the eigenvalues, but only need to look
at them for one interval.

Although we do not have a complete proof, we can still look through the steps of the
previous results and see that things do not change too much.

Vﬁ(t;’ x(t;:)) - Va(tka x(tk))

et Ps(ty)a™ — 2T Po(ty)w
= 2" ((I + Ba(tr)) Ps(ty) + (I + Ba(ty)))x — 2" Po(ty)x
< Vaﬂva(tk, l’) (332)

We chose V,(t,z) to be h-positive definite and hg-decrescent. Therefore,
Va(t, ) > bo(h(x)) (3.33)

We use this bound to find an estimate for § based on €

For one measure, we simply used an explicit formula for o; that satisfied our require-
ments. In this slightly more complicated case, we must use the inverse of b such that
o1 = e 'b71(e). Here, we choose from the finite list of b, to minimize o;. Using the condi-
tion on the sum of y1 and v, we know that p, < 1, since otherwise, v, 3 must be less than
—1, which is contradicted by the condition on AV'.

The only other major difference when using two measures is that we have to choose ¢
with respect to hg, which requires the decrescentness of V,

Note that the choice of oy implies that when V' (z) < oy, h(z) < e. We have to make a
further refinements with oy < o¢(1 + |v|) and o, > eoy, where v is chosen from v, g such
that this is true of all subsystems. We choose d such that V(z) < op when hy(x) < 6. We
now let hg(xo) < 6.

Since h(xg) < €, assume that, for all ¢, h(x(t)) < e. If not, there will be some ¢ > 7,
such that h(x(tt) > e. Set j = max{k|t, <t}. If j > ¢,

Va(:D(tk)
/ % < o (3.34)
Va(z(tf ) S

Therefore,

( Vale(t)
: (va<x<t:_1>>> < Ha (3.85)

A similar integration from t; to ¢; leads to

L (Vala(t)) L (Valz () + vayp)
1(va<x(tk>))§1( Va(z(tr)) ) (3:30)
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This means we know

([ Valalth)
: (vau(tz_l))) =0 (3.87)

Hence, V(z(t))) < V(z(t{_y)) < V(x(t})). We now claim that
Vo(z(t))) < o1 (3.38)

In this first time interval, there are two possibilities. The first is that p, < 0. In this case,
the condition on the derivatives along trajectories implies V (x(t,)) < V(x) < 0o. Because
of our choice of oy, we have that

V(x(t))) < 00+ |vgloo < o (3.39)

The other case is that p, > 0, in which case we quantify the difference between V,(zo) and
V,(z(t1)) by integrating:

q d q q d t — 7—0

0 Va(wo) §

However, because p, < 1, we know that

o1 d
/ —S:ln(g)>1>,uq (3.41)
a0 S [}

Therefore, V,(x(t,)) < o1, which implies V,(z(t})) < o1.

We have now established that the Lyapunov functions decrease on the endpoints of
the intervals. We now assume that there is a time # where ||z|| > e. This occurs in some
interval j, and t € (%,t;41), where t = max{7,t;}. If =t or if £ > £ and p;,; < 0, then
we have V (x(f) < o1, but this is only possible if ||x|| < e. The other contradiction is when
tj+1 > 0, in which case we do the same integration as above:

Vi) g
/ = (3.42)
Vi(x(it)) S

The contradiction arrives because this integral should be larger than integrating from oy
to eoy. By the original choice of oy, if ||z]| > €, the Lyapunov function will have to be

greater than eo;. But, once again, since there is a factor of e between the two values, this
integral will be greater than or equal to p;11

Vi@®) g €1 g
Hj+1 = / —> / — 2= i1 (3.43)
Vi((tt)) S o 5
Remark 3. Note that for time-dependent switching, we can find v, and p; more easily

because we do not require the global convergence of the eigenvalues, but only need to look
at them for one interval.
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3.4.4 Two Measures

Dealing with non-autonomous linear systems in two measures is a little more difficult
because we must accept the possibilities that the measures will be time dependent and
take on many forms. For example, we could consider stability with respect to the time
varying subspace given by the kernel of A,(t) in one of the subsystems. Rather than get
into the detail of choosing the correct versions of hg and h, we will move on to more general
nonlinear non-autonomous systems in the next chapter.

3.5 Linearization

Before looking at stability results for general nonlinear systems, we will see how the linear
approach can also apply. In many cases, it is sufficient to use quadratic Lyapunov functions
for each of the subsystems. The method of linearization used here is similar to the one
used for switched systems in [13]

Assume we can express the nonlinear system as a system with autonomous linear parts,
so that subsystem « takes the form

¥ = Asx + go(t,x), tFty
{ Az = Box + Jo(t,z), t=t; (3.44)

where A, and B, are real matrices. We have an autonomous linear impulsive switched
system with nonlinear disturbances.

Let V,(t,z) = ' P,z for positive definite matrices P, for each subsystem. We compute
the derivative along trajectories:

Va(t, r) = 2" (PyAy + AL P2 + 22 Pg,(t, 1) (3.45)

We will need the non-linear part to be insignificant. It is, therefore, useful if we can find
conditions that create a bound based on the quadratic Lyapunov function we are using.
We use the assumptions in the following lemma.

Lemma 24. If the nonlinear part g.(t,x) satisfies

A

0 3.46
lzll—0 ||| (3.46)

then there exists a function o (t) such that x¥ P,ga(t,x) < po(t)xT Pyx in a local region
about the origin.

39



If we make the assumption (3.46)), we let € > 0 and find § such that ||z|| < ¢ implies
llga(t, z)|| < €||z]|. Therefore, 2% P,ga(t, z) < e’/\\m‘f"‘—g:))xTPax. Another way to reach the

same conclusion is to assume that g, is Lipschitz, so ||ga (¢, )| < L(t)||z||.

During impulses, we can make a similar calculation

AVaﬂ(tk, LL’) = xT(PBBa + BEPBBQ + BEPB)JI + LL’T(PB — Pa)l’ + 2$TP5Ja(tz, l’)
+22 ' BY Py J, (t, 2) + Jo (8, )Y PaJo (8, ).
(3.47)
For the nonlinear terms, we can assume there are functions ;(tx), for ¢ = 1,2, 3 such that
the following are true locally:

e P Jo(tf, ) < i(tp)a’ Par; (3.48)
2B Py Jo(tf,2) < ho(ty)z’ Po; (3.49)
Jo(th, )T P Jo(th,r) < s(tp)z Py (3.50)

Similar constraints on J, to those found for g, will ensure that these functions can be
found.

3.5.1 Stability Criteria

We will use some definitions to help clarify the stability criteria. For the continuous
portions of the trajectories, we let Q1 = (PyAs + ALP,)

Vo(t,z) = 2T (PyAy + AL Pz + 20T Poga(t, o) (3.51)
Assume 2T P,g,(t,7) < o(t)z" Pyz, and then find \,(t) such that

Amax (P ' Q1.a) + 204 (t) < Aa(t). (3.52)
Since t only affects the nonlinear parts, assume also that there exists A, such that A\, (t) <
Aa-

For the discrete portion, let PgB, + Br P3B, + Bi Ps+ Ps — Py = Q2.45. We find v,8
such that
)\max(Pa_lQZaB) + 21/}1,a(tk) + 2¢2,a (tk) + ¢3,a(tk) S Vg (tk) (353)

Since t only affects the nonlinear parts, assume we can find v, > v,(t;) for all .

We are now ready to present a theorem. In order to achieve uniform asymptotic sta-
bility, we simply use the criteria for the linear system, but replace pu, and v, from those
theorems with the appropriate values.
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Theorem 5. If the following criteria are satisfied, the impulsive switched nonlinear system
will be (ho, h)-stable.
1. hg,h € T' and hg is finer than h;

2. there exist functions a € PCK, b € K and constants 0y, a9 > 0 such that for all
acl
Apu x| < alho(t, x)) if ho(t, ) < 0o,

and
Apm||z|| = b(h(t, x)) if h(t, x) < ap,

where Apy = maxger, {\(Pr)}, Apm = minger {A\(FPy)};

3. the system 1is linearizable in such a way that there exists A\, as an upper bound to

Aa(t) defined in (3.59)and v, as an upper bound to v,(t) defined in (3.53);

4. let o = AAty, where At, a conservative estimate of the activation time of the
subsystem for every a, 8 € I such that

to + Vo < 0; and
5. there exists vy, > 0 for each a € L

Mo + hl(l + Va,ﬁ) < —a-
Proof. As we have already included the effects of the nonlinear parts within the parameters

required for stability, the proof proceeds in the same manner as the other linear system
results. O

3.6 Conclusion

In this chapter, stability criteria for both autonomous and non-autonomous systems with
impulse have been obtained. Criteria of partial stability for these systems have also been
established.
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Chapter 4

Stability of Impulsive Non-Linear
Switched Systems in Two Measures

4.1 Problem Formulation

Consider a system given by

{ 2= fiw(t,2),  t€ (trti] (4.1)

The switching signal ¢ : N — L = {1,2,...,m} indicates which subsystem is active in the
time interval (¢, tx.1]. To begin with, we use a predictable switching rule: one that is a
function of time only. For stability, we say that is (hg, h)-stable if given € > 0 and
7o € RT, there exists a 0 = (79, €) > 0 such that ho(7o, x9) < 0 implies h(t, z(t)) < €,t > 79,
where z(t) = x(t, 70, xo) is a solution with z(7y) = xo.

Since we are dealing with multiple Lyapunov functions, we are not interested in the
change of a particular V,, after an impulse, but instead interested in the change from V,
to V3, where « is the initial switching mode and 3 is the new mode. Therefore, we define
AV, g as

AVaﬁ(tk, ZU) = Vg(t;, T+ Ia(t;:, 33)) — Va(tk, ZL’)

With this one change, the stability criteria for system (4.1)) are almost identical to those
for a common Lyapunov function.
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4.2 Stability Criteria for Non-Linear Systems Based
on Time-Dependent Switching

Theorem 6. If the following conditions hold, system will be (ho, h)-stable. If there
is a set of Lyapunov functions V,(t,x) that are piecewise continuous in t and locally Lips-
chitzian wn x such that

1. h,hg € I' and hqg is finer than h;

2. there exist constants 0 < py < p such that (t,z) € s(h, po) implies (ty, v+1(tg, x(tx))) €
S(h,p), ke L;

3. Vo € vy 1s h-positive definite and weakly hg-decrescent for all subsystems o

4. the switching signal © is either time-based, or the active subsystem in each time in-
terval can be predicted in advance.

5. there exists a constant M and, for every switching time, k, there exists a constant
tr < M and a function Cy € Ky such that

D Vi () < 7 -CelVig (,0), () € s(h, ), (42)

where Aty = t, — ty_1 and i(k) € L is the subsystem activated during the interval
(te—1, ts);

6. for every k, there is a constant vy, and a function dy, € Ko such that
AViwyitern) (te, ) < vede (Vi (tr, ), (tr, x)) € s(h, p); (4.3)

7. the constants py and vy both satisfy

pe + v <0 (4.4)
forall k € L;
8. there exists a constant | such that, for every k, there exists a constant l > 1 > 0
such that
lp > pr sup {Ck(o)}; and (4.5)
c€(0,lk]
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9. there exist constants v, > 0 such that

otvkdi(o) g l
< — 4.
MkJr/a Culs) = Vo € (0,1k) (4.6)
and
chk(O') -+ ﬂkdk<0—) <0, Voe (O, lk) (47)

Proof. Since V(t,x) = Vi) (t,x) with ¢ € (ty—1,tx] is h-positive definite and weakly ho-
decrescent for all subsystems, thus for any a € L, there exist functions a, € PCK, b, € K,
and constants dg, and &, such that

Valt, z) < an(t, ho(t,x)) if ho(t, z) < do.a

and

Vo(t,x) > bo(h(t,x)) if h(t,z) < &, (4.8)

With a finite number of subsystems, we can then define £ = min{{,} and dy = min{d,}.
Using condition 1, we define d; according to the fact that

h(t,z) < (t, ho(t,z)) < & whenever ho(t,z) < &;

Let € > 0 be given and assume, without loss of generality, that 0 < ¢ < p* = min{pg, &,b71 (1)},
where b,'(l,) = € such that b,(ey) < I, for all & € L. Tt is for this reason that I,
must have a lower bound. Define o1, = ba(€p)e P>. With (4.5)), we choose p, such that

ta sup {Co(0)} + 01,4 < lo (again, this is possible provided a lower bound on [,). Let
O'E(O,lk]

the initial time 7y also be given. From (4.3]) and (4.4)), for any k € N, we derive

—Vitey (te, ) AV itk+1)
Vidy,(Vige) (t, )

_dek(v;(k)(tk; JZ)) if h(tk, {L‘) < p.

IA N CIA

Divide through the inequality by —Vig (tr, ©)di (Vi) (te, 7)) (a negative quantity) and in-
tegrate with respect to Vig (i, ©) represented by the variable s:

biky () ¢ biky(e) ¢ b;
/ i Z,uk/ —S:Mkln(m)z,uk, kE=1,2,.... (4.9)
01,i(k) dk(s) [ep S Ulri(k)

1,i(k)

Using the same integration with o ;) = Ulji(k)efl, we conclude

01,i(k) ds
>, k=1,2,.... 4.10
/Uz,i(k) dk(S) = Mk ( )
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Define oy = mingep {01} and oy = min,ep{02,}. Let ¢ be the first switching time after
the initial time, 79, so ¢ = min{k : ¢, > 79}. For ease of notation, we will also use ¢ to
index other constants associated with the interval, such as C, and p,. Since dj, € Ky (i.e.,
continuous, di(0) = 0, and di(s) # 0 if s # 0), there exists a 03, = 034(70,€) > 0 such
that

034 + [Vgldy(03,4) < 01. (4.11)

Define 09 = min{os,03,}, noting o < oy by definition. Using the decrescence of the
multiple Lyapunov function, there exists a do = d5(79,€) > 0 such that

Vitg) (70" x0) < 00 if ho(0,20) < d2. (4.12)

Let § = min{d 4, 91,4, 92} and consider a solution to (4.1)), z(t) = x(t, 70, o) with switching
signal 4. Then the choice of § implies h(7y,zo) < € since V (s, x0) < 09 < 01, =
bg(€)e™P1 < by(€). Vi) is h-positive definite, and b, € K, so h(7,z9) < €. Now suppose
that h(t,z(t)) eventually exceeds e. Hence, there is a ¢ such that h(fT,z(¢*)) > € and
h(t,z(t)) < e for t € [r,t). This covers the cases when h(t,z(t)) exceeds € on a continuous
trajectory and when it does so immediately following an impulse. Now, set j = max{k :
tp < t}. First, consider the time immediately after the first tq, the first switch on or after
the initial time. We claim that

Vit 2(t)) < on.

If t, = 79, this is true by the definition of o, which is smaller than o;. Therefore, we
assume, t,_1 < Ty < tq. If, on the one hand, py, < 0, then (4.2) implies Vj(,) is decreasing, so

Vi) (tgs 2(tg)) < Vi) (70", 2(757)) < 09 < o1. Using (4.11)) and (4.3)) leads to the conclusion
that

Vi(q+1)(t;a x(t;)) < Vi (tqu x@q)) + quq(‘/;(q) (tqa I(tq)»
< o9+ |Vq|dq(0'0) < 0j.

On the other hand, if y1, > 0, then (4.4) implies v, < 0, s0 Vigy1)(t], 2(t])) < Vigg (tg, 2(ty))-
Using (4.2)) and integrating as before, we have

‘/i(q)(tQ7$(tq)) dS /V;(q) (tqvx(tq)) dS t — T
q 0
/ < fig- (4.13)

L <u
Cq(s) Vita) (TJ,Q?(TSL)) Cq(5> ! Atq

0

With (4.7) and (4.4)), we can rearrange and integrate to obtain
/‘71 ds oz /‘71 ds /"1 ds
> > —
oo Cals) Hg Joy dy(s) oo dq(5)
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since both oy and o are less than [,. This, in combination with (4.10)), indicates that

/"1 ds > 4
oo C‘Z(s> -

Therefore, (4.13)) tells us that Vi (g, 2(t)) < o1; thus, Vigen(t;, 2(t))) < o1.
Assume for k=q+1,...,7,

Vi) (tﬁ_l, r(ti_y)) < o1

Since we have not reached #, h(t,z(t)) < € < p, so we can use (4.2)). Hence,

/Vi(k)(tkax(tk)) ds
< f.
Vigo (1 ttt_,) Cr(8)

Using (4.3) and the fact that Cy € Ko,

<
Vi ey (tr, @ (k) Ci(s)

/Vi(kwtl)(tzw(t;r)) ds /Vi(k)(tkvx(tk))+dek(‘/i(k)(tkvw(tk)) ds
Vit (tr,m () Ci(s) .

(4.14)

(4.15)

We claim that Vi) (te, z(tx)) < lr. If not, there exists a ¢* such that t,_; < t* < {4,
Vieey(t*, 2(t*)) = Iy < Vigy (e, z(tr)) and Vigy (¢, x(t)) < I, for all ¢, <t < t*. Using our

assumption (4.14)), (4.5, and (4.15)), note that

(Vi (17, 2(17)) = Ul)SUPse(O z]l{Ck(S)}

< (Vi (", 2(t7) = Vigy (81, 2()))

/w(k)<t*,x<t*>> s
‘/z(k) (t$_1,$(t:_1) Ck (S>

He

1
Supse(o,l]{0k<5)}

IN

IN

So

Vi (8, 2(t)) < sr(lp]{Ck(s)} + oy <1,
se(0,l

which is a contradiction.

Hence, Vig (tr, 2(tr)) < lk, and we can apply (4.6) to show that

/Vi(kJrl)(tz@(t:)) ds
< 0.

Vi (et Cr(8)
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Hence,

Vigesn) (805 2(80)) < Vigy (8 2(81)).
Since Vig11)(t5, z(t})) < o1, this justifies (4.14). Hence, we have shown that

Vigen (85, 2(8])) < Vi (£, 2(£)))-
Now set = max{7,?,}, and we have determined that

Vigan (tH, 2(fh)) < oy, (4.16)
where i(j + 1) is the subsystem that applies, since ¢ € [t,t;,1). If f = or if # >  and
pjr1 < 0, then o A X
Vigen (", 2(t7)) < Vign (7, 2(t7)) < o4,
From (4.2) and (4.16]). Therefore,
bi(j+1)(€) < bi(j+1)(h(£+>$(t~+))) < ‘/;(j+1)(£+7x(£+)) <o < bz'(j+1)(€), Va,

which is a contradiction. Focusing instead on £ > £ and tj+1 > 0, then by 1} 1D and
#-9),

- /‘G(ﬂl)(iﬂﬁ(f)) ds /bi(j+1)(€) ds . /bz‘(g‘+1>(6) ds -
Hi+1 = > = =N Z Mg+,
’ Vit (E+,z(+)) Cita(s) o1 Cii(s) o1 dji1(s) ’

which is a contradiction. Therefore, time ¢ cannot exist, so the trajectory is stable. O

By the similar methods in Section 3, we get the following criteria for partial stability

of the trivial solution of (4.1)).

Corollary 2. If the following conditions hold, system will be partially stable with
respect 10 xs.

1. The switching signal i s either time-based, or the active subsystem in each time
interval can be predicted in advance.

2. There exists a constant M and, for every switching time, k, there exists a constant
e < M and a function Cy, € Ky such that

D Vi (t, ) < X—;@(WME@% (t,z) € s(h, p),

where Aty =ty — tx—1 and i(k) € I is the subsystem activated during the interval
(tk—1, ts);
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3. For every k, there is a constant v, and a function d, € Ko such that
AViwy ity (B, ©) < vpdie(Vigy (b, ), (s ) € s(h, p);
4. The constants p and vy both satisfy
pr + v <0

for all k € L;

5. There exists a constant | such that, for every k, there exists a constant [, > 1 > 0
such that

i > . sup {Cx(o)};
O’E(O,lk]

6. There exist constants vy such that

o+vpdy (o) ds
[k +/ < =, Vo (0,k)

and
chk(0> + /Lkdk(O') S 0, Vo € (O, lk)

4.3 Stability Criteria for Non-Linear Systems Based
on Space-Dependent Switching

The previous result only works for a time-based switching rule, or one in which a lot is
known about the switching signal in advance. However, we can modify the list of conditions
to include different switching schemes. These modifications will also lead to a stricter set
of requirements for the system to satisfy. In such a case, the switching times will not be
predetermined. To avoid the stability problems that will result from chatter, we also need
to have some basic conditions on the activation times of subsystems. Instead of looking at
the interval k as the basic unit of analysis, we look at the active subsystem.

Let an admissible pair of subsystems be defined as follows: (a,3) € A, the set of
admissible subsystems pairs if, according to the switching rule, it is possible for subsystem
a to be active immediately before subsystem 3. In general, we have to look at the transition
between all m? possible pairs of subsystems, but it may be possible to ignore certain
possibilities in a case where the order of the subsystems is predetermined, but the activation
times are not.

Theorem 7. If the following conditions hold, system will be (hg, h)-stable.
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1. hyhyg € T and hg is finer than h

2. There exist constants 0 < py < p such that (t,z) € s(h,po) implies (t,z + I(x)) €
s(h, p);

3. V,, € vy 1s h-positive definite and hg-decrescent for all o € L;

4. For every a € L, there exists a constant p, and a function C, € Ky such that

DYVi(t,x) < K—;Ca(Va(t,x)), (t,2) € s(h, p), (4.17)

where At,, is a conservative estimate of the dwell time for the subsystem: if p, < 0,
Aty is the minimum activation time of subsystem «; if po > 0, At, is the maximum
activation time of the subsystem.

5. For every o, B € L, there is a constant vag and a function d.g € Ko such that
Avﬂ(tJJj) S Vaﬁda,ﬁ(va(t,l’), (t,I)) € S(h7p) (418>
Note that t is used since the precise switching times cannot be defined in advance.

6. For all pairs o, 3 as defined above, the constants p, and vag both satisfy

Lo + Vap < 0; (4.19)

7. For every a € L, there exists a constant l, > 0 such that

lo > sup {Ca(0)pat (4.20)
c€(0,la]

8. There exist constants 7y, and | > 0 such that

0+vq,8da,3(0) ds
< — l 4.21
lU“Oé +/U Ca(S) f— 7067 VO_ e (07 Oc) ( )
and
VaCol(0) + plapdas(c) <0, Vo e (0,l,) (4.22)

for all a, B € L.

Proof. Since V,(t, z) is h-positive definite and weakly ho-decrescent for all subsystems, «,
there exist functions a, € PCK, b, € K, and constants dy, and &, such that

Valt, x) < an(t, ho(t,x)) if ho(t, z) < do.a
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and
Valt, ) > bo(h(t,x)) if h(t,z) < &, (4.23)

With a finite number of subsystems, we can then define £ = min{{,} and dy = min{d,}.
Using condition 1, we define §; according to the fact that
h(t,z) < o(t, ho(t, z)) < & whenever ho(t,x) < 6.

Let € > 0 be given and assume, without loss of generality, that 0 < ¢ < p* = min{po, &,b71(1)},
where b™1(1) = €y such that b,(ey) < I, for all a. Define oy, = bye P=. With (4.20)), we
choose p,, such that sup {Co(0)pia} + 014 < l, for all a. Let the initial time 7y also be

c€(0,la]
given. From (4.18) and (4.19)), we derive
—Va(t,l') AVaﬁ

Va,5a,5(Va(t, z))
—tada,s(Va(t, )) if h(t, z) < p.

VAN VANRVAN

Divide through the inequality by —V, (¢, z)d, 5(Va(t,)) (a negative quantity) and integrate
with respect to V,,(t, x) represented by the variable s:

bal®) s bale) s bo(€)
> i, = = paln [ 22 ) = pia 4.24
/ dos(s) = / s (a) ! 2

Using the same integration with oy, = aliae_l, we conclude

The (s
> fla- (4.25)
/0'2,01 da7ﬂ(s)

Define 0y = min,{o1,,} and oy = min,{os,}. Let ¢, be the first switching time after the
initial time, 75. Although the switching times are not known in advance, they are still
well defined from the dynamics. Unlike in the time-based case where most indexes were
the time intervals, we use ¢ as an index to represent the active subsystem active in the
time interval (f,-1,t,] and ¢’ to represent the subsystem active in the interval (t,,t,1].
In addition, define all associated quantities Cy, pg, V.9, dg g, - - - for the first subsystems.
Since do 3 € Ky (i-e., continuous, d,3(0) = 0, and d,g(s) # 0 if s # 0), there exists a
034 = 034(70,€) > 0 such that

034 + |Vaq|dg.q (03,4) < 014 (4.26)

Define 0y = min{os, 03,}, noting o < oy by definition. Using the decrescence of the
multiple Lyapunov function, there exists a do = d2(79,€) > 0 such that

‘/q(T(;r,Qlo) < 09 if h(](T(),l’()) < (52.
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Let 0 = min{do,i(g), 01,i(q); 02} and consider a solution to (1), =(t) = x(t, 70, z0) with
switching signal i. Then the choice of § implies h(7,z0) < € since V(15 ,20) < 09 <
014 = bye)e™t < by(e). V, is h-positive definite, and b, € K, so h(1,x9) < €. Now
suppose that h(t, z(t)) eventually exceeds e. Hence, there is a ¢ such that h(t*, z(t7)) > €
and h(t,z(t)) < e for t € [ry,t). This covers the cases when h(t,x(t)) exceeds € on a
continuous trajectory and when it does so immediately following an impulse. Now, set
j = max{k : t;, < t}, which we may do if the switching times are well defined as a result of
the switching rule. First, consider the time immediately after the first ¢,, the first switch

on or after the initial time. We claim that
Vit (ty, 2(t))) < o1

If t, = 79, this is true by the definition of o, which is smaller than o;. Therefore, we
assume t,_; < 79 < t,. If, on the one hand, p, < 0, then (4.17) implies V; is decreasing,
so Vy(ty, x(ty) < Vo (1, x(1)) < 09 < o1. Using (4.26)) and (4.18)) leads to the conclusion
that

‘/qul(t;r?x(t;)) < Vi(tg, x(ty)) + Vq,q’dq,q’(vi(q)@qv z(ty)))
< 00+ Vg ldeq(00) < o1

On the other hand, if i, > 0, then (4.19)) implies v, < 0, so Vi (t5, 2(t})) < Vi (tg, x(ty)).
Using (4.17) and integrating as before, we have

/Vq(tq:x(tq)) ds /Vq(tqam(tq)) ds tq — T
=
o Cq(S) Vq(TJ,I(TJ)) Cq('S)

(4.27)

0

With and , we can rearrange and integrate to obtain
/“1 ds S “Vad /”1 ds S /‘” ds
oo Cals) 7 Hq Joy daq(s) ~ Joy dgq(s)
since both oy and o, are less than [,. This, in combination with , indicates that

/"1 ds >
oo C‘Z(s> -

Therefore, (4.27) tells us that V,(t,, 2(t,)) < o1 and thus Vi (¢}, 2(t])) < 1. Assume for
all k=q+ 1.7,

Vi (1, 2(t_)) < o1 (4.28)
Since we have not reached ¢, h(t,z(t)) < € < p, we can use (4.17). Hence,

/Vi(k)(tkﬂ?(tk)) ds t—tp 4
<
Vitey (tE_pse(ti_y) Ci(s) Aty

Hik) < Hik)- (4.29)
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This slight difference is the result of defining conservative activation time estimates. Using

(4.18)) and the fact that Cjxy € Ko,
/Vz‘(k+1)(t::x(tz)) ds /V(k)(tk7x(tk))+l’i(k),i(k+1)di(k),i(k+l)(Vi(k)(tkzw(tk))) ds

Vi) (b, (k) <8) Vi) (b, (tk) Oi(k’)(s) .
)

We claim that Vi (tr, ©(tr)) < lig). If not, there exists a t* such that t,_; < t* <,
Vieey(t*, 2(t*)) = Ly < Vi (tr, 2(te)) and Vi (t, 2(t)) < iy for all 4,y <t < ¢*. Using

our assumption - -, and (4.29), note that

(V;(k) (t*) x(t*)) - 01) SUPSE 0 l]%oz(k) (S)}

< (Vi (7, 2(t7)) = Vi (-1, (1))

/W(k)(t*w(t*)) ds
Vi (2 () Citry (s)

< Migk)

1
SUD,e (0,1 i) (5) }

So

Vi(k) (t*, x(t*)) < Mik) Sl(lp]{ci(k)(s)} +o01 < li(k)
s€(0,l

which is a contradiction. Hence, Vju)(te, #(tx)) < lix), and we can apply (4.21)) to show
that
Vi(k+1)(tz@(tz)) ds
/ <0,
Vigo (6 (e, i (8)

V’(1~t+1)(7er (1)) < Vi k)<tlj—17x(t2—1))'
Since Vig41)(ty, z(ty)) < o1, this justifies (4.28). Hence, we have shown that

W(ﬂl)(tf,fﬂ(tf)) < V;(q+1)(t;_,$(t;—)).

Now set = max{7,t,}, and we have determined that

Hence,

Vi (i, 2(fh)) < o1, (4.30)

~ ~ ~

where i(j + 1) is the subsystem that applies, since ¢ € [t,;,1). If f = or if # >  and
tigi+1) < 0, then
Vigen (T, 2(t7)) < Vigy (7, 2(t7)) < o4,

From (4.17) and (4.30). Therefore,
bitj+1)(€) < bigyy (R(ET, (7)) < Vi) (F7,2(87)) < 01 < ba(e), Vo,
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which is a contradiction. Focusing instead on ¢ > ¢ and i+1) > 0, then by 1' 1'
and (I23),

Vig+1) & (D) ds bi(i+1)(€) ds bi(i+1)(€) ds
“i(k)z/ —>/ —Z/ 2 Hi(j+1)
Vigan (0 a(i) Ci+1)(8) ~ Sy Cig+n(s) ~ Jo, dij+1),ii+2) () ’
which is a contradiction. Therefore, time ¢ cannot exist, so the trajectory is stable. O]

By the similar methods in Section 3, we get the following criteria for partial stability
of the trivial solution of (4.1]) with state-dependent switching.

Corollary 3. If the following conditions hold, system will be partially stable with
respect 1o x.

1. For every o € L, there exists a constant p, and a function C, € Ky such that

D*Va(t,z) < K—?C’Q(Va(t,x)), (t,z) € s(h, p),

o

where At,, is a conservative estimate of the dwell time for the subsystem: if po <0,
At is the minimum activation time of subsystem o if po > 0, At, is the maximum
activation time of the subsystem.

2. For every aff € L, there is a constant v,z and a function d.z € Ko such that
AVs(t, z) < Vapdaps(Val(t,x), (t,x)) € s(h,p).
Note that t is used since the precise switching times cannot be defined in advance.
3. For every o, B € L , the constants ji, and v,z both satisfy

Mo+ Vag <0;

4. For every a € L, there exists a constant I, > 0 such that

lo > sup {Cu(0)ptal;
c€(0,la]

5. There exist constants v, and l > 0 such that

0+vq,3da,3(0) ds
[a +/ < —Yar Vo€ (0,ly)

and

for every o, 3 € L.
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4.3.1 Uniform Stability Criteria for Non-Linear Systems

Theorem 8. If we are looking for (h, ho)-uniform stability, we need to adjust the conditions
to avoid time dependence. We have the following conditions as before:

1.
2.

h,hyg € I' and hy is finer than h;

There exist constants 0 < pg < p such that (t,x) € s(h, po) implies (tg, x+I1(ty, z(ty))) €
s(h,p), k=1,2,...;

V.. € 1y is h-positive definite and hg-decrescent for all subsystems o

The suitching signal © s either time-based, or the active subsystem in each time
interval can be predicted in advance;

There exists a constant M and, for every switching time, k, there exists a constant
e < M and a function Cy € Ky such that

D Vig(t,2) < 5 CulVig (10)), (8:2) € (b ),
where Aty = tp — ty_1 and i(k) € I is the subsystem activated during the interval
(te—1,tr);
For every k € 1L, there is a constant v, and a function dj, € Ko such that
AV i) (te, ©) < vpde(Vigy (b, ), (e, 7)) € s(h, p),
where for any n there exists a > 0 such that dp(o) < n for all o € [0, o).
The constants py, and vy both satisfy
pr +vp <0
for all k € L;

There exists a constant | such that, for every k € 1L, there exists a constant l;, > 1 >0
such that

I, > sup {Cr(o)ur};
o€(0,lx]

There exist constants v, with k € L such that

otvrdi(o) g
< — l
Ji —l—/g Cols) = Ve, Vo € (0,1k)

and
chk((f) + ukdk(a) <0, Voe (O, lk)
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Proof. We begin the proof the same way as for the non-uniform stability result. This time,
we use the fact that
Valt,x) < an(ho(t,x)) if ho(t,z) < doa

01 can be determined the same way as before, since the calculations to find o; and o5 do
not have any time dependence. When choosing o, however, we need to take into account
that the initial subsystem could be any possibility:

03 + |Val|da(03) < 04

Given that there are a limited number of possibilities for v, and d,, we can satisfy this
condition easily. Hence, we can choose oy and 0 in such a way that it is not dependent on
To, which is the requirement for uniform stability. O

For uniform stability of the system using a state-based switching rule, we have the same
general approach.

4.4 Conclusion

In this chapter, Stability criteria nonlinear switched systems with impulse in two measure
have been obtained. Criteria of partial stability for these systems have also been carried
out.
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Chapter 5

Evaluation, Examples, and Discussion

In the previous two chapters, we proved theorems concerning sufficient conditions for sta-
bility of impulsive switched systems. In order to show that these results have more than
a purely mathematical significance, we will use some examples to illustrate their potential
utility. Having established that the results are mathematically valid, it remains to show
that they are easily verifiable and not overly exclusive, in the sense that they are only
satisfied in special circumstances unlikely to actually arise. It is difficult to quantify such
vague statements, however, so we hope the examples will serve the goal of demonstrating
the utility of the results.

5.1 Autonomous Linear Systems

The simplest examples we can use are two-dimensional linear systems with periodic switch-
ing rules. Although such examples do not require elaborate theory to find stability criteria,
they serve to demonstrate the need for the criteria that have been developed. The first
instructive example has two different stable subsystems, one with a stabilizing impulse,
and one with a destabilizing impulse.

Example 2. Consider the switched impulsive linear system

{ Ax = Byx t =1 (5-1)

with subsystems given as follows:

-1 —4 -1 -5
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B1:<_0% _0%) 32:([1)(1)) (5.3)

Will the system be stable under a periodic switching rule?

There are two issues that can arise related to the stability of this system. The first is
that the continuous subsystems, although stable, may create an unstable trajectory given
the appropriate switching rule. The second is that the unstable impulse will be used too
frequently.

Proceeding with our analysis, we first obtain the standard quadratic Lyapunov functions
associated with each subsystem by solving the linear equations AT P, + P,A; = —I. For the
small value of n = 2, this can be done by hand, but it is possible to make an algorithm to
solve for higher dimensions. We obtain 27 P,z and 27 Pyx, where

a7 L R
Plz(% 3>§ P2:( 3 4§4>- (5.4)

T84 ™

®
=~
»Jkl»—too
S

By choosing Lyapunov functions this way, when we calculate A\, we are calculating the
maximum eigenvalue of P, ' (P A; — ATP,) = —P['. We get eigenvalues of approximately
—1.783 and —2.553, and we choose \; = —1.783.

Now we calculate the vs. If we allow the possibility to switch from one subsystem to
the same subsystem (causing only an impulse to be applied), we will find four values. We
calculate P, ' (PsB, + Bl P3B, + BY Ps + Ps — P,), where « is the initial subsystem, and
( is the new subsystem. After some more calculation and choosing the largest eigenvalue

each time, we obtain
—12 —0.9222
— 16
(Vas) ( 3973 3 ' (5:5)

The first observation is that switching from the subsystem with the destabilizing impulse
leads to higher values (the values in the second row). More subtle is the observation that,
when switching to the same system again, the value is lower than when switching to a
different system (the diagonal elements are switches to the same system; the off diagonals
are switches to the other system). This is because the value of v has to take into account
the worst case scenario of switching from one system to another, and the effect this has on
the Lyapunov function.

In order to satisfy the stability requirements, using the rules that we established in
Chapter 3, we should choose a switching rule such that p, 4+ v, < 0. This turns out
to be a very strict requirement and is somewhat over prescriptive for the simple example
that we are considering here. Using this requirement we would find that At, = 2.23 as
derived from Ata)Ag + 157 = —0.003 < 0. Note that this is the solution to that equation
that is the worst case corresponding to the largest possible value for v,3. The value of
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Aty can be anything, since it corresponds to the stable subsystem and impulse. The other
requirement, i, +1In(1+v,5) < 0 is less strict than the first requirement above, and, hence,
is automatically satisfied for our chosen value of Ats.

The above requirements lead to a limiting value for Aty = 2.23. However, if we perform
a simulation with this value of At, the graphical result becomes effectively trivial, and it is
difficult to see the stabilizing behaviour of the system. To better illustrate the stabilizing
behaviour, we have chosen a value of At; = Aty = 0.05, which is a much less strict dwell
time condition. Figure [5.1] shows the results of running the system through a number of
impulses, starting at 1 = (0,1). The system is clearly stable, with alternating stabilizing
and destabilizing impulses, and, moreover, it is clear that a dwell time of 2.23 is much
longer than is required.

For the example in Figure [5.1] we have set the ratio of stabilizing to destabilizing
impulses at ¢ = 1. It is instructive to increase this ratio to see the unstable behaviour.
Figure [5.2/shows the same system with ¢ = 2, which takes more time to spiral to the origin.
Figure [5.3| plots the behaviour of the same system with ¢ = 3. In this case, the system is
not stable and spirals away from the origin, which is why the scales have been multiplied
by a factor of approximately 1000. This method of showing how stability is related to ¢ is
also illustrated in the next example.

In fact, we can still get a stable solution for ¢ = 2, but ¢ = 3 fails.

Example 3. This is a classic ezample of a switched system with stable subsystems, but
switching modes that lead to instability. In this example, however, we will add an impulse
to make the system stable for all average dwell times and, hence, for arbitrary switching.

{AJ::B,-x t=1 ’ (5-6)

—~1 —100 ~-1 -10
Al_( 10 -1 ) A2_(100 ~1 ) (5.7)

Blz<82) 32:(82) (5.8)

We find P, and P, by solving the linear equations, obtaining:

551 _ 45 5501 45

p=( ™ ar) n-(% %) (5.9)
T 2002 2002 2002 2002

By choosing Lyapunov functions this way, when we calculate A\;, we are calculating the

maximum eigenvalue of P~'(PA — ATP) = —P~'. So, we get A\; = Ay & —5=z. In both

cases, the eigenvalues of P, are approximately 0.275 and 2.748. Hence, p &~ 35;% ~ 9.99.
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X1

X2

Figure 5.1: The system in Example 2 with ¢ = 1.

Now we calculate the vs. We start by letting b = —%. For system 1, we calculate
P (PyB, + B P,B; + Bf P) and obtain

( _03 _Og ) (5.10)

Therefore, v; = 1y = —%. Hence, p(1+ 1) ~ 1.11 > 1, but we are close. The impulse
size is not enough to satisfy the condition for stability under arbitrary switching. Using
b= —0.68, we get vy = 15 &~ 1.02, and using b = —0.7, we get v; = v, ~ 0.90, which does
satisfy the condition.

Figure shows the system evolution for b = —2/3, which is unstable as expected,
although the system oscillates rapidly. For the plots of this system, we plotted |z||. Al-
though the large number of switches makes it impossible to distinguish the continuous
trajectory from the impulses, we can get an idea of the rate of divergence. For b = —0.7
we get stability, as expected, which is confirmed in Figure|5.5| We also checked b = —0.68,
which is predicted to be very close to the stability requirement. As shown in Figure [5.6]
this system is also stable, indicating that the stability requirement for this system is ac-
tually a little stricter than necessary. The reason for this behaviour is that we assume the

The answer is the same for system 2.
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Figure 5.2: The system in Example 2 with ¢ = 2.

systems stabilize very slowly with respect to their Lyapunov functions, so that the right
switching will cause 2Tz to increase by a factor of p in each time interval. In reality, the
stable subsystems do not allow an increase this high.

Example 4. Consider one more linear example

T = Aa(t@)l‘, t 7& tk

Axr = Botpyr, t= 1, (5-11)

10} {10
P1:|:2 7P2: 4 .
0 3 0 3

60



3500

ooo X1
2500 [

2000 -

| | |
-1000 -750 -500

Then we have

1
PIY AP+ PLA) = [ (2) (1) ]
2

_2
PyHALP + PAy) = [ ’ 02 }

0 —3
P7Y(B)P,+ B{P\B, + PB, + P, — P|) = _0'8375 _0.8375 |
P (B)Py+ B{P2By + P,B, + P, — P) = _0'8688 _0_8688 |
Py Y (BYPy + BYP By + PiBy+ P — Py) = _0'5750 _0.2750 |
Py (ByPy + ByPyBy + PyBy + Py — Py) = _0'(9)375 _0_3375 |
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Figure 5.4: Example 3 with b = —2/3

If take At, = 1, then we can choose p; = 0.5, po = —0.6, 117 = —0.93, 112 = —0.96,
Vg1 = —0.87, 199 = —0.93, 71 = 72 = 2, then all the conditions of Theorem 1 in Section
3 are satisfied. Hence the zero solution of the system is stable. For this system, we have
plotted the subsystems separately. Figure shows the unstable subsystem with two
curves for x; and x,. Likewise, Figure [5.8| shows the stable subsystem. In this case, the
switched system without impulses is stable, as shown in Figure but the impulsive
switches system converges more rapidly in Figure [5.10}

5.2 Nonlinear Systems

Example 5. Consider the following example

T = 14(7(15@)3j + fa(t,m) (ta SL’), 13 7& lk
Av = Boya, . (5.12)
P— ~1
A= |: a 1 ’ Ay = 3 1 >
1! -1 -1
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t

Figure 5.5: Example 3 with b = —0.7

1 : 1
<1 SI11 XT9 — =1 COST9
fl = |: % :| ) f2 = |i § :| )

§%2 COS Lo —%xQ sin xrq

—3
BIZBQZ|: 04 _§:|
4

It is easy to see that the underlying continuous system is an unstable focus. Let
Vi(z) = (a1 + 23), Va(z) = (21 + 23). Then

1 1 . 1 1 3
Vi(z) = xl(le — X9 + gffl sinxy) + wo (w1 + 1% + gl'g Cos Ty) < Z—lV(az), t £ ty;
1 1 1 1 1 1 1
Vi(z) = 5301(—5331 + 29 — Exl COS Tg) + 5352(—1'1 — §x2 — 6x2 sinxy) < —gV(x), t # ty;

4 4 2 16
Va(a™) = Vi(z) = 1[(951 - le) + (22 — ?1332) J - 2(:1:? +a3) = _%‘/1(:1:)
Vi(a™) = Va(z) = %[(fﬁ - Zl’l) + (22 — %xz) ] i(m% + :1:%) = —gVQ(x)
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Figure 5.6: Example 3 with b = —0.68

1 1 1
Va(ar™) = Vala) = 1l(e1 — 52 + (32 = Jma)?] - (et + 73) = 3 Valw)

If take At, = 1, then we can choose 1 = 0.75, e = —0.3, v1; = —0.93, v1 2 = —0.96,
vo1 = —0.87, 1no = —0.93, C1(s) = Cs(s) = di(s) = da(s) = s, Vs € R, [; and Iy be any
positive real numbers, 7, = 2, 79 = 2.2 then all the conditions of Theorem 6 in Chapter
5 are satisfied. Hence the zero solution of the system is uniformly asymptotically stable.
The simulation result can be seen in Figure [5.11] The nonlinear system.

5.3 Evaluation of results

The above examples serve to illustrate some of the shortcomings of the sufficient conditions
that have been developed. Example 2 shows that the requirements are far too strict for
certain systems. The system we chose only had a destabilizing impulse. Although it would
be possible to destabilize the system through a choice of switching times, a dwell time
of 2.23 is far too strict. There is no need for a dwell time in such a system that would
require the trajectory to orbit the origin more than once. This occurred partly because the
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-100

~200 5 10 15

Figure 5.7: The trajectory of the first subsystem of Example 4

1.5

0 5 10 15

Figure 5.8: The trajectory of the second subsystem of Example 4
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0 5 10 15

Figure 5.9: The trajectory of the switched system in Example 4, with no impulses

0 5 10 15
t

Figure 5.10: Evolution of the states in Example 4 with impulses.
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0 5 10 15
t

Figure 5.11: Evolution of the states for Example 5.

example is not suited to stability criteria that require the Lyapunov function to decrease
for each interval, and partly because the criteria are simply stricter than they need to be.

Example 3 uses an alternative method that works much better for the linear system.
This method works because we can keep track of increases and decreases to ||x| across
different intervals. The size of the impulse that was found was very nearly the smallest
that would lead to stability under the switching rule that destabilized the switched system
without impulses.

The last two examples show how the criteria can work a little better for a system with
a nonlinear subsystem as the destabilizing element. It is also a slightly nonlinear example,
although this does not change the graphical result much, as can be seem by comparing

Figures and
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

Having completed this project, we have found sufficient criteria for stability and asymptotic
stability of linear impulsive switched systems which work in the context of stability using
two measures. We have also found similar criteria that apply to nonlinear systems, covering
stability, uniform stability, and uniform asymptotic stability. Since these results both
use a multiple Lyapunov function approach, traditional methods for obtaining Lyapunov
functions still apply. Using illustrative examples, we showed that these results can be easily
verified, although a particular set of criteria may fail to be satisfied for certain systems
with stable dynamics.

6.2 Further Study

There are many different directions to take with this research, due to the wide variety of
results and techniques available for the study of either hybrid systems or (hg, h)-stability.
We could study hybrid systems with time delay, random variables, or different classes of
switching behaviour. Rather than name all the possibilities, we will just mention some of
the more immediate possible extensions to this work.

Different Stability Results
We only covered the most basic stability results for linear and nonlinear systems. In par-

ticular, we have not covered instability and non-uniform asymptotic stability for nonlinear
systems. We could also cover instability for linear systems. Since we have found sufficient
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conditions, it is important to compare what is sufficient for instability to the present re-
sults, to see how much leeway there is for systems whose stability properties cannot be
determined by these methods.

Robustness is also an important aspect of stability. There are several different ap-
proaches to consider, including linear quadratic inequalities, used in [25] as an extension
to the simple quadratic Lyapunov functions applied to a situation where uncertainty is
involved. We could also consider the work in [43], which looks at robust stability under
the constraint of a cost function as well.

LaSalle’s Invariance Principle

There has been some study of LaSalle’s invariance principle and how it applies to switched
systems in [7], [37], and [3]. These methods provide an extra tool in determining stability
because a Lyapunov function that does not strictly decrease can still be helpful in proving
asymptotic stability. It is also possible to use this tool when considering two measure
stability, as demonstrated in [27].
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