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Preface

Switched control systems have attracted much interest from the control commu-
nity not only because of their inherent complexity, but also due to the practical im-
portance with a wide range of their applications in nature, engineering, and social
sciences. Switched systems are necessary because various natural, social, and engi-
neering systems cannot be described simply by a single model, and many systems
exhibit switching between several models depending on various environments. Nat-
ural biological systems switch strategies in accordance to environmental changes
for survival. Switched behaviors have also been exhibited in a number of social
systems. To achieve an improved performance, switching has been extensively uti-
lized/exploited in many engineering systems such as electronics, power systems,
and traffic control, among others.

Theoretical investigation and examination of switched control systems are aca-
demically more challenging due to their rich, diverse, and complex dynamics.
Switching makes those systems much more complicated than standard systems.
Many more complicated behaviors/dynamics and fundamentally new properties,
which standard systems do not have, have been demonstrated on switched systems.
From the viewpoint of control system design, switching brings an additional degree
of freedom in control system design. Switching laws, in addition to control laws,
may be utilized to manipulate switched systems to achieve a better performance of
a system. This can be seen as an added advantage for control design to attain certain
control purposes.

On the one hand, switching could be induced by any unpredictable sudden
change in system dynamics/structures, such as a sudden change of a system struc-
ture due to the failure of a component/subsystems, or the accidental activation of any
subsystems. On the other hand, the switching is introduced artificially to effectively
control highly complex nonlinear systems under the umbrella of the so-called hybrid
control. In both cases, an essential feature is the interaction between the continuous
system dynamics and the discrete switching dynamics. Such switched dynamical
systems typically consist of sets of subsystems and switching signals that coordi-
nate the switching among the subsystems.

In this book, we investigate the stability issues under various switching mecha-
nisms. For a controlled switching, the switching signal is a design variable just as

vii
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the control input in the conventional systems. It is measurable and can be freely
assigned. In this case, the stability is in fact a kind of stabilization by stabilizing
switching design. For an arbitrary switching, the switching signal is blind and un-
controlled, and the stability is in fact a kind of robustness against the switching per-
turbations. Besides the two extreme cases, the switching signal could be constrained
in that it is neither controlled nor free arbitrarily. In other words, partial information
is known about the switching mechanism. Typical constrained switchings include
(i) autonomous switching, where the switching signal is generated autonomously
with a preassigned state-space-partition-based switching mechanism; (ii) dwell-time
switching, where the minimum duration on each subsystem is known and positive;
and (iii) random switching with a known stochastic distribution. Switched systems
under various constrained switching might behave in a rich, diverse and complex
manner.

The objective of this book is to present in a systematic manner the stability
theory of switched dynamical systems under different switching mechanisms. By
bringing forward fresh new concepts, novel methods, and innovative tools into the
exploration of various switching schemes, we are to provide a state-of-the-art and
comprehensive systematic treatment of the stability issues for switched dynamical
systems.

The book is organized in five chapters. Except for Chap. 1 that briefly introduces
the problem formations and the organization of the book, subsequent chapters ex-
ploit several important topics in detail in a timely manner.

In Chap. 2, we focus on the guaranteed stability analysis of switched dynam-
ical systems under arbitrary switching. As global uniform asymptotic stability is
equivalent to the existence of a common Lyapunov function of the subsystems, the
Lyapunov approach plays a dominant role in the stability analysis. For switched lin-
ear systems, due to the fact that quadratic Lyapunov candidates are insufficient for
coping with stability, emphasis is laid on the sets of functions which are universal in
the sense that each asymptotically stable system admits a Lyapunov function from
the function set. Both piecewise linear functions and piecewise quadratic functions
are proven to be universal, and their connections to algebraic stability criteria are
also established. We also pay much attention to the algebraic theory of discrete-time
switched linear systems, where the stability is elegantly characterized by the spec-
tral radius of the matrix set, which generalizes the standard matrix spectral theory.
While determining the spectral radius has been proven to be NP-hard, we introduce
the homogeneous polynomials to serve as common Lyapunov functions and utilize
the sum-of-squares technique and the semi-definite programming to approximate
the spectral radius. Finally, the more subtle issue of marginal stability is carefully
examined, and its connection to the common weak Lyapunov function is established.
We reveal that marginal stability admits a block triangular decomposition with clear
spectral information, and this leads to an invariant set viewpoint for characterizing
marginal stability and marginal instability.

Chapter 3 presents stability theory for switched dynamical systems under con-
strained switching. There are three types of constrained switching addressed in this
chapter. The first type of constrained switching is the random switching with a pre-
assigned jump distribution. When the subsystems are linear and the switching is
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governed by a Markov process, the switched linear system is known to be a jump
linear system. We introduce various stability concepts and their criteria, and estab-
lish the connections to the guaranteed stability criteria in Chap. 2. The second is the
piecewise affine systems where the state space is partitioned into a set of polyhedral
cells, each relating to a subsystem, and hence the switching is totally autonomous.
The piecewise quadratic Lyapunov approach, the surface Lyapunov approach, and
the transition graph approach are introduced. The pros and cons of the approaches
are compared and discussed. The third type of constrained switching is the dwell-
time switching, where the switching duration between any two consecutive switches
admits a positive lower bound. We address both the stability analysis, where the
dwell time is preassigned, and the stabilizing switching design, where the minimum
or maximum dwell time is to be designed. The design captures the capability and
the limitation of the switching mechanism.

Chapter 4 is devoted to the stabilizing switching design for switched dynamical
systems under controlled switching. It is proven that a switched Lyapunov function
exists if the system is globally asymptotically stabilizable. However, counterexam-
ples exhibit that even stabilizable planar switched linear systems may not admit
any convex switched Lyapunov function. To overcome the intrinsic difficulty, we
introduce a class of nonconvex functions known as min functions that are piece-
wise quadratic and prove that each stabilizable switched linear system admits a
min function as a switched Lyapunov function. To further address the stabilizabil-
ity and robustness of switched linear system, we propose a pathwise state-feedback
switching strategy, which accounts to concatenating a finite number of switching
paths based on appropriate partitions of the state space. By aggregating the over-
all system into a discrete-time piecewise linear system, we are able to prove that
the switching strategy exponentially stabilizes the original switched linear system
whenever it is asymptotically stabilizable. We develop a computational procedure
to calculate a stabilizing pathwise state-feedback switching law for an asymptot-
ically stabilizable switched linear system. To further investigate the robustness of
the pathwise state-feedback switching strategy, we define a (relative) distance be-
tween two switching signals and prove that the closed-loop system is robust against
structural/unstructural/switching perturbations.

With the stability theory presented in the previous chapters, we further exploit its
connections and implications to several fundamental control problems in Chap. 5.
For absolute stability of Lur’e systems, an elegant connection to the guaranteed sta-
bility of switched linear systems is established. Utilizing this connection, computa-
tional algorithms are presented to verify absolute stability for planar Lur’e systems.
Another implication of the guaranteed stability criteria is the consensus analysis of
multiagent systems with dynamic neighbors, and exponential agreement is reached
if the graph is always strongly connected. For an intelligent system with linear local
controllers and a fuzzy rule, it is naturally converted into a piecewise linear system,
and hence the stability analysis can be conducted by means of the stability criteria
presented in Chap. 3. This brings a new design method and a fresh observation to
the fuzzy control problem. For a SISO linear process with unknown parameters, an
adaptive control framework is established based on appropriate partitions of the pa-
rameter space and proper stabilizing switching strategy among the local controllers
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which are designed to stabilize the system in a local sense. Finally, for control-
lable switched linear systems, a multilinear feedback design approach is proposed
to tackle the stabilization problem. The main idea is to associate a set of candidate
linear controllers with each subsystem, such that the extended switched system is
stabilizable. By utilizing the pathwise state-feedback switching design diagram, the
problem of stabilization is solved in a constructive manner.

The book is primarily intended for researchers and engineers in the system and
control community. It can also serve as complementary reading for nonlinear system
theory at the postgraduate level.

Acknowledgments

There is a beginning and an end in everything. For the completion of the book,
we are in debts to many distinguished individuals in our community. First of all, we
would like to thank Dazhong Zheng, Tsinghua University, for bringing our attention
to this area fourteen years ago, and much of the results were rooted fundamentally
in the numerous seminars, discussions, and well-rounded education at the Haid-
ian district, Beijing, led by many leading scientists and academics including Hanfu
Chen, Daizhan Cheng, Lei Guo, and Huashu Qin, Chinese Academy of Sciences;
Lin Huang, Peking University; Zongji Chen, Weibing Gao, and Zhanlin Wang, Bei-
jing University of Aeronautics of Astronautics; and, of course, Dazhong Zheng from
Tsinghua University.

Blessed by many discussions and encounters with many distinguished individ-
uals in society, the following people played an important role in our journey in
the field of hybrid systems and switching control: Panos J. Antsaklis, University
of Notre Dame, Tamer Basar, the University of Illinois at Urbana-Champaign, John
Baillieul and Christos G. Cassandras of Boston University, Colin B. Besant and John
C. Allwright of Imperial College, Robert R. Bitmead and Miroslav Krstic of Uni-
versity of California at San Diego, David Clements, the University of New South
Wales, Xiren Cao of the Hong Kong University of Science and Technology, Gra-
ham C. Goodwin, the University of Newcastle, Chang Chieh Hang and Tong-Heng
Lee of the National University of Singapore, David Hill of the Australian National
University, Jie Huang, the Chinese University of Hong Kong, Petar V. Kokotovic,
University of California at Santa Barbara, Frank F. Lewis of University of Texas
at Arlington, Iven Mareels of the University of Melbourne, lan Postlethwaite of
Leicester University, Robert N. Shorten of the National University of Ireland at
Maynooth, Mark W. Spong, University of Texas at Dallas, Roberto Tempo of Po-
litecnico di Torino, and Xiaohua Xia of the University of Pretoria.

For the final completion of the book, we gratefully acknowledge the unreserved
support, constructive comments, and fruitful discussions from Hai Lin, Rui Li, Qijin
Liu, Yupeng Qiao, Cheng Xiang, and Bugong Xu.

Much appreciation goes to our individual former and current students Trung T.
Han, Yuping Peng, Thanh L. Vu, Jun Wu, Jiandong Xiong, and Zhengui Xue for



Financial Support Xi

the time and effort in proofreading and providing numerous useful comments and
suggestions to improve the readability of the book.

We are also grateful to Anthony Doyle, Senior Editor of Springer-Verlag, for his
kind invitation in publishing the book. Special thanks go to Oliver Jackson, Editor
of Springer-Verlag London, and Charlotte Cross, Editorial Assistant of Springer-
Verlag London, for their reliable help and patience in the process of publishing the
book.

This book is the crystallization of our ten-year long endeavors in the hybrid sys-
tems and the rich experience in convergence, divergence, and chaos with much joys,
gratitude, and friendship in the long journey.

Financial Support

We acknowledge the financial support from the National Natural Science Foun-
dation of China under Grants 60925013, 60736024, U0735003, and 60674042,
from the National Basic Research Program of China (973 Program) under Grant
2011CB707005, and from the Program for New Century Excellent Talents in Uni-
versities of China under Grant NCET-07-0303.

Wushan, Guangzhou, China Zhendong Sun
Shahe, Chengdu, China/Kent Ridge Crescent, Singapore Shuzhi Sam Ge



Contents

Switched Dynamical Systems . . . . . ... ... ... ......
1.2 Stability and Stabilizability of Switched Systems . . . . . . . . ..
1.2.1 Guaranteed Stability Under Arbitrary Switching . . . . . .
1.2.2 Dwell-Time Stability . . . . ... ... ... .......
1.2.3  Autonomous Stability Under State-Driven Switching . . . .
1.2.4  Stochastic Stabilities Under Random Switching . . . . . .
1.2.5 Stabilizing Switching Design . . . . . ... ... ... ..

2.2 Switched Nonlinear Systems . . . . . . . ... ... .......
2.2.1 Common Lyapunov Functions . . . . . . ... ... ....
2.2.2  Converse Lyapunov Theorem . . . . . ... .. ... ...

2.3.1 Relaxed System Frameworks . . . ... ... ... ....
2.3.2  Universal Lyapunov Functions . . . . ... ... .....
233 AlgebraicCriteria . . . . . ... ... ... ... .....
2.3.4 Extended Coordinate Transformation and Set Invariance . .
2.3.5 Triangularizable Systems . . . . . ... ... ... ....

2.4.1 Approximating the Spectral Radius . . . . . ... ... ..
2.4.2 AnlInvariant Set Approach . . . . ... ... ... ....

1 Imtroduction. . ... . ...
1.1
1.3 Organization of the Book
1.4 Notes and References .

2 Arbitrary Switching . . . .
2.1 Preliminaries . . . . . .
2.3 Switched Linear Systems
2.4 Computational Issues .
2.5 Notes and References .

3  Constrained Switching . . .
3.1 Introduction . .. ...
3.2 Stochastic Stability . .

3.2.1 Introduction . .

3.2.2 Definitions and Preliminaries . . . .. . ... ... .. ..

3.2.3 Stability Criteria

41

Xiii



Xiv

Contents
3.3 Piecewise Linear Systems . . . . . ... ... ... ... ... 86
3.3.1 Introduction . . . . ... ... ... 86
3.3.2 Piecewise Quadratic Lyapunov Function Approach . . . . . 88
3.3.3 Surface Lyapunov Approach . . . . ... ......... 92
3.3.4 Transition Analysis: A Graphic Approach . . ... .. .. 100
3.3.5 Conewise Linear Systems . . . . ... ... ........ 105
3.4 Dwell-time Switching . . . . . .. ... ... ... ... ..... 112
34.1 Preliminaries . . . . .. ... ... ... ... . ... 113
3.4.2 Homogeneous Polynomial Lyapunov Approach . . . . .. 119
3.4.3 Combined Switching . . . ... ... ........... 122
3.5 Notesand References . . ... ... ... ... ... ....... 124
Designed Switching . . . . . . .. ... ... ... ... ... 127
4.1 Preliminaries . . . . . . . . . ... 127
4.2 Stabilization via Time-Driven Switching . . . . . . ... ... .. 128
4.3 Stabilization via State-Feedback Switching: The Lyapunov
Approach . . . . . . ... L 133
4.3.1 Converse Lyapunov Theorems . . . ... ... ... ... 134
4.3.2 Nonconvexity of Lyapunov Functions . . . . . . . ... .. 140
4.3.3 Min Quadratic Lyapunov Functions: An Optimization
Approach. . . . . . . .. ... 144
4.3.4 Well-Definedness of State-Feedback Stabilizing Law . . . . 155
4.4 Stabilization via Mixed-Driven Switching: Aggregation and
Calculation . . . . . . . . . ... ... 156
4.4.1 Pathwise State-Feedback Switching . . . . . ... ... .. 157
4.4.2 Computational Algorithms . . . . ... ... ... .... 164
4.5 Stabilization via Mixed-Driven Switching: Robustness Analysis . . 170
4.5.1 Distance Between Switching Signals . . . . . . ... ... 171
4.5.2 Robustness Analysis . . . . . ... ..o 177
4.5.3 Examples and Simulations . . . . . ... ... ... .. .. 183
4.6 NotesandReferences . . ... ... ... ............. 193
Connections and Implications . . . . . .. ... ... ... ...... 197
5.1 Absolute Stability for Planar Lur’e Systems . . . . . ... .. .. 197
5.1.1 Guaranteed Stability inthe Plane . . . . . ... ... ... 198
5.1.2  Application to Absolute Stability of Planar Lur’e Systems . 203
5.2 Adaptive Control via Supervisory Switching . . . . ... ... .. 205
52.1 Preliminaries . . . . . .. .. ... ... . L. 206
5.2.2 Estimator-based Supervisory Switching . . . . ... .. .. 208
523 AnExample . . ... ... ... .. oL 212
5.3 Stability Analysis of Fuzzy Systems via Piecewise Switching . . . 215
5.3.1 Piecewise Switched Linear Systems . . . . . ... ... .. 216
5.3.2  Stability Analysis of T-S Fuzzy Systems . . . . . ... .. 218
5.4 Consensus of Multiagent Systems with Proximity Graphs . . . . . 221
54.1 Introduction . .. ... ... ... .. ... . ... ... 221
542 AConsensus Criterion . . . . . . . ... ... ....... 223

5.4.3 A Verifiable Criterion . . . . ... ... ... ....... 225



Contents XV
5.5 Stabilizing Design of Controllable Switched Linear Systems . . . . 231
5.5.1 Problem Formulation . ... ... ............. 231

5.5.2 Multilinear Feedback Design . . . . .. ... ... .... 231

5.6 Notesand References . . .. ... ... ... .. .. ....... 236
References . . . . . . . . . . . . ... 239
Index . . . . . . . .. e 251



List of Symbols

def
a=b

iff
S.t.
w.r.t.

La]

[a]

I (1)

xT or AT

A—l

A+

[A1, A2]
A®B

A®B
P>0(P=>=0)
P<0(P<0)
x>y (x=y)
det A

tr(A)

disc(A)

Defines a to be b

If and only if

Such that

With respect to

Almost surely

The field of real numbers

The field of complex numbers

The set of integers

The set of positive real numbers

The set of nonnegative real numbers

The set of natural numbers

The set of nonnegative integers

The set of n-dimensional real vectors

The set of n x m-dimensional real matrices
The conjugate transpose of complex number z
The imaginary unit

The largest integer less than or equal to a

The smallest integer larger than or equal to a
The identity matrix (of dimension n x n)

The transpose of vector x or matrix A

The inverse of matrix A

The Moore-Penrose pseudo-inverse of matrix A
The matrix commutator AjAy — AyA;
Kronecker product of matrices A and B
Kronecker sum of matrices A and B

Matrix P is Hermitian and positive (semi-)definite
Matrix P is Hermitian and negative (semi-)definite
X is entrywise greater than (not less than) y
The determinant of a matrix A

The trace of a matrix A

The discriminant of a matrix A

xvii



Xviii

AL(A)
Amax(A)
)\min(A)
p(A)

xi, x(i)
A(, j), Aij
[Pl

|x]

Al

x| p

Al

M-

ImA

EEgS
S={x,y,...}
wS

#S

max S
min §
sup S

infS

S1—5
argmax S
argmin S

#

meas §2
QO

co 2

B,

H,

mod(a, b)
sgn(-)
sat(-)
limgp, £ (s)
limgy, £ (s)
Ck

DTV

class IC

class Koo
class CL

MF[

List of Symbols

The set of eigenvalues of A

The maximum eigenvalue of a real symmetric matrix A
The minimum eigenvalue of a real symmetric matrix A
The spectral radius of a matrix set A

The ith element of a vector x

The ijth element of a matrix A

The length of a switching path p

The norm of a vector x

The induced norm of matrix A

The £, norm of vector x

The induced /,-norm of a matrix A

The matrix measure induced by a norm | - |

The image of an operator/matrix A

The §th-order moment of a random variable &

The set S with quantities x, y, etc.

The set {ux : x € S}

The cardinality of a set S

The maximum element of a set S

The minimum element of a set §

The smallest number that is larger than or equal to each element of
asetS

The largest number that is smaller than or equal to each element of
asetS

The set {s € S1: 5 & Sz}

The index of the maximum element of an ordered set S
The index of the minimum element of an ordered set S
The empty set

The Lebesgue measure of a set £2 in R”

The interior of a set £2

The convex hull of a set £2

The ball centered at the origin with radius r

The sphere centered at the origin with radius r

The remainder of a divided by b

The signum function

The saturation function with unit limits

The limit from the left of a function f(-) at ¢

The limit from the right of a function f(-) at ¢

The set of functions with continuous kth-order derivative
The upper Dini derivative of a function V

The set of continuous and strictly increasing functions that vanish
at zero

The set of unbounded class K functions

The set of functions : Ry x Ry +— Ry with 8(-,1) e LVt >0
and lim;— o B(r, 1) =0 Vr >0

The Minkowski function of a region I”



List of Symbols Xix

M The index set {1, 2, ..., m} of the discrete state

T The time space

7T Theset{re7 :t > s}

[a, b) The time interval {t € 7:a <t < b}

o The switching signal of the switched system

i The constant switching signal o (¢t) =i V¢t

Sla.b) The set of well-defined switching paths over [a, b)
Siig,00) or S The set of well-defined switching signals over [f, 00)
v The infinitesimal matrix of a Markov process

¢ (t; to, x0,0) The solution of the switched system
D(t1,t,0) The state transition matrix of the switched linear system



Chapter 1
Introduction

1.1 Switched Dynamical Systems

Generally speaking, a switched dynamical system is a dynamical system in which
switching plays a nontrivial role. More specifically, a switched dynamical system is
a two-level hybrid system with the lower level governed by a set of modes described
by differential and/or difference equations and the upper level a coordinator that
orchestrates the switching among the modes. Clearly, the system admits continuous
states that take values from a vector space and discrete states that take values from a
discrete index set. The interaction between the continuous and discrete states makes
switched dynamical systems widely representative and complicatedly behaved.
A forced-free switched dynamical system is mathematically described by

xT(@0) = fo (x(0). (1.1)

where x € R" is the continuous state, o is the discrete state taking values from
. £

an index set M def {1,...,m}, and fi, k € M, are vector fields. x* denotes the

derivative operator in continuous time (i.e., x T (¢) = %x(t)) and the shift forward
operator in discrete time (i.e., x*(t) = x(t + 1)).

It is clear that the continuous state space is the n-dimensional Euclidean space,
and the discrete state space is the index set M with a finite number of elements. The
time space is either the set of real numbers in continuous time or the set of integers
in discrete time. According to the continuous or discrete nature of the time space,
the switched system is said to be continuous-time or discrete-time. As there are m
subsystems, the system is also termed as m-form switched system.

In the system description, each individual mode

xt(@) = fi(x(0) (1.2)

for k € M is said to be a subsystem of the switched system. The discrete dynamics
represented by the switching coordinator is usually called the supervisor. The super-
visor produces the discrete state o, also known as the switching signal or switching

Z. Sun, S.S. Ge, Stability Theory of Switched Dynamical Systems, 1
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law. If o (t) =i, then we say that the ith subsystem is active at time t. A character-
istic of a switched system is that at a time instant there is one (and only one) active
subsystem. Another characteristic is that the continuous state evolves continuously,
that is, the state does not “jump” in an impulsive way.

As we treat continuous-time systems and discrete-time systems in a unified
framework, the time space, denoted by 7', may either be the real set (7 = R) or
the integer set (7 = N). For a real number s, let 7; be the set of times that are
greater than or equal to s, i.e., 7y = {t € 7 : ¢ > s}. For two real numbers #; and
with #; < to, the time interval [#1, t») should be understood as

[t1,)={teT:t>t, t <}

Other types of time intervals should be understood in a similar manner. The mea-
sure of [f1, t2) is the length 7, — #; in continuous time and the cardinality #[¢1, 72)
in discrete time. For notational convenience, we take any function defined over a
discrete time set to be sufficiently smooth. For a piecewise continuous function x
defined over a time interval [¢1, t>) and for a time ¢ € (1, t2), define

X (14) =1lim x (s), x(1—) =1im x (s)
st st
in continuous time and

xt+)=x@+1), xt=)=x(t—-1)

in discrete time.

As can be seen from the system description, when subsystems (1.2) for k =
1,...,m are given, the dynamical behavior of the switched system is decided by
the switching signal. In the literature, a switching signal is also termed as a swifch-
ing path or a switching law. For clarity, in this book we distinguish the terminologies
as follows.

A switching path is a right-continuous function defined over a finite time interval
taking values from the index set, M. Given a time interval [z, 1) with —0c0 <1y <
1§ < 400, a switching path p defined over the interval is denoted py /). For a
switching path pyy, ¢, time 7 € (fo, f) is said to be a jump time instant if

o(t—)#ol(t).

Suppose that the ordered sequence of jump instants in (fp, tf) iSt] <fp <t3 <---.
Then, the ordered sequence g, 1, 2, . . . is said to be the switching time sequence of
o over [fo, 7). Similarly, the ordered discrete state sequence o (fy), o (t1), 0 (2), ...
is said to be the switching index sequence of o over [to, t ). The sequence of ordered
pairs

(tO, 10)7 (tla i])v LR (tSv lS)

is said to be the switching sequence of o over [ty, t ). The switching path is said to
be well defined if there are a finite number of jump times within the interval. The set
of well-defined switching paths defined over [fg, fr) is denoted by S, 1)
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A switching signal is a function defined over an infinite time horizon taking val-
ues from M. Suppose that 8 is a switching signal defined over [y, +00), and [s1, 52)
is a finite-length subinterval of [#y, +-00), then, a switching path py, s,) is said to be
a subpath of 6 if p(t) =6(t) for all t € [s1, s2). The notion of switching time/index
sequences could be defined in the same way as for the switching path. A switch-
ing signal is said to be well defined if all its subpaths are well defined. We denote
by Oz, +00) the switching signal 6 defined over [#9, +00). The set of well-defined
switching signals defined over [#o, +-00) is denoted by Sy, +00) Or S in short when
to =0.

Given a function pair (x(-),0(-)) over [fo, t1), where x: [fy, t]) — R" is abso-
lutely continuous, and 0 : [tg, 1) +> M is piecewise constant. The pair (x(-), 6(-)) is
said to be a solution of system (1.1) over [#g, #1) if for almost all 7 € [tg, #1), we have

xT@) = for (x@).

The term “for almost all ¢ € [y, #1)” means that “for all ¢ € [#, #1) except for possi-
bly a zero-measure subset”. The solution over other types of time intervals, such as
[#0, 1] and [#p, +00), should be understood in the same way.

Switched system (1.1) is said to be (globally) well defined if for any 6 € Sjo,+o0)
and xo € R", there exists a unique absolutely continuous function x on [0, +00)
with x (0) = xg such that pair (x(-), 8(-)) is a solution of system (1.1) over [0, +00).
It is clear that, when each subsystem satisfies the Lipschitz condition, i.e.,

lim sup | fi(x1) = fu(x2)|/Ix1 — x2| <400, ke M,

X1#X2

then, the switched system is always well defined. Throughout the book, we assume
that the Lipschitz condition holds for the subsystems, and thus the well-definedness
of the switched system is guaranteed.

For the switched system, a switching law is a switching rule that generates a
switching path or a switching signal for a set of initial configurations. Throughout
the book, we consider switching laws in the form

a(t):w(t,a(t—),x(t)), (1.3)

where ¢ is a piecewise constant function taking values from M. A function x(-)
is said to be a (continuous) state trajectory of system (1.1) via the switching law
(1.3) over [fo, #1) if both equations (1.1) and (1.3) hold for almost all ¢ € [, t1).
The corresponding switching path/signal o is said to be generated by the switching
law (1.3) along x(-) for initial state xq over [fo, t1).

A switching law is said to be well defined if it generates a well-defined switch-
ing signal for any initial state. As a result, for switched system (1.1), a well-defined
switching law can be represented by the set {* : x € R"}, where 6* is the well-
defined switching signal generated by the switching law with initial state x. An-
other implication is that the switched system admits a unique solution for any initial
configuration when both the switched system and the switching law are well de-
fined. For notational convenience, the continuous state trajectory will be denoted by
¢ (-; tg, X0, 0) or ¢(+; xg, o) in short when 79 = 0.
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1.2 Stability and Stabilizability of Switched Systems

When the dynamics of the subsystems are known, the behaviors of the switched
system are totally decided by the switching mechanism. A notable and attractive
feature of switched systems is that the switched system might produce complex and
diverse behaviors, even with simple and fixed subsystems. In this book, we aim to
develop stability theory for switched dynamical systems under various switching
mechanisms. To this end, we need to introduce the concepts of stability and stabi-
lizability for switched dynamical systems.

Let T = {A* : x € R"}, where A* is a nonempty subset of S, the set of well-
defined switching signals. The set, called the feasible set of switching signals, as-
signs each initial state a set of switching signals. This set induces a feasible set of
continuous state trajectories defined by {I', : x € R"}, where Iy is the set of state
trajectories with initial state x and switching signals in A”, i.e.,

Iy ={¢(50,x,0):6 € A"}

To proceed, we need to introduce some mathematical notation. A real-valued
function o : Ry — Ry is said to be of class K if it is continuous, strictly increasing,
and «(0) = 0. If in addition, « is unbounded, then it is said to be of class K.
A function 8: R4 x R4 +— Ry is said to be of class KL if B(-, t) is of class K for
each fixed ¢ > 0 and lim;_, y 5, B(r, t) = 0 for each fixed r > 0.

Definition 1.1 (Stability) Suppose that " = {A* : x € R"} is a feasible set of
switching signals. Switched system (1.1) is said to be

(1) stable w.r.t. T if there exist a class /C function ¢ and a positive real number §
such that

|¢(:0,x0,0)| <¢(Ix0l) ¥V €[0,+00), xo €Bs, 6 € A
(2) asymptotically stable w.r.t. T if there exists a class L function & such that
|¢(1:0,x0,0)| <&(Ixo0l,1) V1 €[0,+00), xo €R", 6 € A
and
(3) exponentially stable w.r.t. T if there exist positive real numbers o and 8 such
that

|¢(1:0,x0,0)| < Be™*'|xo| Vi e€[0,400), xo€R", € A%

Note that the stability is uniform w.r.t. switching signals and that asymp-
totic/exponential stability is defined in a global fashion.

Definition 1.2 (Stabilizability) Suppose that 7" = {A” : x € R"} is a feasible set of
switching signals. Switched system (1.1) is said to be
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(1) stabilizable w.r.t. T if there exist a class /C function ¢, a positive real number §,
and a switching law {0* : x € R"} with 8% € A" such that

|p(2: 0, x0,0™) | < ¢(Ix0l) ¥V €[0, +00), x0 €Bs

(2) asymptotically stabilizable w.rt. T if there exist a class JCL function & and a
switching law {6* : x € R"} with 6* € A* such that

|6(2;0,x0,0™)| <&(lxol. 1) Vi €[0,+00), x9 € R”

and
(3) exponentially stabilizable w.r.t. T if there exist positive real numbers « and S
and a switching law {6* : x € R"} with 6* € A* such that

|¢(2;0,x0,0%)| < Be *'|xo| Vt € [0, 400), x9 €R"

When the subsystem dynamics are fixed, the stability property is totally deter-
mined by the feasible set of switching signals. In particular, if 77 2 7>, then stability
w.r.t. 77 implies stability w.r.t. 7>, and stabilizability w.r.t. 73 implies stabilizability
w.r.t. 17.

1.2.1 Guaranteed Stability Under Arbitrary Switching

When the supervisory mechanism is totally blind, that is, switching among the sub-
systems can occur in an arbitrary way, then the stability is said to be guaranteed
stability. The feasible set of switching signals is given by

Yi={A":xeR"}, A*=S, VxeR". (1.4)

As the feasible set is the largest one among all the feasible sets, guaranteed stability
is the most strict among various stability notions. In fact, as will be revealed later,
it is robust against any arbitrary switching mechanism. In particular, guaranteed
stability implies stability of each subsystem. The converse is not necessarily true, as
exhibited by the following example.

Example 1.1 Suppose that we have two planar linear subsystems
. |0 1
=0 |

. [ o 1
YTl o1230 —1—al™

where a is a nonnegative real parameter. Clearly, both subsystems are exponentially
stable and in a companion form. When a = 0, the two subsystems coincide, and

and
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Fig. 1.1 Phase portraits and switching surfaces

the switched system is guaranteed exponentially stable. When a = 36.512, the
switched system is guaranteed marginally stable (i.e., stable but not asymptoti-
cally stable). When a > 36.512, the switched system is not guaranteed stable.
Figure 1.1 depicts the phase portraits (all initiated from xo = [—1/3, 117) of the
switched system under the most destabilizing switching law that is shown in the
upper left, which produces worst state trajectories that diverge as fast as possi-
ble.

1.2.2 Dwell-Time Stability

A switching signal is said to be with dwell time t if t;;+1 — t; > t© for any two
consecutive jump times #; and #;4+1. Let S; be the set of well-defined switching
signals with dwell time . It is a clear that S =Sy 2 S;; 2 &y, for 0 < 11 < 1, and
the subset relations are strict when 0 < 11 < 13.

The set of arbitrary switching signals, S, allows the supervisor to switch arbitrar-
ily fast even without a uniform (positive) dwell time between the switching times.
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For instance, the switching signal

: 1
8(1) = 1 1fte[lf,k+m), k=0,1,2,...,
2 otherwise
is well defined, but the length of the switching duration [k, k + ﬁ) approaches
zero as k approaches infinity. It is clear that this switching signal belongs to Sp, but
it does not belong to any S; when t© > 0.
Fix a nonnegative t. Let the feasible set of switching signals be

T ={A":xeR"}, A*=8;, VxeR"

The stability of the switched system w.r.t. 77 is termed to be t-dwell-time stability.
It is clear that a necessary condition for T-dwell-time stability is that each subsys-
tem is stable. The converse is partly true in that, if each subsystem is exponentially
stable, then the switched system is also T-dwell-time exponentially stable for suffi-
ciently large t. Indeed, exponential stability of the subsystems implies the existence
of atime 7 > 0 such that

1
| (t; x0)| < ol VreTr, xoeR",

where ¢; (-; xo) denotes the state trajectory of the ith subsystem with x(0) = xg. It
can be seen that the switched system is 7 -dwell-time exponentially stable. However,
the assertion is not necessarily true for marginal or asymptotic stability. For instance,
for the planar switched linear system with two marginally stable subsystems

. [o 1
x—_20x

[ o 1
T2 o)t

the switched system is unstable if we take the first subsystem when the state is in the
second and fourth quadrants, and take the second subsystem otherwise. The lower
left picture of Fig. 1.2 depicts a sample phase portrait of the switched system under
the switching law. As the orbits for each subsystem are periodic, by incorporating
one or more periods into each switching duration, the state keeps diverging, see the
lower right picture of Fig. 1.2, where a period is incorporated in each switching
duration. This implies that, for any t > 0, the feasible set 77 contains destabilizing
switching signals.

According to the above analysis, for dwell-time stability, the problem is to find
a dwell time 7 as small as possible such that the switched system is r-dwell-time
stable.

and



8 1 Introduction

1 2
0.5 1
<N 0 A1 <0
-0.5 -1
-1 -2
-1 -0.5 0 05 1 2 -1 0 1 2
X, X,
6000 T 6
1
4000f A, 4
2000 2
& oOF-=--+--®» -)----- o
1
-2000 -2
A 1
~4000 1 -4
1
-6000 ! -6
~6000 4000 —2000 0 2000 4000 6000 6 -4 -2 0 2 4 6
X X

1 1

Fig. 1.2 Phase portraits of the switched marginally stable system

1.2.3 Autonomous Stability Under State-Driven Switching

Let y : R" — M be a piecewise constant function mapping the continuous state
space into the discrete state space. Its inverse map, denoted y !, is defined so that
y(y~1(i)) =i for every i € Imy, the image set of y. Map y induces a switching
law given by

o(t) =y (x®), (1.5)

which is state driven. When the switching law is well defined, it generates a fea-
sible set of switching signals, denoted 7"7. The switched system is said to be
y -autonomously stable if it is stable w.r.t. the feasible set 7.

For a switched system with a state-driven switching, switches occur au-
tonomously as the continuous state evolves. For an initial state, the switching
law might generate a unique switching signal when it is well defined, or a dead-
lock might happen that prevents the switching from well-defined. Therefore, well-
definedness is an important issue to be addressed. Another difficulty is the need to
extend the solution concept to cope with possible sliding modes. While we will not
go into details of the issues in the book, these indicate that the system behavior
might be quite complex.
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When each y ~! (i) is a convex polyhedron (or the empty set) and each subsystem
is affine, the switched system is known to be a piecewise affine system, which is
usually described by

xT@)=Aix(@) +b;, Cix(t) >=d;, (1.6)

where A;, b;, C;, and d; are constant matrices or vectors of appropriate dimensions,
respectively, and {x : Cix > d;} = y_l (i), i € M. When all b;’s vanish, the system
is known as a piecewise linear system. If, in addition, each y~!(i) is a cone, then
the system is a conewise linear system.

It is clear that the stability properties of a piecewise affine system might not be
consistent with that of the subsystems. One difficulty for stability analysis is to make
clear the transition relationship among the polyhedral cells. As an example, consider
the discrete-time planar four-form piecewise linear system given by

x@+1)=A;x@), x@t)es, i=1,...,4,

where £2; is the ith quadrant fori =1, ...,4, and
-05 -1 —-0.3 0.2
Ar= [ ~1 —0.5} A= [—0.2 0.3]
-1 =05 -0.8 0.5
A3 = [0.5 0.5 } o A= [ 0.5 —0.6] '

It can be seen that any (nonorigin) state in the first quadrant will enter into the
third quadrant, then the fourth, then the second, and then the first once again. As
a result, the discrete state is periodic with period 1, 3, 4, 2. While not all the sub-
systems are stable, the transition matrix over a period, A2 A4A3Aj1, is Schur stable.
Therefore, the piecewise linear system is asymptotically stable. Figure 1.3 shows

the motions of the discrete and continuous states. The continuous state converges to
the origin very slowly.

1.2.4 Stochastic Stabilities Under Random Switching

A random switching signal is a time-driven switching signal that fluctuates irregu-
larly but obeys a distribution stochastically. Even when all the subsystems are deter-
ministic, a random switching signal makes the switched system random in nature,
and the stability notions have to be defined in a stochastic manner. A well-known
feasible set of random switching signals is the Markov jump where switches be-
tween different subsystems are governed by a finite-state Markov process/chain.
When the subsystems are linear and the switching is Markov jump, the switched
system is known to be a (Markovian) jump linear system.

The stability properties of jump linear systems are much involved as there exist
several stochastic stability concepts that differ in conservativeness as well as ease
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of testability. The most important stability notions are mean-square stability and
almost sure stability. While the detailed definitions will be presented in Sect. 3.2,
mean square stability is the asymptotic convergence to zero of the second moment
of the state norm, and almost sure stability means that the sample trajectory of the
state converges to zero with probability one. To exhibit the difference between the
stabilities, examine the simple scalar two-form jump linear system where A; = —1
and Ay = 0.5, and the switching signal is a Markov stochastic process with the
stationary transition probability

Pr(oc(t+h)=jlo@)=i)=h+o(h), i, j=1.2i#].

The state solution can be expressed by

X([) — eA]tl"rAztsz — e—tl+0.5t2xO’

where 71 and 1, are the lengths of durations over [0, ¢] at the first and second sub-
systems, respectively. Applying the law of large numbers, we have

. 14 . 5] 1
Iim —= lim —=- as.
t—+o0o t t—+4o00 t 2
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It follows that

t_l)igloo‘x(t)‘ =0 as.

On the other hand, it can be seen that

(3]

(¥} = Z (O o (=i }-

where 1y, is the Dirac measure. Denote Z; (1) = E{xz(t)l{g(,)=i}}, i=1,2; simple
calculation yields

d
EZ1 () =—-3Z1(t) + Z>(1),

d

—Z5(t) =Z,(1),

o 2(1) 1(7)
which is unstable. Therefore, the square moment is diverging with probability one,
and the system is not mean square stable.

1.2.5 Stabilizing Switching Design

By Definition 1.2, a switched system is (asymptotically/exponentially) stabilizable
if there is a feasible switching law that steers the system (asymptotically/expo-
nentially) stable. Such a switching law is said to be a stabilizing switching law for
the switched system. It is clear that, apart from formulating stabilizability criteria
that characterize the existence of a stabilizing switching law, a more important issue
is to explicitly calculate a stabilizing switching law. The latter is known to be the
problem of stabilizing switching design.

When the set of feasible switching signals is given by 7 as defined in (1.4), the
choice of a switching law is unconstrained, and the designer could take any switch-
ing mechanism into account. Otherwise, the switching design is constrained. In par-
ticular, if the switching law has to be initial-state-independent, i.e., 6* = 67 for all
x and y, then the stabilizability is said to be consistent stabilizability; if the switch-
ing law has to be time-independent, i.e., y = ¢(s;0,x,0%) = 6V () = 0" (s + 1)
Vt € Ty, then the stabilizability is said to be spatial stabilizability; and if the switch-
ing law has to be with a preassigned dwell time, then the stabilizability is said to be
dwell-time stabilizability. As a comparison among the stabilizabilities, we examine
the planar two-form continuous-time switched linear system with subsystems

2 0 11
e R |



12 1 Introduction

While both subsystems are unstable, the switching law

. (1.7)
2 otherwise

) !1 if x1 (1) =0,
steers the switched system exponentially stable. Therefore, the switched system is
spatially stabilizable. On the other hand, the system is not consistently stabilizable,
due to the fact that the sum of the subsystem eigenvalues is greater than zero (cf.
[216]). As for dwell-time stabilizability, it can be seen that, for any preassigned
dwell time 7, there is a stabilizing switching law that admits the dwell time. Indeed,
this can be achieved by modifying the switching law to be

1 ifreT, &x1(t) =0,
cy=]! "Mt &n® (1.8)
2 otherwise.

Note that the switching laws are not practically implementable due to the singular
switching condition x1(¢) = 0. This brings the problem of robust switching design,
which will be addressed in Chap. 4.

1.3 Organization of the Book

The book contains five chapters. Besides this short Introduction, there are four major
chapters, which are briefly summarized as follows.

Chapter 2 focuses on stability analysis of switched dynamical systems un-
der arbitrary switching. For general switched nonlinear systems, we establish the
equivalence between marginal/asymptotic stability and the existence of a common
weak/strong Lyapunov function. This reveals that the common Lyapunov approach
is with full capacity in characterizing the guaranteed stability. For switched linear
systems where the subsystems are linear, we further investigate the classes of func-
tions that are universal for the stability. While quadratic functions are not universal
as for stability of linear systems, we show that either piecewise linear/quadratic
functions or norms are universal, which exhibit that the problem of stability is “con-
vex” in nature. Furthermore, the well-known stability notions, such as attractivity,
asymptotic stability, and exponential stability, are shown to be equivalent to each
other. The equivalences, as in the linear stability theory, demonstrate that the stabil-
ity is relatively simple in classification. Nevertheless, the verification of stability is
by no means simple. Indeed, if we connect the absolute stability of a Lur’e system,
which is notoriously difficult and still largely open though numerous achievements
have been made during the past seventy years, with the guaranteed stability of the
extreme switched linear system, then it can be seen that the former can be seen as a
special case of the latter. For discrete-time switched linear systems, it has been made
clear that the largest Lyapunov exponent is equal to the joint/generalized spectral ra-
dius, and asymptotic stability implies that the spectral radius is less than one. While
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the characteristic is insightful and elegant, the computation of the spectral radius is
usually very hard. For this, we introduce a sum-of-squares technique approximating
the spectral radius using high-order homogeneous polynomials as common Lya-
punov functions. For a continuous-time system, we prove that asymptotic stability
is equivalent to the negativeness of the least measure of the (subsystem) matrix set,
which could be seen as a generalization of the largest real part of a single matrix.
We also discuss the possibility of converting a switched system into a quasi-normal
form by means of a common and possibly nonsquare coordinate transformation.

In Chap. 3, we investigate stabilities of switched linear systems under constrained
switching. In the first part, we focus on stochastic stabilities of jump linear systems.
Several stability notions are introduced including moment stability, stochastic stabil-
ity, and almost sure stability. It is revealed that mean square asymptotic/exponential
stability is equivalent to stochastic stability, which amounts to the feasibility of a
coupled Lyapunov equation. A verifiable sufficient and necessary condition is also
presented for mean square stability. For almost sure exponential stability, a suffi-
cient and necessary condition is the norm contractivity of the state transition matrix
within a finite number of switches. Though intractable, this exhibits that almost sure
stability could be seen as stability of the averaged system.

In the second part of Chap. 3, we address the autonomous stability of piecewise
affine systems. The piecewise quadratic Lyapunov approach, the surface Lyapunov
approach, and the transition graph approach are introduced. The piecewise quadratic
Lyapunov approach could provide less conservative exponential stability criteria at
the cost of high computational burden. The surface Lyapunov approach, on the other
hand, could reduce the computational burden by searching the Lyapunov functions
over the switching surfaces instead of the total state space. It yields tractable asymp-
totic stability criteria for continuous-time piecewise linear systems with three or
less switching surfaces. The transition graph approach provides an effective method
for attractivity analysis with the aid of graphic decomposition, which is applicable
to both discrete-time and continuous-time systems. We also address stabilities of
conewise linear systems and present a constructive procedure for stability verifica-
tion.

The third part of Chap. 3 is devoted to dwell-time stability and stabilizability.
We show that dwell-time stability implies the existence of a dwell-time Lyapunov
function. With the help of the sum-of-squares technique, we present a homogeneous
polynomial Lyapunov function approach for calculating an upper bound of the least
stable dwell time. For dwell-time stabilizability, the concept of e-robust dwell time
is introduced to keep a balance between the quality of the switching signal and the
performance of the continuous state. A new combined switching strategy is also
developed to further enlarge the dwell time without deteriorating the system perfor-
mance.

The object of Chap. 4 is to develop a design scheme for the problem of stabiliza-
tion by means of switching. We establish that a switched nonlinear system is asymp-
totically stabilizable iff it admits a smooth Lyapunov function. However, even for
a planar switched linear system, a convex Lyapunov function does not necessarily
exist. For this, the set of composite quadratic Lyapunov functions is examined from
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the viewpoint of optimal switching with quadratic cost indices, and we prove that
the function set is universal in the sense that each asymptotically stabilizable system
admits a Lyapunov function in the set. To further address the stabilization problem
in a constructive manner, we propose a new switching mechanism named pathwise
state-feedback switching, which concatenates a set of pre-assigned switching paths
in a state-feedback way. We develop a computational procedure for calculating a
stabilizing path-wise state-feedback switching law for an asymptotically stabilizable
switched linear system. To address the robustness of the switching law, we define
a (relative) distance between two switching signals and prove that the closed-loop
system is robust against structural/unstructural/switching perturbations.

The last chapter, Chap. 5, provides a broader view of switched dynamical systems
by connecting them with several well-known schemes in the system and control lit-
erature. First, for a planar two-form switched linear system, a phase-plane-based
stability criterion is derived, and it is applied to the absolute stability of planar Lur’e
systems. Second, we introduce a supervisory switching scheme for adaptive control
of linear processes with large-scale parameter uncertainties. The scheme consists
of a multicontroller, a multiestimator, a monitoring signal generator, and a switch-
ing logic. When properly designed, all the signals in the closed-loop system are
bounded, while the output is asymptotically convergent. Third, we conduct stability
analysis for Takagi—Sugeno (T-S) fuzzy systems. To this end, we introduce a frame-
work of piecewise switched linear systems that combine and extend both piecewise
affine systems and switched linear systems. A stability criterion for the system is
presented with the help of the piecewise quadratic Lyapunov method. By aggregat-
ing a T-S fuzzy system into a piecewise switched linear system, a stability crite-
rion is ready to obtain. Fourth, we examine the problem of consensus for a class
of multiagent systems with proximity graphs and linear control protocols. We show
that the problem is in fact a special stability problem for a piecewise linear system,
which could be addressed by means of graph transition analysis. Finally, for control-
lable switched linear systems, a multilinear feedback design approach is proposed
to tackle the stabilization problem. The main idea is to associate a set of candidate
linear controllers with each subsystem so that the extended switched system is sta-
bilizable. By utilizing the path-wise state-feedback switching design diagram, the
problem of stabilization is solved in a constructive manner.

1.4 Notes and References

Switching is a phenomenon that widely exists in many real-world processes where
logic elements interact with continuous dynamics. The study of switched dynamical
systems takes root in modeling, control, and optimization for complex dynamical
systems. First, switched dynamical systems could represent or approximately repre-
sent many practical systems, such as power electronics, gene networks, and intelli-
gent softwares, to list a few. Second, switching control is a powerful design method-
ology widely used in dealing with highly complex systems including automotive
control, flight control, and networked control. Third, even for systems which could
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be addressed by conventional methods/tools, the switching scheme provides an al-
ternative diagram that could achieve the optimization in a better manner. Fourth,
switched dynamical systems form a framework that extends both the conventional
nonlinear (continuous) systems and discrete event systems. Therefore, it is an inte-
gration of the two types of dynamical systems.

The study of switched systems could be traced back to the 1960s when a series
of works were devoted to optimality of switched system with either stochastic or
autonomous switching [68, 240, 241, 262]. In the 1990s, a more general scheme
of hybrid systems received increasing attention from both the control and computer
communities. While a commonly acceptable definition of a hybrid system is still
missing, it has been widely recognized that interaction between continuous dynam-
ics and discrete dynamics is an important feature of a hybrid system. As a simple yet
typical hybrid system, a switched system gradually became a major focus that has
been attracting many researchers’ interest. Since then, remarkable progress has been
made in problems ranging from controllability/observability [49, 55, 67, 98, 105,
122, 236, 266] to stability/stabilizability [54, 60, 88, 104, 142, 147, 159, 164, 232,
259, 281] and optimality [20, 24, 123, 141, 200, 201, 220, 270, 279]. Meanwhile,
some new problems that are unique to switched systems emerged, for instance, the
problem of slow switching [66, 219, 227, 261, 263], the problem of robustness w.r.t.
switching perturbations [225, 235], and the problem of bumpless transfer switching
[86], to list a few. These problems are closely related to the issue of high-quality
switching, which is a key in achieving good performance by means of switching.

For application-oriented switching control and design, the reader is referred to
[2, 52, 65, 97, 155, 186, 209, 246, 283] for a short list. For more systematic reviews
of recent development on switched systems, the reader is referred to the monographs
[145, 146, 180, 234] and the survey papers [91, 151, 161, 208, 233, 245].



Chapter 2
Arbitrary Switching

2.1 Preliminaries

For switched dynamical systems, the switching may be induced by unpredictable
change of system dynamics, such as a sudden change of system structure due to the
failure of a component. In these cases, in order to keep the system working, it is
necessary for the system to be stable under arbitrary switching. That is to say, the
system should be stable under any possible switching law. Therefore, the stability
is absolute or guaranteed regardless of the switching law. As the term “absolute
stability” has been used to describe the global asymptotic stability for Lur’e systems
with sector-bounded nonlinearities, here we use the term “guaranteed stability” to
describe the stability of switched systems under arbitrary switching.
In this chapter, we consider the switched dynamical system given by

(@) = f(x@),00), 2.1)

. . def . .
where x(¢) € R” is the continuous state, o (t) € M = {1, ..., m}is the discrete state,

and f: R" x M +— R" is a vector field with f(-,i) Lipschitz continuous for any
ieM.

It is clear that system (2.1) includes both continuous evolution and discrete ele-
ments. To emphasize the hybrid nature of the system, let us define new vector fields
fi: R"—=R" by

fix)=f(x,i), ieM.
Then, the system can be rewritten as
xT() = fo(x@®). (2.2)

The issue of this chapter is the guaranteed stability analysis of switched dynam-
ical system (2.2). For this, we assume that
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(1) fi(0) =0 forall i € M, which implies that the origin is an equilibrium.
(2) The system is globally Lipschitz continuous, that is, there exists a positive con-
stant L such that

i) = fim|<Llx—yl Vx,yeR" ieM, (2.3)

which guarantees the well-definedness of the switched system.

For clarity, we denote by ¢ (¢; t9, X0, o) the continuous state motion of system
(2.2) at time ¢ with initial condition x(#p) = xo and switching path o. By abuse
of notation, we also use ¢ (¢; xg, o) to denote the solution when 5 = 0. The state
evolution can be explicitly expressed in terms of the vector fields f;, i € M. Indeed,
for any initial condition x(#p) = xo and time ¢ > f¢, in discrete time we have

@ (t;10,%0,0) = fot—1) 0+ 0 fo(io+1) © fo(ip) (X0, (2.4)

.. . . def
where o denotes the composition of functions, that is, fi o f2(x) = f1(f2(x)). For
continuous-time switched systems, the state evolution is

fi fi
tzl_tl ° ¢11 2[() (x0)7 (2.5)

(1510, x0,0) = D], 0 ®]" 1 o000
where (th (xo) denotes the value at ¢ of the integral curve of f passing through
x(0) = xg, and (t9, i0), - .., (ts, is) is the switching sequence of o in [tg, ). How-
ever, as the analytic expression of the curve dbt/ (xo) is not available in general, the
expression in (2.5) does not provide a sound basis for further analysis.

To present stability definitions for switched systems, we need more notation. Let
d(x, y) denote the Euclidean distance between vectors x and y. For a set £2 C R”
and a vector x € R", let |[x|p =infycp d(x, y), and the normal norm |x]|(g) is de-
noted by |x| in short. For a set £2 C R” and a positive real number 7, let B(§2, 7) be
the t-neighborhood of £2, that is,

B(2,7)={xeR": |x|p <t}
Similarly, let H(£2, t) be the 7-sphere of £2, that is,
H2,7)={xeR": x|]gp =1}

In particular, the closed ball B({0}, 7) will be denoted by B; in short, and the sphere
H({0}, r) by H; in short.

Definition 2.1 The origin equilibrium for system (2.2) is said to be

(1) guaranteed globally attractive if

lim |¢(t;x,0)}=0 VxeR" o8
t——+400
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(2) guaranteed globally uniformly attractive if for any § > 0 and € > 0, there exists
T > 0 such that

lp(t;x,0)| <€ VieTr, |x|<8, 0€8
(3) guaranteed stable if for any € > 0 and o € S, there exists § > 0 such that
¢(t:x,0)| <€ VieT, |x| <8

(4) guaranteed uniformly stable if there exist § > 0 and a class X function y such
that

lp(t;x,0)| <y (Ix]) VieTy |x|<8,0€S

(5) guaranteed globally asymptotically stable if it is both guaranteed stable and
guaranteed globally attractive

(6) guaranteed globally uniformly asymptotically stable if it is both guaranteed uni-
formly stable and guaranteed globally uniformly attractive

(7) guaranteed globally exponentially stable if for any o € S, there exist @ > 0 and
B > 0 such that

|p(t;x,0)| < Be™'|x| VteTy xeR"

and
(8) guaranteed globally uniformly exponentially stable if there exist ¢ > 0 and
B > 0 such that

|¢(t;x,0)| <Be¥|x| VteTy, xeR", oS

Note that the uniformity is referred to the switching signals rather than the initial
time. By abuse of notation, we say that the system is guaranteed stable/attractive if
the origin equilibrium is guaranteed stable/attractive. As we focus on the guaran-
teed stabilities with possible global attractivity in this chapter, the restrictive words
“guaranteed” and “global” will be dropped for short in the sequel. Note also that
the uniform asymptotic/exponential stability is consistent with that defined in Defi-
nition 1.1.

2.2 Switched Nonlinear Systems

In this section, we investigate the stability issue for switched nonlinear system

xH) = fon(x@) (2.6)

under arbitrary switching. We assume that each vector field f; is continuously dif-
ferentiable.
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2.2.1 Common Lyapunov Functions

The direct Lyapunov method provides a rigorous approach for studying stability of
dynamical systems. Here, we review the preliminaries of Lyapunov stability theory.
A continuous function V (x): R" — R with V(0) =0 is:

e positive definite (V(x) > 0)if V(x) > 0 Vx e R" — {0}

e positive semi-definite (V(x) = 0)if V(x) > 0Vx e R"

o radially unbounded if there exists a class Ko function «(-) such that V(x) >
a(]x|]) Yx e R"

Definition 2.2 Let £2 be a neighborhood of the origin. A function V: £ +— R is
said to be a common weak Lyapunov function (CWLF) for switched system (2.6)
if

(1) itis lower semi-continuous in £2

(2) it admits class K bounds, that is, there are class K functions «; and «; such that

ai(lx]) < V@) aa(lxl) Vre

and
(3) the upper Dini derivative of V along each vector f; is nonpositive; that is, for
all x € 2 and i € M, we have

Vv :0,x,0) =V
DTV, & limsup LLT O XD Z V)
=07t T
in continuous time, where i stands for the constant switching signal o (t) =i Vt,
and
def
DV, S V(fi) = V) <0

in discrete time

Remark 2.3 Note that we do not require that the common weak Lyapunov func-
tion is continuous. As a matter of fact, even a uniformly stable nonlinear system
X = f(x) with f being sufficiently smooth may not admit any continuous weak
Lyapunov function [14].

Definition 2.4 A function V: R"” — R is said to be a common (strong) Lyapunov
function (CLF) for switched system (2.6) if

(1) it is continuous everywhere and continuously differentiable except possibly at
the origin

(2) it admits class K bounds, that is, there are class Ko functions «; and o such
that

ai(lx]) < V(x) <aa(lx]) VxeR",

and
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(3) there is a class K function «3: R"” — R such that

DYV); <—a3(lx]) VxeR", ieM 2.7)
Remark 2.5 In continuous time, it can be seen that

DTV )\, = limsup LTSI = V()

=0t T

VxeR", ieM, (2.8)

due to the local Lipschitz continuity of V. For a continuously differentiable func-
tion V, its Dini derivative coincides with the (Lie) derivative of V along the vector
field

+ d def 0
DTV@)lf= EV(X) =LsV(x) = aV(x)f(x)

Suppose that system (2.6) admits a common weak Lyapunov function V. Then
for any state trajectory x (1) = ¢ (¢; xp,0) in £2, we have V(x(t)) < V(xp) for all
t > 0. For any € > 0, choose § such that

Bs C £2, {x: V(x) 58} C B..

Then, we have |x(¢)| < € for all £ > 0 if xg € Bs. This shows that the system is
uniformly stable.

Next, suppose that system (2.6) admits a common Lyapunov function V. We
are to show that the system is uniformly asymptotically stable. For this, we assume
that the system is in continuous time, and the discrete-time case can be treated in a
similar way. Fix an initial state xo 7 0 and a switching signal o, and denote x(t) =
x(t; xg, 0). It follows from Definition 2.4 that

) Vix@+rt) -V

lim sup (x( + 7)) *x) < —ou(V(x(t))) Vit €Ty, 2.9)
=0t T

where a4 o azoa, !, Define the function n: RT = R by

t 1
— /| mmeay 4T 1€ O, 1),

n(t) = P
—flmd‘[, tZl

It is clear that n is strictly decreasing, differentiable, and lim, on(f) = +oo.
From (2.9) it can be seen that

(V5 0)) (Vo) = [ §(V (x(0) v (x09)

t
z/ lds=t Vt>0. (2.10)
0
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Define the function 7 : R4 x Ry — Ry by

0, s =0,

TED=N ) £, 5> 0,

which can be verified to be a KL-function. As 7 is strictly decreasing, it follows
from (2.10) that

V(x@®) <7 (V(x0),1) Vi=0.
Define the other K L-function 8 by
Bls,t) =a; ' (m(aa(s), 1)), s,7€Ry.
It can be seen that
|x®)| < B(lxol. 1) Ve=0. (2.11)

This, together with the fact that the origin is an equilibrium of the switched sys-

tem, implies that the system is uniformly asymptotically stable. Indeed, to achieve

uniform stability, for any € > 0, let § = f~!(¢), where B(-) def B(-,0). Then,

|¢p(t;0,x,0)| <€ for any xg € B, t € 7y, and o € S. Similarly, to achieve uni-

form attractivity, for any € > 0 and 6 > 0, let T = /§_1(e) where /§(-) défﬂ((?, )5
then |¢(¢;0,x,0)| <€ forany xo € Bs, 1 € 7y, and o € S.
To summarize, we have the following proposition.

Proposition 2.6 Switched system (2.6) is uniformly stable if it admits a common
weak Lyapunov function, and it is uniformly asymptotically stable if it admits a
common Lyapunov function.

Example 2.7 For the planar continuous-time two-form switched system with

d
5O =fs (x(@).

. —X2 _ X2
fix) = <x1 _xk), fo(x) = (—x1 _xg)’ 2.12)

where k is any odd natural number, it can be verified that V (xq, x2) = x12 + x22 is
a common weak Lyapunov function. By Proposition 2.6, the system is uniformly
stable. However, the system does not admit any common Lyapunov function. In-
deed, if the system admits a common Lyapunov function, then it follows that any
convex combination system of the subsystems is asymptotically stable, that is, the
dynamical system

() =wfi(x®)+ 1 —w) f2(x®)

is asymptotically stable for any w € [0, 1]. Let w = % It can be verified that any

state on the x1-axis is an equilibrium. As a result, the convex combination system is
not asymptotically stable. The contradiction exhibits that the switched system does

not admit any common Lyapunov function.
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2.2.2 Converse Lyapunov Theorem

While the existence of a common weak/strong Lyapunov function guarantees the
uniform/asymptotic stability of the switched system, one may naturally ask whether
the converse is also true. The answer is confirmative, as shown in the following
proposition.

Proposition 2.8 Any uniformly stable switched system admits a common weak Lya-
punov function, and any uniformly asymptotically stable switched system admits a
common Lyapunov function.

Proof To prove the first half of the statement, suppose that the system is uniformly
stable. Fix an € > 0, and let § > 0 be the number as in Definition 2.1. As in the
standard Lyapunov method, define the function V: Bs — R by

V(x)= sup |¢(;0,x,0)| (2.13)
teTy,0eS

It is clear that the function is well defined and positive definite in Bs. Let £2 = BY,
where D? denotes the interior of set D. We are to prove that V is a common weak
Lyapunov function for the system.

To prove the lower semi-continuity of function V, fix an x € Bs. For any ¢ > 0,
there exist a time ¢, > 0 and o, € S such that

|6(tx:0,x,00)| = V(x) —e.

Let = el in continuous time and 1 = L in discrete time. It follows from the Lips-
chitz assumption (2.3) that

V(y) = |¢(tc; 0, y,00)| > |p(tx; 0, x,00)| = @ (1230, y, 02) — p (15 0, x, 03|
> | (1: 0, x,00) | =[x —y| = V(x) —2¢ Vye B<x, it) NBs.
]”X

As aresult, V is lower semi-continuous.
Next, for any x € B, s € 7, and i € M, we have

V(p(s;0,x,0)) = sup [p(r;0,0(s5:0,x,0),0)| < sup |p(t+s;0,x,0)
S

tedy,0€ te7y,0€S

< sup |¢(t+s;0,x,a)|=V(x).
(t+s)eTy,0€S

It follows that DTV (x)|;, <0 forany i € M.

Finally, it is clear that V (x) > |x| for any x € B;, and hence it admits a class K
lower bound. On the other hand, the uniform stability means the existence of a class
IC function « such that ¢ (¢; 0, x, 0)| < az(|x]|) forany r € 7y, x € Bs,and 0 € S.
As aresult, V(x) < a(|x]) for all x € B;.
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The above reasonale shows that the function V defined in (2.13) is indeed a
common weak Lyapunov function for the switched system.

The proof of the second half of Proposition 2.8 is involved as we have to smooth
the above function while preserving its properties such as decreasing along the state
trajectories. We will not go into the details; instead we cite the following support
lemma, which is a simper version of the well-known Lin—Sontag—Wang converse
Lyapunov theorem [152].

Lemma 2.9 For the uncertain system
xT () = f(x(t), d(t)), x(t)eR", d(t) e DCRP?, (2.14)

suppose that f is locally Lipschitz continuous in x uniformly in d, D is a compact
set, and d € PC(7y, D), the set of piecewise continuous functions mapping from Ty
to D. Assume that the system is forward complete and the compact subset X of R" is
a forward invariant set in the sense that x(t) € X for all xyo € X and d € PC(1y, D).
If there is a KL function B such that

x| < B(Ixolx. ) VxoeR" =X, 1>0, d € PC(T), D), (2.15)

then, there is a Lyapunov function V for system (2.14), i.e., V is continuous every-
where and infinitely differentiable on R" — X, and there are K, functions o1, o
and a class K function a3 such that

ar(jxlx) < V) <aa(lxlx)
and

LiV(x)< —a3(|x|;() Vx eR", deD.

The lemma provides a general converse Lyapunov theorem, which is very impor-
tant in the development of the stability and robust analysis and design. The proof of
the lemma is quite technically involved, and the reader is referred to [124, 152] for
details.

With the help of Lemma 2.9, the proof for the necessity of Proposition 2.8 is
quite straightforward. Indeed, in Lemma 2.9, let D = M and X = {0}. Then, Propo-
sition 2.8 follows immediately from the lemma due to the fact that asymptotic sta-
bility implies (2.15). g

To summarize, in terms of the relationship between the uniform stability and the
existence of a common Lyapunov function, the following conclusion can be drawn.

Theorem 2.10 Switched system (2.6) is uniformly stable iff it admits a common
weak Lyapunov function, and it is uniformly asymptotically stable iff it admits a
common Lyapunov function.
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The theorem clearly brings the stability verification to the search of an appro-
priate common (weak) Lyapunov function and extends the conventional Lyapunov
theory to the more general setting of switched systems. As in the conventional Lya-
punov theory, there is generally no systematic way of finding the Lyapunov func-
tions. Nevertheless, for some classes of systems with special structures or properties,
the search of a Lyapunov function is tractable. We will come back to this topic in
Sect. 2.3.5.

2.3 Switched Linear Systems

In this section, we focus on a special but very important class of switched systems
where all the subsystems are linear time-invariant. These systems are termed as
switched linear systems and are mathematically represented by

xT(t) = Agyx (1), x(0) = xo, (2.16)

where A, € R"™™ ", k € M, are constant matrices.

Let A={Ay,..., A,}. A can be seen as the system matrix set for the switched
linear system. For briefness, we term the switched linear system as system A.

Due to the linear nature of the subsystems, the state solution can be given in an
analytic way. In fact, the solution is given by

¢ (t; to, x0,0) = P (¢; ty, 0)xp, 2.17)

where @ (¢; ty, o) is known to be the state transition matrix. In discrete time, the
state transition matrix is

D(t;10,0) =Ast—1) - As(tg)>
while in continuous time, it is

D(t;t9,0) = eAis 1=ts) pAig_ Us—1s-1) | LA (tZ_tl)eAiO(tl—t())’

where 1y, 11,...,%; and ig,i1,...,is are the switching time/index sequences in
[70, 1), respectively.
It follows from the above expressions that

G (1; 1o, Axo, 0) = AP (t; 19, X0, 0) Vi, 1o, X0, 0, VA €R, (2.18)
which we term as the radial linearity property, and
¢(t; 10, x0,0) = p(t —10:0,x0,0) V1,10, x0,0, (2.19)

where the switching path ¢ is the time transition of o, that is, o/(t) = o (¢ + ) for
all 7. The latter property is known as the (time) transition invariance property.

Due to the above two invariance properties, for switched linear systems, it is clear
that local attractivity implies (and is equivalent to) global attractivity, and the initial
time can always be taken as #p = 0 without loss of generality.
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2.3.1 Relaxed System Frameworks

In the stability analysis of switched linear systems, the switching signals can be ar-
bitrary. Taking the switching mechanism as the uncertainty, the guaranteed stability
requires that the system is robust w.r.t. the uncertainty. As the switching signals are
piecewise constant taking values from a finite discrete set, it is natural to “smooth”
them in some sense so that the conventional perturbation analysis approaches apply.
This leads to the relaxed or extended system frameworks as follows.

Let

m
W=iweR":w;>0,i=1,...,m, Zwifl
i=1

A(w) = Z wiA;, weW, (2.20)

i=1
and
Ax)={Aw)x:weW}, xeR" (2.21)

Let us consider the (convex) differential/difference inclusion system
xt(@) e A(x (), (2.22)
and the polytopic linear uncertain system
xt()=A(w®)x @), (2.23)

where w(-) € W is a piecewise continuous function. For convenience, system (2.22)
is called (relaxed) differential/difference inclusion. Note that both the differen-
tial/difference inclusion and the polytopic linear uncertain system can be connected
to the switched system in a one-to-one manner, and the switched system can be seen
as the extreme system of the others.

A solution of (2.22) is a vector flow x : [0, +00) > R" with absolutely continu-
ous entries that satisfies (2.22) almost everywhere. Solutions of the polytopic system
can be understood in the same way.

For comparison, let I'y denote the set of solutions of the switched linear system,
I, the set of solutions of the polytopic system, and I'; the set of solutions of the
differential inclusion system. It is readily seen that

Iscrlr,Ccly

and the first subset relationship is strict. However, under mild assumptions, each
solution of the relaxed differential inclusion system can be approximated by a tra-
jectory of the switched linear system in the sense specified below.
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Lemma 2.11 (See [117]) Fix & € R" and let 7: [0, +00) — R" be a solution of

deA(zm),  z20)=&.

Let r: [0, 4+00) — R be a continuous function satisfying r(t) > 0 for all t > 0.
Then, there exist n with |n — &| < r(0) and a solution x : [0, +00) — R”" of

i) e [Ax(@), ..., Awx(®},  x©0) =1,

such that

|z(t) —x(®)| <r(t) Vte[0,+00).

This lemma sets up a connection between stability of a switched linear system
and stability of its relaxed system. Indeed, suppose that each solution of the switched
linear system is convergent; then, each solution of the differential inclusion (2.22)
is also convergent. For discrete-time systems, the relationship also holds.

Corollary 2.12 The following statements are equivalent:

(1) The switched linear system is attractive.
(2) The polytopic linear uncertain system is attractive.
(3) The differential inclusion system is attractive.

For linear systems, it is well known that attractivity implies (and is equivalent
to) exponential stability. For switched linear systems, it can be proven that the same
property also holds as follows.

Proposition 2.13 The following statements are equivalent:

(1) The switched linear system is attractive.

(2) The switched linear system is uniformly attractive.

(3) The switched linear system is asymptotically stable.

(4) The switched linear system is uniformly asymptotically stable.
(5) The switched linear system is exponentially stable.

(6) The switched linear system is uniformly exponentially stable.

Proof First, it is clear that the uniform exponential stability implies any other stabil-
ity in the proposition, and attractivity is implied by any other stability. As a result,
we only need to prove that the attractivity implies the uniform exponential stability.

Second, for any state x on the unit sphere, it follows from the attractivity that
there is a time #* such that

sup|p(1%;0,x,0)| < 1. (2.24)
oeS 2

For any fixed x € Hy, we are to prove that sup, s ¢ (*;0,y,0)| < % if y is suf-

ficiently close to x. Indeed, let n = max;cp |A;|. It follows from (2.24) and (2.17)
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that

6(17:0, . 0)

=|¢(t*;0,x,0) + ¢(*; 0,y — x,0)|
<|¢(r*:0,x,0)| + |p(t*; 0, x — y,0)]

$(r;0,x,0)| + ™|y — x|

IA

IA

SR

Voes§, |y—x|=< e <l - sup|¢(tx; 0, x, o)|>.
2 oeS

This implies that, for any x € Hj, there is a neighborhood N, of x such that

sup[p(r*:0.y.0)| <= VyeN,.

oeS

(S e

Third, letting x vary along the unit sphere, it is obvious that

U N, D Hj.

xeH

As the unit sphere is a compact set, by the Finite Covering Theorem, there exist a

finite number / and a set of states xi, ..., x; on the unit sphere such that
!
U Ny, D Hy.
i=1
Accordingly, we can partition the unit sphere into / regions Ry, ..., R; such that

@ U!'_ Ri=H;,and R; N\ R; = for i # j:and
(b) foreachi,1<i<I, x; €R;, and
X 1
sup|p(:9:0,y,0)| <=, VyeR:.
oceS 2

Define the cones
Qi={xeR":In#0and y e R; suchthatx = Ay}, i=1,...,1.

Let £29 = {0}. It can be seen that Uf:() 2; =R"and 2, N 2; =@ fori # j.In par-
ticular, £2¢ is invariant under arbitrary switching and forms an invariant equilibrium
of the system.

Fourth, forany i =1, ...,/ and x € £2;, let t, = ¢¥. It is clear that
[
max f, = max t" def T) < +o0. (2.25)
x7#0 i=1
According to properties (a) and (b), for any x € £2;, i = 1,...,[, any switching

signal o will bring x into the ball B, at time 7.
2
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Finally, for any initial state x¢g and switching path o, define recursively a se-
quence of times and states

so =0,
20 = Xo,
Sk = Sk—1+ 17,

2% =¢Gk;0,x0,0), k=1,2,....
It is readily seen that

w=kTL el = 2 k=0 (2.26)

which implies that

|6 (513 0, %0, 0)| < ';—2' <exgl, k=0,1,2,...,

where defin2 On the other hand, let n = 2exp(77 max{||A{]l, ..., ||Anll}). Then,
14 U] p

T *
we have
|p(t:0,x0,0)| <ne™""|xo| Vi =0. (2.27)

Note that the inequality holds for any xo and o, and the parameters y and 1 are inde-
pendent of xg and o. This clearly shows that the system is uniformly exponentially
stable. The proof is completed. g

Remark 2.14 While the theorem establishes a nice property for switched linear sys-
tems, the proof itself does not provide a constructive approach for calculating or
estimating the convergence rate. For special classes of switched linear systems with
additional structure information, however, it is possible to compute the convergence
rates explicitly. This issue will be addressed in Sect. 2.3.5.

Simple observation exhibits that the above analysis can be slightly adopted
to prove the equivalence (between attractivity and exponential stability) for the
polytopic system and the differential inclusion system, respectively. Together with
Corollary 2.12 and Theorem 2.10, we reach the following conclusion.

Theorem 2.15 The following statements are equivalent for the switched linear sys-
tem, the polytopic system, and the differential/difference inclusion system, respec-
tively:

(1) The system is attractive.

(2) The system is asymptotically stable.

(3) The system is exponentially stable.

(4) The switched system admits a common Lyapunov function.
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Remark 2.16 The theorem bridges the stability analysis for various classes of sys-
tems with different backgrounds. Indeed, the stability analysis for polytopic sys-
tems, for linear differential inclusions, and for switched linear systems is mostly
independent of each other until quite recently. The theorem assures that the stabil-
ity criteria developed for one class of systems are also applied to the others. This
greatly enriches the stability theory for the systems.

Theorem 2.15 allows us to define the stabilities in a more refined manner, as in
the linear time-invariant case. For this, define

1 .
oA)=  limsyp O0.x.0)] (2.28)

t—+00,0€8,|x|=1 t

which is the largest Lyapunov exponent that specifies the highest possible rate of
state divergence, and

R(A):{qb(t;O,x,a):teTo, x e Hy, oeS}, (2.29)
which is the attainability set of the system from the unit sphere.

Definition 2.17 A switched linear system A is said to be

(1) (exponential) stable if o(A) <0

(2) marginally stable if o(A) =0 and the set R(A) is bounded

(3) marginally unstable if o(A) = 0 and the set R(A) is unbounded
(4) (exponentially) unstable if o(A) >0

It is clear that the notion of stability here is abused with the one defined for the
nonlinear setting as it is referred to the situation of exponential convergence only.
Similarly, the notion of instability is referred to exponential divergence only. In the
sequel, unless otherwise stated, all the stability notions are referred in accordance
with Definition 2.17.

2.3.2 Universal Lyapunov Functions

Through this subsection we assume, unless otherwise stated, that the switched lin-
ear system is stable. According to Theorem 2.10, the system admits a common Lya-
punov function that is smooth (C 1), As a result, the set of smooth positive definite
functions is universal for switched linear systems. Here by universal Lyapunov func-
tions we mean a set of functions such that each stable switched linear system admits
a common Lyapunov function which belongs to the set. Due to the linear structure
of the subsystems, it seems reasonable to expect a more restricted set of universal
Lyapunov functions, e.g., the set of polynomials. In particular, as a stable linear
time-invariant system always admits a quadratic Lyapunov function, it is natural to
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conjecture that the set of quadratic functions is also universal for switched linear
systems. If so, then it is possible to develop a constructive approach for calculating
a common quadratic Lyapunov function. Unfortunately, this conjecture finally was
disproved through a counterexample, which exhibits that the stability analysis of
switched linear systems is much more difficult than that of linear systems.

There are quite a few efforts in the literature to reveal the universal sets of com-
mon Lyapunov functions for switched linear systems or, equivalently, for polytopic
systems or linear convex differential inclusions. Due to the nonsmooth nature of
switched system, nonsmooth functions are also considered as Lyapunov function
candidates.

The following theorem provides several sets of universal common Lyapunov
functions for switched linear systems.

Theorem 2.18 Each of the following function sets provides universal Lyapunov
functions for stable switched linear systems.

(1) Convex and homogeneous functions of degree 2.

(2) Polynomials.

(3) Piecewise linear functions.

(4) Piecewise quadratic functions.

(5) Norms, that is, positive definite functions N: R" — Ry such that N(Ax) =
IMN(x) forany » € Rand N(x +y) < N(x) + N(y) forany x,y € R".

The key ideas of proving the existence of universal Lyapunov functions are
outlined as follows. First, as in the conventional Lyapunov approach, for a stable
switched linear system, we define the function V: R" — R, by

+00 2
V(x)= sup/ |p(t;0,x,0)| dt (2.30)
0eSJ0

in continuous time and

“+0o0

V) =sup Y |9 0,x,0) 2.31)
ceS i

in discrete time. It can be verified that the function is continuous, positive definite,
strictly convex, and homogeneous of degree 2. In addition, for any nontrivial state
trajectory y(-) of the switched system, we have

+o00
V(y() = S“E/O 1630, y(12). 0) | dit

+o0 ’
= sup/ lp(t +1—11;0, y(t1), 0)| dt
oceSJ0

+o00 )
= sup/ |¢(t;0,y(t1),o)| dt
t

oceSJn—1
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+00 )
< supf lp(: 0, y(t1), )| dt
0eSJ0

=V(yt)) Vo>,

which clearly exhibits that the function V is strictly decreasing along the trajectory.
Note that the function is continuous but may be nondifferentiable. The next step is
to smooth the function by introducing the integral

f/(x):/ f(R)V(Rx)dR, x¢eR",
SO(n)

where SO(n) is the set of n x n orthogonal matrices with positive determinants,
f ' 8O(n) = Ry is a smooth function with support in a small neighborhood of the
identity matrix, and |, SO(m) f(R)dR = 1.1t can be shown that the function V is con-

tinuously differentiable (C') except possibly at the origin. A smooth function of C¥
with any k can be obtained iteratively in the same manner. The newly defined func-
tion preserves the properties of convexity and homogeneity of degree 2. Moreover,
the function strictly decreases along any nontrivial state trajectory of the switched
system. By definition, the function is a common Lyapunov function of the system,
and Item (1) of the theorem is established. The existence of other classes of univer-
sal Lyapunov functions can be guaranteed by the fact that a convex level set can be
approximated to any degree by the level sets of polynomials, piecewise linear func-
tions, and piecewise quadratic functions, respectively. We omit the technical details
for briefness.

By the first statement of the theorem, there exists a common Lyapunov function
of the form

V(x):xTP(x)x with P(Ax) = P(x) >0 VA#O0, x #0.

Note that this function is in the quadratic form, and positive definite matrix P (x)
is homogeneous of degree zero; hence it is uniquely characterized by its image on
the unit sphere. A special case is that P(x) is independent of the state, which cor-
responds to a quadratic Lyapunov function. When this is the case, the search of an
appropriate Lyapunov function can be reduced to solving the linear matrix inequal-
ities (LMIs)

AP+ PA; <0, i=1,....m, (2.32)

which is computationally tractable.
A piecewise linear function is of the form

V(x):max{liTx:izl,...,s},

where /;’s are column vectors in R”. It is convex and positively homogeneous of
degree 1. Its level set

F:{x:ll-Txfl, i:l,...,s}
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is a convex and compact set containing the origin as an interior point. We call such
a set C-set. The level set I” is also a polyhedron, and it induces the gauge function,
known as the Minkowski function of I", which is defined as

MFr(x) =inf{u e Ry : x e ul'},

where wlI” = {uy : y € I'}. By definition, function MF is exactly the function V,
that is, MF(x) = V (x) for all x € R"”. The Minkowski function is a norm iff the
level set is O-symmetric, i.e., x € I" implies —x € I". The universal of piecewise lin-
ear functions as Lyapunov candidates implies that any stable switched linear system
admits a polyhedral C-set as its attractive level set, that is, DTV (x) < —8 for any x
on the boundary of the level set, where 8 is some positive real number. As a result,
the stability verification reduces to the search of a proper attractive polyhedral C-set.

A particular and interesting situation is that the common Lyapunov function is a
norm. In this case, it can be seen that the norm is exponentially contractive along
any nontrivial state trajectory of the switched system.

A piecewise quadratic function is in the form

Vinax (¥) = max{x” Pix:i=1,...,s5},

where P;’s are symmetric and positive definite matrices. It is clear that the functions
are positive definite and homogeneous of degree 2. A level set of V.« is an inter-
section of a number of ellipsoids and is strict convex. As a result, the function is
also strictly convex and thus can be classified into the first class of the theorem.

As a corollary of Theorem 2.18, we have the following useful lemma that estab-
lishes the connection between a stable continuous-time system and its discrete-time
Euler approximating system.

Lemma 2.19 Suppose that the continuous-time switched linear system is stable.
Then, the Euler approximating system defined as

xt+1)=U,+1tAs)x(t) (2.33)
is also stable for sufficiently small t.

Proof The lemma can be proved based on the fact that each stable switched lin-
ear system admits a polyhedral common Lyapunov function, V. For the level set
I' = {x: V(x) < 1}, define 8 = min, ¢y @3(|x|), where a3 is the class K func-
tion as in (2.7), and dI" stands for the boundary of set I". It follows from (2.7) that
D1V (x) < —pforany x € aI'. This clearly indicates that the set I is also attractive
for discrete-time system (2.33) when 7 is sufficiently small, which in turn implies
stability of the discrete-time system for a sufficiently small 7. g

Remark 2.20 An interesting question is whether or not the degrees of the common
polynomial Lyapunov functions are uniformly bounded? In other word, does it exist
amap x : Nt x NT — N such that each m-form attractive switched linear system
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of order n admits a common polynomial Lyapunov function of degree y (n,m) or
less? If the answer is confirmative, then, it is possible to numerically verify the
stability by checking that, among all polynomials of degree x (2, m) or less, whether
there is a common Lyapunov function or not. Unfortunately, such a bound does not
generally exist, even for planar switched linear systems. The reader is referred to
[168] for detailed analysis.

Finally, we turn to marginal stability and propose a universal set of common
weak Lyapunov functions.

Proposition 2.21 A marginally stable switched linear system admits a norm as its
common weak Lyapunov function.

Proof We are to prove that the common weak Lyapunov function V' defined in
(2.13) is a norm. In fact, as

V) +Vy = sup {|o@x,0)|+ |6y, )|}

teTy,0eS

> sup {[p(t;x,0)+¢@;y,0)|}=Vx+y) Vx,yeR",
te7y,0€S

V is convex. On the other hand, for any € > 0, there is § > 0 such that
|p(t;0,x,0)| <€ VieTy, xeBs, o €S.

It follows from the radial linearity property (2.18) that V (x) < §|x| for all x € R".
This, together with the convexity, implies that

€
V@) = Vo) SV =y <5l =yl VryeR"

As aresult, V is globally Lipschitz continuous. It is obvious that V is 0-symmetric,
and positively homogeneous of degree one. Thus, it is indeed a norm. d

By Theorem 2.18 and Proposition 2.21, a stable (marginally stable) switched
system always admits a norm as its common (weak) Lyapunov function.

A switched linear system A is said to be regular if o(A) is finite, where o(A)
is the largest divergence rate defined in (2.28). It is clear that any continuous-
time switched linear system is regular and that a discrete-time system is regular
if 0(A) # —oo. For a continuous-time switched linear system A = {Ay, ..., A,},
the normalized switched system is the switched system A = {A] — 0(A) 1y, ...,
Ay — 0(A)1,}. Similarly, for a regular discrete-time system A = {Aq,..., Ay},
its normalized system is defined to be the switched system A = {A;/e¢™ ..
A /e?™). Tt is clear that any normalized system is either marginally stable or
marginally unstable.
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2.3.3 Algebraic Criteria

For a linear time-invariant system, it is well known that the stability is characterized
by the location of the poles. However, such a concise characteristic is still missing
for switched linear systems. Nevertheless, much effort has been paid to find alge-
braic criteria for stability of the switched systems. In this subsection, we present
some of the criteria which provide necessary and sufficient algebraic conditions.

For discrete-time systems, the stability is closely related to the convergence of the
transition matrices, for which numerous algebraic criteria were developed mainly
by researchers in the mathematics community. In the following, we first address the
stability and then move to other related properties.

Suppose that A = {Ay, ..., A} is a finite set of matrices in R"*". For k € NT,
denote by T (A) the set of length-k products of A, that is,

I (A) ={A;, ... At iy, ... ik € MY,

and further
@ = ma,
keN+

which is the set of all products whose factors are elements of A.
Let | - | be any induced norm, and p(-) be the spectral radius of a matrix. Define

pr(A) =max{[|P|: P e M (A}, (2.34)

which represents the largest possible norm of all products of k matrices chosen in
set A. In particular, denote p1(A) by ||A||. The joint spectral radius of A is then
defined as

A(A) = limsup /i (A) /%, (2.35)

k—+00

which is the maximal asymptotic norm of the products of matrices. It is clear that
0(A) is norm-independent due to the equivalence of the norms. Analogously, define
the number

pr(A) =max{p(P): P & T(A)},

which represents the largest possible spectral radius of all products of k£ matrices in
a set A. Furthermore, define the generalized spectral radius of A as

A(A) = limsup 5 (A) /¥, (2.36)

k—+o00

which is the maximal asymptotic spectral radius of the products of matrices.
Recall that, for a matrix A, we have

im A4V = 1im o497 =p(A).

k——+o00 k— 400
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Therefore, both the joint spectral radius and generalized spectral radius degenerate
into the standard spectral radius when A is a singleton.

We are to present some properties of the joint spectral radius and generalized
spectral radius. To this end, let T be the set of vector norms in R". For a set of
matrices A = {A1,..., Ay} and anorm | - | € T, define the (induced) norm of A to
be

lAll= max [A;x]/|x].
x#0,ieM

The least norm of A is defined to be

LNj = |1\161§" Al
A norm || - |* is an extreme norm of A if
A]I* =LNa .
For a real number i, uA denotes the matrix set {uAq, ..., A}

Lemma 2.22 Suppose that A is a set of real matrices. Then, the following state-
ments hold.

(1) p(A) <p(A) <LNj.
(2) p(uA) = |ulp(A) and p(uA) = |u|p(A) Y € R.
(3) p(A) < 1 implies the stability of A.

Proof First, note that p(A) < ||A|| for any norm || - ||. As a result, g;(A) < pr(A),
which implies that p(A) < p(A). On the other hand, it follows from the norm sub-
multiplicativity property that

p(A) < Al

which leads to the inequality p(A) < LNy. This proves the first statement.

The second statement trivially follows from the linearity of the spectral radius.
To establish the third one, observe that p(A) < 1 implies that the state transition
matrix @ (t, 0, o) approaches zero as ¢ approaches infinity for any switching sig-
nal o, which further implies that the switched linear system is attractive and hence
stable. O

Based on the lemma and the converse Lyapunov theorem presented in Sect. 2.2.2,
we are able to establish the equivalence among several fundamental indices.

Theorem 2.23 For any switched linear system A, we have

p(A) = H(A) =LNx =exp(0(A)). (2.37)
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Proof By Lemma 2.22, to establish 5(A) = 6(A) = LN, we only need to prove
p(A) > LNy. For this, suppose by contradiction that p(A) < LNy. Fix a real num-
ber u with p(A) < u < LNu. Denote B; = A;/u for i = 1,...,m, and further
B ={By,..., By}. It follows from Lemma 2.22 that

5(B) <1 <LNg. (2.38)

Applying Lemma 2.22 once again, the switched linear system B is stable. By The-
orem 2.18, there is a norm V that serves as a common Lyapunov function of the
switched system, which is contractive. It is clear that

LNg <|Blv =1,
which contradicts inequality (2.38). This establishes
p(A)=p(A)=LNy.
By the definition of the largest Lyapunov exponent as in (2.28), it is clear that
exp(0(A)) <LNy.

Using a similar idea as in the former part of the proof, we arrive at the conclusion
that the equality relation must hold. This completes the proof. U

The equality between the generalized spectral radius and the joint spectral radius
allows us to term the quantity as the spectral radius of matrix set A, denoted p(A).

Corollary 2.24 The discrete-time switched linear system is stable iff its spectral
radius is less than one. It is unstable iff its spectral radius is greater than one.

The corollary provides a new criterion for stability of a switched linear system in
terms of the spectral radius, which extends the well-known spectral radius criterion
for linear time-invariant systems. A semi-decidable verification procedure can be
developed based on the criterion, which will be presented in Sect. 2.4.

Proposition 2.25 A discrete-time switched linear system A is marginally stable iff
it admits an extreme norm with |A||* = 1.

Proof By Proposition 2.21, marginal stability implies the existence of a common
weak Lyapunov norm V. From the definitions for the common (weak) Lyapunov
function, we have V(A;x) < V(x) for all i € M and x € R”, which implies that
[Ally < 1. If LNa < 1, then the switched system is asymptotically stable, which
contradicts the assumption of marginal stability. As a result, we have LNj > 1. As
LNj < [|A|ly, we have LN = ||A]ly = 1, which clearly shows that || - ||y is an
extreme norm for the switched system.
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Conversely, suppose that the switched system admits an extreme norm || - || with
IA]l = LNa = 1. It is clear that the system is either stable or marginally stable. If
the system is stable, then, there is a common Lyapunov norm Vg such that

Vo(Aix) — Vo(x) < —w(x) VxeR", ieM,
where w is a continuous positive definite function. Let 8 = miny, ()= @ (x). It fol-
lows that
Vo(Aix) — Vo(x) < —BVo(x) VxeR" ieM,

which further implies that ||A|ly, <1 — B, a contradiction. Therefore, the switched
system must be marginally stable. g

Next, we move to the case of continuous time. For any norm | - | in R”, the
induced matrix measure on R"*" is defined as

|[x + TAx| — |x|
. .

1 (A) = limsup (2.39)

=07, |x|=1

It is clear that the matrix measure possesses the following properties (see, e.g., [253].
The subscript | - | is dropped for briefness):

(1) Well-definedness. The matrix measure is well defined for any vector norm.

(2) Positive homogeneousness. u(aA) =au(A) forall @ >0 and A € R™*",

(3) Convexity. u(@A+ (1 —a)B) <oau(A)+ (1 —a)u(B) for all o € [0, 1] and
A, B e R,

(4) Exponential estimation. |eA'x| < e |x| forall r >0, x e R", and A €
Rn><n.

The definition of the matrix measure is extendable to a set of matrices A =
{Aq,..., A,} as follows. For a set of matrices A = {Aq,..., A;;} and a norm | - |
in R”, the (induced) measure of A w.r.t. |- | is defined as

,U,H(A)=max{,u|.|(A]),...,,u|.|(Am)}. (2.40)

It can be verified that the measure possesses the positive homogeneity and convexity
properties as the matrix measure. As for the exponential estimation property, it can
be seen that

lp(t;0,x,0)| <™ x| Vt>0, xeR", o €S. (2.41)
Furthermore, for a set of matrices A = {Ay, ..., A,,}, define the least measure value
as
v(A) = inf pp(A). (2.42)
|-leT

Any matrix set measure p with w(A) = v(A) is said to be an extreme measure for A.
It is well known that the switched linear system A is (exponentially) stable if there
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exists a norm | - | such that its matrix measure is negative. As an implication, when
the least measure is negative, then the switched system is exponentially stable. In
the following, we are to establish that the converse is also true.

Theorem 2.26 For any continuous-time switched linear system A, we have
V(A) =0(A). (2.43)

In addition, the switched system admits (at least) one extreme measure iff its nor-
malized system is marginally stable.

Proof Firstly, it can be verified that
Ui A+ AL) =2+ u.(A) V|-1€T, LeR,

where A + LI, denotes the switched linear system (A + Al,, ..., Ay + A1,). Asa
result, we have

V(A +AlL)=A+v(A) VreR.

This, together with the fact that
o(A+Al)=Xr+0(A) VreR,

indicates that (2.43) holds for general case if it holds when ¢(A) = 0, that is, the
switched system is either marginally stable or marginally unstable.

Secondly, suppose that the system is either stable or marginally stable. Fix a
vector norm | - | in R” and define the function V : R" — Ry by

Vix)= sup |¢(;0,x,0) (2.44)

teRy,0eS

It can be seen that the function is well defined, positive definite, convex, 0-symmet-
ric, and positively homogeneous of degree one. In addition, there is a positive real
number L such that

x| <V(x) <L|x|] VxeR".

This, together with the radial linearity property (2.18), implies that V is globally
Lipschitz continuous. As a result, the function V in fact forms a vector norm of R”.
Thirdly, for any x € R", s € R, and i € M, we have

V(p(s:0,x,0)) = sup |p(t;0,0(s:0,x,1),0)]

teRy,0eS

< sup |¢(t +5; 0,x,a)|

teR4,0eS

< sup [t +5:0,x,0)]
(t+s)eRy,0€S

= V(x),
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where i stands for the switching signal i(t)=i.As V is Lipschitz continuous, we
further have

Vix+1tAix) —V(x)

wy (A;) = limsup

1—0%,x#0 TV (x)
. V(p(r:0,x,1) — V(x)
= limsup
1—0F,x#0 tV(x)
<0 VieM.

That is, the norm V induces a matrix set measure that satisfies
ny(A) <0, (2.45)

which further implies that v(A) < 0.

Fourthly, we focus on the situation that the switched system is marginally stable.
We claim that the least measure value is exactly zero. Indeed, if it is negative, then,
it follows from relationship (2.41) that the system is (exponentially) stable, which
yields a contradiction. This means that the matrix set measure in (2.45) is an extreme
measure.

Finally, consider the case that the switched system is marginally unstable. It is
clear that the least measure value is nonnegative. Assume that it is positive. Then,
there is a positive real number € with € < v(A) such that

V.| (A —€l,) >0,

which further means that the switched system A — €/, is either unstable or
marginally unstable. This is a contradiction since o(A — €l,) = —e < 0. The con-
tradiction means that the least measure value is zero. On the other hand, when the
least measure value is zero, the existence of an extreme measure implies the bound-
edness of the attainability set R(A), and hence the switched system is either stable
or marginally stable. As a result, a marginally unstable switched system does not
admit any extreme measure.

To summarize, marginal stability implies the existence of an extreme measure of
zero value, and marginal instability implies zero least measure value but does not
admit any extreme measure. As the normalization does not alter the existence of an
extreme measure, the second statement of the theorem follows. O

Remark 2.27 For a real matrix, its largest divergence rate is the largest real part
of its eigenvalues, which is exactly the least measure value. This fact was pointed
out in [274]. Theorem 2.26 extends the fact to the case of switched linear systems,
though the concept of system spectrum is missing for switched linear systems.

Remark 2.28 The function V in the proof is in fact a (weak) common Lyapunov
function for the switched linear system (cf. Proposition 2.21). The observation that
it serves as a vector norm is crucial in the development.
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With the help of Theorem 2.26, we can fully characterize the stabilities in terms
of matrix set measure.

Corollary 2.29 For a continuous-time switched linear system, we have the follow-
ing statements:

(1) The system is stable iff its least measure value is negative.

(2) The system is marginally stable iff its least measure value is zero and it admits
an extreme measure.

(3) The system is marginally unstable if and only if its least measure value is zero
and it does not admit any extreme measure.

(4) The systems is unstable iff its least measure value is positive.

2.3.4 Extended Coordinate Transformation and Set Invariance

In linear systems theory, coordinate transformation and system equivalence are pow-
erful tools in stability analysis. For switched linear systems, coordinate transforma-
tion also plays an important role in converting a switched system into a new one
with clearer and/or simpler structural information, which enables us to analyze the
stability properties in a more convenient manner. However, the standard notion of
equivalence coordinate change does not directly work, and we need to extend the
notion in a way that it is capable of rigorous stability analysis.

Definition 2.30 Suppose that 7 € R"*" is a constant matrix. The linear coordinate
change x = T'y is said to be an extended coordinate transformation for the switched
linear system if the matrix 7 is of full row rank, that is, rank T’ = n.

It is clear that the transforming matrix could be nonsquare in that the number of
columns might be larger than that of rows. Under the extended coordinate change,
the switched system is converted into

yh=TTA,Ty, (2.46)

where T denotes the Moore—Penrose pseudo-inverse of a matrix 7. Note that the
transformed system is r-dimensional. The system is said to be the extended trans-
formed system of the original switched linear system. Note that the process of ex-
tended coordinate transformation is nonreversible, that is, the original system is not
necessarily an extended transformed system of (2.46).

Recall that a matrix A = (a;,j) in R"*" is said to be strictly (column) negatively
diagonal dominant if

aii+2|aj,-|<0, i=1,...,n.
J#i
Note that this can be equivalently characterized by u1(A) < 0, where w is the
matrix measure corresponding to the £1-norm.
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Theorem 2.31 The switched linear system is stable iff there exists an extended co-
ordinate transformation such that the extended transformed system admits a con-
tractive 1-norm in discrete time or a negative 1-measure in discrete time.

Proof Note that, if the extended transformed system admits a contractive 1-norm in
discrete time or a negative 1-measure in discrete time, then the extended transformed
system is stable. It follows from x = T'y that the original switched system is stable.
To establish the converse relationship, we first consider the discrete-time case. As
the system is stable, it follows that it is also exponentially convergent. Therefore,
there is a piecewise linear function that serves as a common Lyapunov function,
V(x) = | Fx|oo- The Lyapunov function can be rewritten in the dual representation

V(x)=min{|h|;: x =Xh, heR"},

where X is a matrix of full row rank. The duality relationship comes from the fact
that the set of column vectors of [ X, —X] is the set of vertices of the level set I" =
{x eR": V(x) < 1}. Let {x;: j=1,...,s} be the set of vertices of I". By the
symmetry of I", we have that s = 2r, and we can reindex the vertices such that
Xp+r = —xp fork =1, ..., r. As the level set is attractive w.r.t. the switched system,
there is A € [0, 1) such that

Aixjelll YieM, j=1,...,s. (2.47)
This is equivalent to the existence of vectors pj. with | pj. |1 < A such that
Aixj=Xp, VieM, j=1,...r (2.48)
Define
P; =[p’i,...,p£], i=1,...,m.
It is clear that || P;||; < A. Equations (2.48) can be rewritten as
AiX=XP, ieM,

which leads to the first statement of the theorem.

The case of continuous time can be treated based on the above reasonale for dis-
crete time. In fact, by Lemma 2.19, there always exists a sufficiently small positive
real number 7 such that the discrete-time Euler approximating system

x(t+1D)=U, +1As)x(1)

is also stable. This, together with the fact that the extended transformed system
admits a contractive 1-norm, yields

(L, +TADX =XP;, i=1,....m (2.49)
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for some full row rank matrix X € R"*" and matrices P; with || P;||; < 1. Itis clear
that (2.49) can be equivalently expressed by

AX=XPi—1)/t, i=1,....m,

which directly leads to the conclusion with H; = (P; — I,)/t. O

Remark 2.32 Tt is interesting to note that, for a linear time-invariant system
xT = Ax, the criterion degenerates into the matrix relation AX = X P in discrete
time and AX = X H in continuous time, where X is a matrix of full row rank, P is
a square matrix with ||P||; < 1, and H is a strictly negatively diagonal dominant
matrix. This criterion for stability contains interesting information as discussed be-
low. The equality AX = X P can be reasonably seen as the generalized similarity
between A and P. In this sense, a matrix is Hurwitz iff it is generalized similar to
a strictly negatively diagonal dominant matrix. For the switched linear system, it is
stable iff the subsystem matrices are simultaneously generalized similar to strictly
negatively diagonal dominant matrices. In discrete time, it is interesting to note that
any stable switched system is generalized similar to a system which admits the norm
| - |1 as its common Lyapunov function.

To further identify the subtle properties of marginal stability and marginal insta-
bility, we take a view of invariant sets that start from an origin-symmetric polyhe-
dron Ao which contains the origin as an interior point. An example of Ag is the
polyhedron with extreme points whose entries are either 1 or —1. Define the set

Aooz{xeR":¢(t;0,x,0)erVt€T0, 068}. (2.50)

It can be seen that A is the largest (positively) invariant set contained in Ag for
the switched system.

Proposition 2.33 The following statements hold:

(1) If switched linear system A is stable or marginally stable, then, A~ contains
the origin as an interior point, and Ao N0 Ay # B, where 3 A is the boundary
of Ag. Conversely, if A, contains the origin as an interior point, then, the
system is stable or marginally stable, and Ao N3 Ag # @.

(2) If the system is marginally unstable, then, Axoc N Ao # @, and Asxc C A9 N H,
where H is a nontrivial subspace of R".

(3) The switched system is unstable if Aoo = {0}.

Proof 1t is clear that Ay is origin-symmetric. Furthermore, it can be seen that it
is convex and closed. Another observation is that, as Ao is an invariant set for the
system, A Ao is also an invariant set for any A > 0. Therefore, Asc N I Ag # @ iff
Aco # {0}

For the first statement, note that the (marginally) stable system admits a common
weak Lyapunov function, V. Define

v=max{r eR: V(x) <r=x € Ap},
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Ay = {x eR": V(x) < v}.

As Ay is an invariant set contained in Ay, we have that Ao, D Ay, and thus it
contains the origin as an interior point. Conversely, suppose that A, contains the
origin as an interior point. As A is invariant w.r.t. the system, the system is stable
or marginally stable.

For the third statement, suppose that Ay, = {0}. Define

A;Z{XERn:¢(S;O,X,G)EA()VS€[O,I], GES}, ted,

and further
n(t) = sup{|x|: X € At}, tedy.

It can be seen that the function 7 is decreasing and approaching to zero. As the
function is continuous, there is a time 7 € 7 such that

1
n(r) < Einf{x: x € 9 Ap}.
That is, for any A <2, we have AA; C Ag. Define

T=

Al ={xeR": ¢*(5:0,x,0) € Ag Vs €[0, 7], 0 €S},

where ¢* denotes the state for switched system {(1 —A)Aq,..., (1 —A)A,} in dis-
crete time and for {A; — AL, ..., A, — Al,} in continuous time, where I, is the
nth-order identity matrix. It can be seen that A? C (Ap)? when A is a sufficiently
small positive real number. This means that the above matrix set is neither stable
nor marginal stable, which further implies the instability of the original system.

Finally, we prove the second statement. As Ay, = {0} implies instability as
proved previously, As # {0} for marginal instability. As A is convex, 0-sym-
metric, and containing the origin as a boundary point (w.r.t. R"), it induces the
nontrivial subspace H of R” given by

HE | . 2.51)
A>0
It is clear that Ao, C H, and this completes the proof. U

A byproduct of Proposition 2.33 is the following system decomposition lemma.

Lemma 2.34 A marginally unstable switched linear system is simultaneously block-
triangularizable. That is, there exist a nonsingular matrix T and two positive inte-
gers ny, np with ny + ny = n such that

_ Al A3
AT AT=|"T T ieM, (2.52)
0 A
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where All and A? are ny X ny and ny X ny, respectively. In addition, both Al =
{Al, e, A}”} and A% = {Az, R Afn} are marginally stable as switched linear sys-
tems of dimensions ny and nj, respectively.

Proof Let H be the subspace defined in (2.51), and let further n; = dim H and
ny = n—np. The nontriviality of H implies that 1 < n; < n.Let H be the subspace
orthogonal to subspace H with H @ H+ =R”".Let T be a nonsingular matrix whose
first n; columns belong to H and the others belong to H-. The block-triangular
structure of (2.52) comes from the fact that H is A;-invariant for all i € M. In-
deed, for any x € H, there exist y € Ay and A € Ry such that x = Ly. As Ay is
A;-invariant, we have

Aix = LAjy € Moo C H.

It is clear that the switched system A = {Al ... A ,1”} is either stable or marginally
stable, and the marginal stability of the switched system A2 = {Az, e Ai} can be
derived as follows. If the switched system A? is marginally unstable, then it also
admits a nontrivial invariant subspace. In this case, it can be seen that, besides the
subspace T—'H, the switched block-triangular system A= {Al, e Am} admits
another nontrivial invariant subspace, denoted H’. We can prove that T~'H + H’
is A,-—invariant for all i € M, which further implies that H + T H’' is A;-invariant
for all i € M. This contradicts the definition of H as it is the largest invariant sub-
space under A; for i € M. The contradiction exhibits that the switched system AZ
is either stable or marginally stable. However, the (exponential) stability of the
switched system A2 would imply marginal stability of the switched system A. Thus
the switched system A2 must be marginally stable. Finally, note that the original sys-
tem is marginally stable if the switched system A! is stable, and thus the switched
system A! must be marginally stable. d

Finally, by means of the triangular structure in (2.52), it is possible to estimate
the rate of growth for state norm.

Proposition 2.35 Suppose that the switched linear system A is marginally unstable.
Then, there is a polynomial P with degree less than n such that

|p(t:0,x,0)| < P(1)|lx] VxeR", teTy, oc€S. (2.53)
- Al _ _ _
Proof For continuous time, write e’ = [e ! Ggg’)]. As both A! = {A%, e Aln}
0 4!
and A2 = {A%, e Aﬁl} are marginally stable as switched linear systems, each A{

is either stable or marginally stable for i € M and j =1, 2. As a result, there exists
a polynomial vanishing at zero and with degree less than n, denoted Py (¢) = pt +
st pn_lt”’1 , such that the absolute value of each entry of G; (¢) is upper bounded
by Pi(t) foralli € M and r € 7y. Without loss of generality, we assume that all the
coefficients of P; are nonnegative. Fix an arbitrarily given switching signal 0 € S
and atime t € 7, and let#9 =0, .. ., f; be the switching time sequence in [tg, ) and
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io, - - -, is be the corresponding switching index sequence. It is clear that the state
transition matrix @ (z; f, o) = e2is (=15) ... eAig(1710) i of the form

_ A}S (t—ts) A}O(tl —ty)
é(1;10,0) = [e ¢ Q
0

A2 A2 (t1—
ARt A fo>] ’

where

0=Gi (- ts)eAl?H(t,-—ts_l) . .eA,?O(n —t0)
+ efi}x (t_tS)Gij_] (s — ts_l)e/i"zsﬂ (ts—1=ts-2) eA"ZO (t1—to)
bt A BR)G (1 — tl)eA"Zo (f1=10)

Al o Al _
4t M tl)Gio(tl —19).

It can be seen that the marginal stability of A! and A2 implies the existence of an up-
per bound, denoted «, for the entries of the corresponding state transition matrices.
It follows that each entry of Q satisfies

|0, D| < n*(Pi(t — t;) + Pi(ty — ty—1) + -+ + Pi(t1 — 10))

<nk’Pi(t —to), j=1,....n1,1=1,...,n,

where the latter inequality comes from the fact that P; vanishes at the origin and
its coefficients are nonnegative. It follows that the norm of ®(t; o, o) is upper
bounded by n?k2(1+ Pi(t — 19)). As a result, the norm of the state transition matrix
®(1; 10, o) is upper bounded by P (t —t0) S ||| 7~ 12,21 + Py (t — 10)), which
is a polynomial with degree less than n. This clearly leads to the conclusion.

The discrete-time case can be proceeded in a similar manner, and the details are
left to the reader. d

The proposition reveals the fact that there is a gap between exponential diver-
gence of instability and divergence rate of marginal instability which is bounded by
a polynomial with degree less than the system dimension.

Corollary 2.36 For any n-dimensional regular switched linear system A, there is a
polynomial P with degree less than n such that

l¢(1;0,x,0)| < P(1)e?™'|x| VxeR", teTy, oeS. (2.54)

Moreover, P can be chosen to be of degree zero iff switched system A is marginally
stable.
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Example 2.37 Let us examine the continuous-time two-form switched linear system
with subsystem matrices

-1 0 0 «a -1 2 0 0
2 -1 0 0 0 -1 0 0

Ar=l o o -2 3| A=y o —1 o |
0 0 0 -1 0 0 3 =2

where « is a real number. It is clear that both subsystems are stable, and the switched
linear system admits a block triangular structure,

A1 Ais .
A,—[O Ai,2:|’ i=1,2.

When o =0, it can be verified that the quadratic function

1 0 O 0

T 101 0 0
Vix)=x"Px, P= 00 3 —1
00 -1 3

is a common weak Lyapunov function. By Proposition 2.6, the switched system
is stable or marginally stable. On the other hand, it can be seen that the convex
combination %(Al + A») is marginally stable, and hence the switched system is not
(asymptotically) stable [80]. As a result, the system is marginally stable.

When o # 0, the switched system is marginally unstable due to the coupling
between the two marginally stable modes. It is readily seen that the system is already
in the form specified by Lemma 2.34. Let Ag = {x € R*: 22:1 |xi| < 1}. The
largest invariant set Ao, contained in Ag satisfies

0 0
0 0
Ay, ¥ Va(x) <1} CAx C Dl <1g,
X3 X3
X4 X4

where V5 (x) = 3x32 + 3x2 — 2x3x4. Figure 2.1 depicts the sets in the x3 — x4 plane.
Finally, due to the block-triangular structure of the switched system, the system
solution satisfies

’

t
|x1(t)| < /<1|x1(0)| —l—/ K1|Ol)C4(‘L’)|d‘L' < K1|x1(0)| +ouqlc2t|x2(0)
0

(0] < 2| x*(0)

’

where x! =[x, x217, x2 = [x3, x4]”, and k] and «; are the largest possible norms
of the state transition matrices w.r.t. subsystems {A; 1} and {A; >}, respectively. It
is clear that the state norm is bounded by a polynomial of degree one, which is
consistent with Proposition 2.35. Figure 2.2 presents a sample state trajectory with
o = 1. It is clear that the state norm grows linearly.
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Fig. 2.1 Sets Ag, Ao, and Ay,

2.3.5 Triangularizable Systems

In this subsection, we focus on a special class of switched linear systems which
either possess an upper (lower) triangular structure or are simultaneously equivalent
to triangular systems. Triangular systems are interesting because they have simple
structures, and many nontriangular systems can be made to be triangular by means
of equivalence transformations (simultaneous triangularization).

Definition 2.38 The switched system is said to be simultaneously (upper) triangu-

larizable if the matrix set A = {A, ..., Aj,} is simultaneously triangularizable, that

. . . . def
is, there exists a complex nonsingular matrix 7 € C"*" such that By = T-YA.T,

k € M, are of the upper triangular form,
be(1,1) ... br(1,n)

By = eC”", keM. (2.55)
0 ... br(n,n)
Note that we allow complex matrices as the equivalence transformation. For a

simultaneously triangularizable matrix set, we can transform it into the following
real normal form.
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10

State

_2 | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20
Time (Sec)
Fig. 2.2 Sample state trajectory
Lemma 2.39 Suppose that a system A ={Ay, ..., Ap} is simultaneously triangu-

larizable. Then, there exists a real nonsingular matrix G, such that G_lAkG is of
the normal form

Al % ek

_ 0 Ay ... x

A AG= , 1, (2.56)
0 0 oo A

where l <n, Aji is either a 1 x 1 or 2 x 2 block, and the size of the jth block A ji
is the same for all k € M. In addition, if A ji is of 2 x 2, then it is of the form

_ | Mk @jk

A= . 2.57
s [—w/’k ltjk:| @D
Proof As the matrix set {Aj,..., A,} is simultaneously triangularizable, for
any polynomial p(yi,...,yn) over R, the eigenvalues of p(Ai,...,A,) are
pb1(,i),...,by,(A,1)), i =1,...,n. This exhibits that the matrix set possesses

Property III in [85, p. 442]. By Theorems 1 and 9 in [85], there is an orthogonal
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matrix H € R"*" such that

B * .ok

_ 0 sz *k

BEH A= . | (2.58)
0 0 By

where [ < n, and for any fixed j <[, we have

(i) Bj1,...,Bjare 1 x1;0r
(i) Bj1,..., Bjy are 2 x 2, with one of these matrices, say, B4, of the form

ro U

qu=|:_{)? r]-q:|’ ujg >0, vjg >0,
jq  Tiq

and each of Bji, k € M, is a real linear polynomial g in Bj,, thatis, Bj; =

8jk(Bjg).

As Bj, in (ii) possesses a pair of (conjugated) complex eigenvalues, it follows from

the standard matrix theory that there exists a real nonsingular matrix 7; € R>*? such
that
“lg. 7. | Hig  @iq
T; B]‘IT]_|:_CU. Wia |’
ja  Hjq
) ) . . Hjg @jgq .
where 4, wj, € R. Furthermore, as any polynomial of the matrix [7% qu] is

still of the same form, we have

T 'BuTi=gi(T7 B, T;) = | "% k| ui oneR, keM.

j Dkl g./k( i Pia J) |:_wjk 1k M jk> @ jk

Define K = diag[K71, ..., K;], where K; = 1 if the corresponding block in (2.58) is
1 x 1,and K; =T; if the block is 2 x 2. Letting G = H K, the theorem follows. []

Remark 2.40 Simultaneous triangularization of matrix sets has been investigated
extensively; see, for example, [5, 176, 195, 204] and the references therein. In partic-
ular, the following classes of matrix sets (and the corresponding switched systems)
have been proven to be simultaneously triangularizable:

(a) The system matrices are commutative pairwise, thatis, A;A; = AjA;,i,jeM
[182].

(b) The Lie algebra generated by the system matrices is solvable [1, 147].

(¢) A={A1, Ay} and rank(A1Ay — ApAy) =1 [137].

For switched linear systems that are simultaneously triangularizable, it is possible
to judge the stability directly upon the eigenvalues of the subsystems. In fact, we can
go further to characterize the largest rate of convergence (cf. (2.28)) explicitly.
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Theorem 2.41 For any simultaneously triangularizable switched linear system A,
the largest divergence rate is

0(A) = max max RA; (Ay) (2.59)
keM i=1

€
in continuous time and
0(A) = max mrlax‘ki (Ak)‘ (2.60)
keM i=1

in discrete time.

Remark 2.42 Note that (2.59) and (2.60) only involve eigenvalues of the system
which are easily calculated. To apply the theorem, we do not necessarily need to find
a linear transformation that converts the system into the triangular form. Instead, we
only need to confirm that the system is simultaneously triangularizable.

To prove this theorem, we need the following technical lemma.

Lemma 2.43 A switchecg system A= {Al, e Am}, where Ak is in normal form
(2.56), is stable iff each Ay is stable.

Proof Suppose that the switched system is stable. Then it is clear that each subsys-
tem is also stable.

On the other hand, if each Ak is Hurwitz in continuous time, then we can con-
struct a common Lyapunov function of the form v(x) = x” Px for the switched
system. Indeed, for the Bk defined in (2.58), let ji,...,j; denote the size of
Bk(l, n,..., E‘k (1, 1), respectively. Define

P =diag[l;,q21j,,....qlj],

where positive numbers ¢a, ..., q; are chosen so that the minors of the matrix
—(AT'P + PAy) of order 1,...,n are positive for all k € M. In this way, the
switched system possesses a common Lyapunov function and thus is stable.

The discrete-time counterpart can be established in a similar manner, and the
details are omitted. O

Proof of Theorem 2.41 We proceed with the continuous-time case, and the discrete-
time case could be proven in a similar manner. Suppose that there exists a real
nonsingular matrix G such that for each k € M, the matrix Ar = G ALG is of the
triangular form (2.56).

Consider the switched system A — yI ={A; — y 1, ..., Ay — y 1}, where y
is any given real number. Let A}'** denote the largest real part of the matrix Ay.
Suppose that y > maxgep Ap*, then it can be seen that each Ax — y I, is Hurwitz.
It follows from Lemma 2.43 that the switched system A— yIh = {Al —yl, ...,
A, — y I,,} is stable. This in turn implies that

o(A—yIn) <0
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and
0(A)=0(A) <.
Accordingly, we have
A < Amax_
o0(A) < max Ay
On the other hand, it can be seen that

A) > max p(Ay) = max A",
o )_keMQ( k) max A

As a result, we have

A — )Lmax.
o(A) max iy 0

Corollary 2.44 A simultaneously triangularizable switched linear system is asymp-
totically stable iff each subsystem is stable.

Example 2.45 For the continuous-time switched system A = {A, A»} with

-2 -1 -1 0 2 0
A= 0 -1 0|, Ayp=|-2 -1 0 [,
-1 -1 =2 1 -2 -1

it can be verified that the eigenvalues are {—1, —1, —3} for A; and {—1,—-0.5 +
1.93654/—1, —0.5 — 1.93654/—1} for As, and AjA» — A»A; is of rank one. It
follows that the switched linear system is simultaneously triangularizable (cf. Re-
mark 2.40), which further implies that the switched system is exponentially conver-
gent with the rate of —0.5.

2.4 Computational Issues

In the previous section, we presented quite a few stability criteria, mostly for stabil-
ity and some for marginal stability. In this section, we briefly discuss the possibility
of verifying the conditions of the criteria in terms of appropriate computational pro-
cedures.

2.4.1 Approximating the Spectral Radius

For discrete-time switched linear systems, it follows from Corollary 2.24 that the
verification of asymptotic stability can be reduced to the calculation of the spectral
radius. Indeed, if the spectral radius can be exactly calculated in a finite time, then
the verification problem is decidable, that is, there exists a computational proce-
dure that produces either “yes” or “no” answer in a finite time. In the literature,
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it was conjectured that, for any finite matrix set A, there exists a finite k such
that 5(A) = pr(A)Y/K. This conjecture is well known as the Finiteness Conjec-
ture, which was finally disproved by counterexamples. As a result, it remains an
open problem for the verification of asymptotic stability. Nevertheless, by Corol-
lary 2.24 and the fact that p(A) = infren+ Ax(A)'/¥, the verification problem is
semi-decidable by verifying the relationship px(A) < 1 for k =1, 2, ... and termi-
nating at the first confirmative instant. On the other hand, the problem of instabil-
ity verification is also semi-decidable by verifying the relationship px(A) > 1 for
k=1,2,... and terminating at the first confirmative instant. The problem of veri-
fying the marginal stability, however, was shown to be undecidable.

While it is hard to exactly calculate the spectral radius of a matrix set, it is possi-
ble to compute an approximation as follows.

Proposition 2.46 For any norm and natural number k, we have

max p(B)'/*<pA)< max |B|'*, keN,. (2.61)
Bell;(A) Belli(A)

Proof First, observe that, for any natural number j, we have

max p(B)) < max p(B). (2.62)
Bell;(A) Belly;(A)

Indeed, the set of matrix products that can be expressed as the jth power of an
element in [T (A) is a subset of I1;;(A). Inequality (2.62) follows from the equality
p (A7) = p(A)’. Rewrite (2.62) to be

max ,o(B)l/kf max p(B)l/kj, (2.63)
Bellr(A) Bellj(A)
which implies that
max ,o(B)l/kflim sup  max p(B)l/k-/.

Belli(A) > +o00 BEM; (A)
On the other hand, it follows from IT;; (A) C U;Of IT; (A) that

lim sup max p(B)l/kjflim sup max ,o(B)l/",
j—+oo BEM;(A) i—+o0 BEM; (A)

which, together with inequality (2.63), leads to the first inequality of (2.61).
To establish the second inequality of (2.61), define

¢ =max{[|Arll, ..., [Anl}.

For any nature number /, there are nonnegative integers v and j with j < k such
that [ = kv + j. For any index sequence i1, ..., {; in M, we have
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v—1 J
1Ai, - Al < [T (1 A1 Ak Arel) T T 1 Acwse
=0 =1

v,
= ( max |BI) ¢/,
Belli(A)

It follows that

1/1 Vk=j/kd .,
((max 181) " =<( max y81) el
BelT;(A) Bellx(A)

which, by taking /| — 400, yields

A)< ma Bk,
p(A) < max_ |IBI -

Remark 2.47 The proposition provides two-side bounds for the spectral radius.
Based on this relationship, a computational procedure is readily developed to
approximate the spectral radius. With a sufficiently large k, the approximation
can be made arbitrarily accurate. For stability verification, it suffices to termi-
nate the procedure when either maxge g, (o) o (B) > 1, which implies instability, or
maxgem (A) 1Bl < 1 that implies stability. While a merit of this approximation is
that at each step the approximating accuracy can be estimated, the procedure is not
computationally efficient as the cardinality of IT;(A) grows exponentially with k.
Another drawback of the estimate is that both sequences max e, (a) ,o(B)]/ k and
maxgem A) I Bll 17k are not necessarily monotone w.r.t. k, which means that the ap-
proximate accuracy of estimate (2.61) is not necessarily increasing as k increases.
The following example clearly illustrates this.

Example 2.48 Let M = {1, 2}, and

w=lona Do) e[ 0

Table 2.1 shows the calculated joint/generalized spectral radii and the differ-
ences that represent the accuracy errors, where gy = maxper,a) p(B)V/X, pr =
maxgem A) | Bll 1/k and e; = pr — pr. It is clear that all the sequences are oscillat-
ing.

To obtain a guaranteed precision of a spectral radius estimate, we take a poly-
nomial common Lyapunov approach, which could provide guaranteed accuracy by

Table 2.1 Estimated spectral

radii and error bounds 1 2 3 4 5 6 7

o 1.8974 1.8974 1.9652 1.8974 1.8974 1.9652 1.8974
pr 2.0000 1.9860 1.9654 1.9739 1.9709 1.9654 1.9702
er 0.1026 0.0886 0.0002 0.0765 0.0735 0.0002 0.0728
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searching a proper common Lyapunov function in a preassigned set of polynomi-
als. For this, we first restrict ourselves to the case of quadratic common Lyapunov
functions and then extend the searching to sum-of-squares polynomials.

If the switched linear system admits a quadratic Lyapunov function, then, by
solving the linear matrix inequalities

AP+ PA; <0, i=1,....m

for symmetric matrix P, the asymptotic stability is decidable via effective algo-
rithms. Based on this idea, we define the ellipsoid norm for matrix set A by

pL(A) =inf{lu e RT:3 P >0s.t. AT PA; <p?P,i=1,....,m}.
It can be seen that the ellipsoid norm could be equivalently defined to be

pr(A) = inf max || 4;] p, (2.64)
P>0 i=1

where || A;||p = maxy.o/xT AT PAjx/~/xT Px is the P-norm.
Proposition 2.49 pLT(:?) <p(A) <pL(A).

To proceed with the proof, we need the following supporting lemma that is part
of the well-known John’s theorem [128].

Lemma 2.50 Suppose that 2 C R" is an origin-symmetric compact convex set with
nonempty interior. Then, there is an origin-centered ellipsoid E such that

ECQC/nE. (2.65)

Proof of Proposition 2.49 1t follows from the definition of pp(A) that
p(A) < pr(A). Therefore, we need only to establish that p (A) > pL—\/(?).

By Theorem 2.23, for any positive real number €, there is a norm | - | such that
Al < p(A) +e. (2.66)

It is clear that the unit ball £ = {x € R" : |x| < 1} is origin-symmetric, compact,
and convex. It follows from Lemma 2.50 that there exists an ellipsoid £ = {x € R" :
xTPx < ,1—1} such that relation (2.65) holds. This implies that

VxTPx <|x| <+/nvxT Px,

which, together with inequality (2.66), further implies that

Al PA; < (p(A) +€)nP.
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This leads to

max [|A;[|p < v/n(p(A) +€).

ieM
By the arbitrariness of €, we have

pL(A) = inf max[|A;[|p < Vnp(A).
P>0ieM

This completes the proof. 0

Remark 2.51 Proposition 2.49 establishes that the ellipsoid norm approximation ad-
mits a guaranteed precision that relies on the system dimension. In particular, the
approximation is exact for scalar systems. For higher-order systems, the approxima-
tion is tight in that Proposition 2.49 does not generally hold when 4/ is substituted
by a smaller number. Therefore, finding a common Lyapunov function becomes
more and more difficult as the system dimension increases.

To improve the approximation precision, a natural idea is to use higher-order
polynomials as common Lyapunov functions. A suitable class of polynomial Lya-
punov functions is the set of homogeneous polynomials that can be expressed as
sums of squares.

A polynomial p is said to admit a sum-of-squares representation if there are
polynomials pq, ..., px such that

k

p@) =Y (pi(x)’ VreR"

i=1

A polynomial is said to be a sum-of-squares if it admits a sum-of-squares represen-
tation.

It is clear that a sum-of-squares is always positive semi-definite, and it is positive
definite if polynomials p;, i =1, ..., k&, do not admit a common root. Moreover,
a homogeneous sum-of-squares admits a quadratic representation as stated below.

Lemma 2.52 A homogeneous polynomial p(x) of degree 2d is a sum-of-squares if
and only if

p(x) = (x4 pyldl, 2.67)

where x'91 is a vector whose entries are monomials of degree d in x, and P > 0.
For a proof of the lemma, the reader is referred to [184, 203].

Example 2.53 Suppose that we try to find a sum-of-square representation for the
polynomial

p(x1,x2) = Zx? + 2x13x2 — x%x% + 5x§.
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For this, let xldl = [xlz,xlxg,xg]T. Then, try the representation as in (2.67) that
reads

pi1 P12 P13 x12
[x} xix2 x3]|pi2 p2 pa||xix2
pi3 pn pnl | X3

= prx] +2p1axixa +2pasxix; + (pa2 4+ 2p13)xix3 + pasx;.
Solving p(x) = (x!HT pxld] gives
P11 =2, pi2=1, 2p13+ pn=-1, p23 =0, p33=35. (2.68)

To obtain a positive semi-definite P satisfying the equalities, we can use the semi-
definite programming technique, which corresponds to the optimization of a linear
function over the intersection of an affine subspace and the cone of positive semi-
definite matrices. Specifically, we take the following semi-definite programming:

minimize 0

subjectto tr(B;P)=b;, i=1,...,5,

P >0,
where B; and b; are chosen to represent the ith equation, i =1, ..., 5. For instance,
to represent the third equation, 2p;3 + p22 = —1, we should choose
0 0 1
B3=(0 1 0], by =—1.
1 0 0

It turns out that a feasible solution of the semi-definite programming is
1 -3
5 0
0 5

2
P=|1
-3

In this way, polynomial p is represented by a sum-of-squares as
1 2 2 2 2 2
px) = E[(le —3x3 +x1x2) + (x2 + 3x1x2) ]

To utilize the sums of squares to approximate the spectral radius, we need the
following lemma.

Lemma 2.54 Suppose that p is a positive definite homogeneous polynomial of de-
gree 2d that satisfies

p(Aix) <yp(x) VxeR" ieM, (2.69)

for some y > 0. Then, we have p(A) < yﬁ.
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Proof By the positive definiteness and continuity of p, we have
0< \I;|u:nl p(x) défoq < ITIEB% px) défoéz < +00,
which, together with the homogeneity, implies that
|2d |2d )

ap|x|™ < p(x) <on|x

For any natural number k and B € IT;(A), there exist an index sequence iy, ..., ik
with elements in M such that B = A;, --- A;,. It is clear that

|Aik"'Ai1-x|
A -+ Aiy | = max —————
x#£0 [x]
1
S <a_2> 2d max p(Aik ...Ailx)
o x#0 px)

&=

As a result, we have

2
< <%> yk/2d_
23]
1

p(A)=1lim su max ||B||1/k§y2d.
kﬁfooBEHk(A) U

It is clear that, for any homogeneous polynomial p, there always exists a positive
real number y that satisfies inequality (2.69).

Example 2.55 For the planar discrete-time two-form switched linear system A with

a 0 0 a
Al_[a 0]’ A2_|:0 _a}v

where a is a positive real number, simple calculation gives

max p(B)l/k:a, k=1,2,....
Bell(A)
As a result, the spectral radius of the switched system is a. Using a common
quadratic Lyapunov function, the upper bound on the spectral radius is equal to

V2a. As a result, only when a < “/TE we can find a common quadratic Lyapunov
function for the switched system, which implies the (marginal) stability of system.

On the other hand, take the sum-of-squares homogeneous polynomial of degree four
Vix) = (xl2 - x22)2 + e(x12 + xzz)z,

where € is a positive real number. We could verify that, for any b < ‘3—‘, there is a
sufficiently small € such that ba*V(x) — V(A;x) is a sum-of-squares. It follows
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Fig. 2.3 Sample phase portrait and level sets

from Lemma 2.54 that

1/4
p(A) < (g) a.

In particular, when a < ( %)1/ 4~ 0.9306, we conclude that the switched system is
stable. It is interesting to note that the level sets of V (x) are nonconvex, as shown

in Fig. 2.3, where a = 0.93 and € = 0.01.

The following lemma, presented in [21], characterizes the ability of sums of

squares to approximate a norm.

Lemma 2.56 For any norm | - | and natural number d, there exists a homogeneous

polynomial p(x) of degree 2d such that

(1) p is a sum-of-squares and
(2) forall x e R", we have

p(x)M <|x| < K,‘fp(X)ﬁ

n+d—l)ﬁ .

where k¢ = ( 4

(2.70)
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Recall that ( ) is the number of combinations, (];) = ﬁ where k! is a fac-
torial. When n is fixed and d is sufficiently large, we have

2d

d
~ 1 _
A L T D nd

This means that, for any positive real number €, there is a sufficient large integer
d such that K,”l’ <1 4 €. As an implication, by choosing sufficiently large d, the
estimate in (2.70) can achieve any preassigned accuracy.

Let HP} be the set of homogeneous polynomials of degree k defined on R”, and
SOS], be the subset of HP} that are sums-of-squares. Define the quantity

. €1

péd(A) = ]nfpeHPZ y 2

subjectto p € SOS?,
yp(x) — p(A;x) € SOS].

With the help of the above notation, we are ready to state the main result of the
subsection.

Theorem 2.57 Suppose that d is a natural number. Then, we have

( )

n

< p(A) < p(A). (2.71)

To proceed with a proof of the theorem, we need some further auxiliary material.
First, it follows from Lemma 2.54 that

p(A) < 5’ (A). (2.72)

Another observation is that, when d = 1, HP} is exactly the set of quadratic polyno-
mials, and SOS/ is exactly the set of positive (semi-)definite quadratic polynomials.
For any positive real number €, there is a norm | - | such that

p(A) = Al —e.

By Lemma 2.56, we have

p(A) = —=p5(A) —

f

where the equality ('1‘)1/ o /1 is used. By the arbitrariness of €, we obtain

p(A) = —p3(A). (2.73)

f

Note that the approximation is the same as in Proposition 2.49.
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Next, for a vector x € R” and a natural number k, define the k-lift of x, denoted

x¥1, to be the vector with components {v«!x%}y, where o = (a1, ...,a,) € Nt

Y i_j o =k, and ! denotes the multinomial coefficient o! = a]'k—

!
=1 For example,
when n = 2, we have

X}

x% V3x2
X 3x%xp
x[”=|: 1i|, X2 = ﬁxlxz , 1Bl = ! )
X2 ) \/§x1x2

X
3
X

n+k—1

It is clear that x[¥! is of dimension N¥ = ( i ). For standard Euclidean norm, it

can be verified that
X = xf, k=1,2,.... (2.74)

On the other hand, for any matrix A € R"*”, there is an induced matrix Al €
RV Vi satisfying
AR — (Ax) vy e R". (2.75)

It can be shown that the operation defines an algebra homomorphism that preserves
the structure of matrix multiplication. In particular, for any n x n matrices A and B,
we have

(AR = AlKIgIKl g =12, ... (2.76)

Integrating properties (2.74), (2.75) and the definition of spectral radius, we can
obtain the following lemma.

Lemma 2.58 For a matrix set {Ay, ..., Ay} and a natural number k, we have
p(A Ay = pcay, L Ak 2.77)

Finally, with the help of the above preparations, we are ready to prove Theo-
rem 2.57.

Proof of Theorem 2.57 Note that
p3(AM Ay —intly P> 0,92 P — (AN PAM >0, i=1,... m)
= inf{y :p(x) >0, y2dp(x) — p(A[d]) >0,i=1,. m}

> (03 (), 2.78)

where the notation p(x) = (A7 PA) and the fact that y2¢ p(x) — p(Al¥) €
d
SOS;V " have been used. Combining Lemma 2.58 with inequalities (2.73) and (2.78)
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yields

YN [d)
= NgIOS(Al’ A
> L ()
N
As a result, we have
2d
ps* (A)
p(A) = S——,

which, together with inequality (2.72), leads to inequalities (2.71). The proof of
Theorem 2.57 is completed. d

Example 2.59 For the four-dimensional three-form switched system with

C0 1 7 4 -3 3 0 =2
1 6 -2 -3 -2 1 4 9
Av=| ) Lo e M=y 30 |
'3 0 9 1 1 -5 -1 =2
1 4 5 10
0 5 1 —4
A=10 _1 4 6|
-1 5 0 1

it can be calculated that p% = 9.761 and p§ = p& = 8.92. As 0(A1A3)? = 8915,
we conclude that the spectral radius is between 8.915 and 8.92. It is clear that p§
provides a much closer upper bound for the spectral radius than pg.

2.4.2 An Invariant Set Approach

An approach for verifying the stability of the switched system is to find an appro-
priate piecewise linear common Lyapunov function.

Let us start from an initial polyhedron A¢ which is origin-symmetric. An exam-
ple is the polyhedron with extreme points whose entries are either 1 or —1. Recall
that for any O-symmetric polyhedral set A, there is a full column rank matrix F4
such that A = {x: |Fsx|co < 1}. Another representation is A = {X qo¢: |1 < 1},
where X 4 = [x1, ..., x,] is full row rank and {#£x1, ..., £x,} are vertices of A. For
a 0-symmetric polyhedral set A, define the set

CA={x:AixeA, i=1,...,m}.
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It is clear that
C(A)={x: |FAAixloo <1, i=1,...,m},

which is also a 0-symmetric polyhedron. Define recursively a set of polyhedra by
Ar=C(Ar—1) N Ay, k=1,2,.... (2.79)

The largest invariant set contained in Ag, as defined in (2.50), is the set

Ao = ﬂ Ay.

keN4

Note that, if Ay = A4 for some k € N4, then Ax, = Ak, and the set is tractably
computed.

Proposition 2.60 For any initial polyhedron Ag, we have the following statements:

(1) If the discrete-time switched linear system A is stable, then, there is a finite
number k such that Ay = Ag_1, which means that Ay = Ax. Conversely, if
A = Ag—1 for some k < +00, then, Ay = Ao, and the system is stable or
marginally stable.

(2) If there is a finite number k such that Ay is interior to set Ay, then A = {0},
and the switched system is unstable.

Proof For the former statement, let x () be a state trajectory of the switched system.
The exponential stability implies the existence of a time 7" with x(¢) € Ag fort > T
whenever x(0) € Ag. For any k =0, 1, ..., T, A has the property that x(0) € Ay
implies that x (k) € Ao, and visa versa. This means that A7 = Ar. Indeed, if this
is not true, then, there is a state trajectory x(-) with x(0) € A7 /A741, which implies
that x(T + 1) € Ag, which is a contradiction. Conversely, if Ay = Ax—; for some
k < 400, then, it is clear that Ay = A is a polyhedral C-set that is an invariant set
for the system. Thus the system is stable or marginally stable.

For the latter statement, we only need to show that Ay, = {0}. As Ay is an
invariant set for the system, it can be seen that A A, is also an invariant set for any
A > 0. As the set Ay is interior to the set Ao, there is A > 1 such that LA C Ap.
This in turn implies that A As, C Ay for all k € N, which yields AAy C Axo. Asa
result, we have Ay, = {0}. O

It is interesting to notice that Ay = A, does not necessarily implies the (expo-
nential) stability. A particular example is the case that A = {[,,}, which produces
Ag = Ao = Ag for any k € NT. In fact, if we add the identity matrix to any sta-
ble system, we have a marginally stable system which produces the same polyhe-
dral set sequence Ag, Ay, .... To further distinguish between stability and marginal
stability, one possible way is to test through the recursive procedure by setting
A={AAy,...,AA,}, where A > 1, but A — 1 is sufficiently small. If Ay = Ay_; for
a finite k, then, the original system must be stable. Otherwise, the original system is
either marginally stable or stable but “nearly marginally stable”.
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Based on the above discussion, we can develop a computational algorithm that
verifies the stability of the discrete-time switched linear system.

Algorithm for calculating the largest invariant set (ACLIS)

Initiation. Set FO := Fy,, XY= X py> flag := 0, and k := 0. Prespecify a natural
number kmax.
Step 1. Set F := Fk, X := X* and compute the matrix

G=[FA),....(FADT]".

Step 2. For each row G' of G, check if |G X[« < 1. If yes, remove the row from
matrix G.

Step 3. If flag = 0 and G is the vacant matrix, that is, it is 0 x 0, then output the
matrix X and the “stability or marginal stability” message, set flag := 1 and go to
Step 7. If flag = 1 and G is the vacant matrix, then terminate with the message
“stability”.

Step 4. Set H := [FT,GT]". Compute AF*! = {x € R": |Hx|o < 1} and set
FiL = FA and X541 = X .

Step 5. If flag = 0 and || FOX**!||5 < 1, then, terminate with the message “in-
stability.” If flag = 1 and ||FOX**1|| < 1, then, terminate with the message
“marginal stability or nearly marginal stability.”

Step 6. Set k :=k + 1. If k > kmax, terminate with message “time is out.” Other-
wise, go to Step 1.

Step 7. Set a sufficiently small positive number A, and A; = (1 + A)A; for i =
1,...,m.Set FO:=F, and go to Step 1.

It can be seen that the algorithm is not efficient as the number of extreme points
of polyhedra A; may grow exponentially. Within a recursive loop, the main com-
putation load is in Step 4, which computes the various representations of the new
polyhedron. Fortunately, this can be implemented by commercial softwares (e.g.
Matlab Geometric Bounding Toolbox [252]).

For continuous-time switched linear systems, it was established in Lemma 2.19
that, if the system is asymptotically stable, then, its Euler approximating system

x(t +1) =, + TAg(1))x(1) (2.80)

is also asymptotically stable for sufficiently small 7. A verification procedure can
thus been outlined as follows.

Step 1. Choose a sufficiently small positive real number 7.

Step 2. Run the Algorithm ACLIS for system (2.80). If the algorithm terminate with
stability, then, set Ay, = Ay and go to Step 4. Otherwise, go to Step 3.

Step 3. Set T = t/2 and go to Step 2.

Step 4. Check if A is positively invariant for the original system. If yes, then
terminate with the message “the continuous-time system is stable”. Otherwise, go
to Step 3.
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Note that the fourth step can be conducted with the help of Theorem 2.31. Gen-
erally, there is no guarantee that the procedure terminates in a finite time even for
stable switched systems. As a matter of fact, the stability verification for continuous-
time switched systems is still an open problem for further investigation.

2.5 Notes and References

This chapter introduced the fundamental issues which are relevant to the develop-
ment of guaranteed stability theory for switched dynamical systems. As a matter of
fact, the development of stability theory for switched systems is not isolated. On
the contrary, the progress actively interacted with stability and robustness issues for
several different system frameworks of various backgrounds, as briefly discussed in
Sect. 2.3.1. Indeed, when the switching path is taken as a perturbation variable, the
stability of a switched system is in fact robustness against a class of time-varying
uncertainties. This can be seen from expression (2.1) where the switching signal
o (t) is an unknown time-varying perturbation. A unique feature of the perturbation
is that its image set is finite and thus isolated. By taking convex linear combinations
as in (2.20) and (2.21), the switched system is naturally connected to the polytopic
uncertain system and the relaxed differential inclusion. As these classes of dynam-
ical systems share the same stability properties, it is natural that the stability theory
for switched systems has been deeply interacted with that of other system frame-
works. To fully understand the major progress in the stability analysis of switched
systems, it is important to highlight the various sources of literature from the related
disciplines.

The first source of literature is the absolute stability analysis for Lur’e systems.
A Lur’e system is a linear plant with a sector-bounded nonlinear output feedback.
Specifically, a SISO Lur’e system is mathematically described by

X(t) = Ax(t) +bp(y), xeR", yeR,
yt) =cx(t),  kiy* <yp(y) <kay* (2.81)

The problem of absolute stability is to determine the exact bound of ki and kj
that guarantee global asymptotic stability of the system. The research on this
problem could be traced back to the 1940s, and the early pioneers were mainly
from the Russian applied mathematics community (Lur’e [157], Aizerman [4],
Yakubovich [271], etc.). Aizerman [3] conjectured that, if for each k € [ky, k2],
the matrix A + kbc is Hurwitz, then the Lur’e system is [k], k2]-absolutely sta-
ble. This is equivalent to the statement that the stability of each convex combina-
tion of A + k1bc and A + kybc implies the stability of the switched linear system
A ={A + kibc, A + kobc}. While this conjecture was disproved by counterexam-
ples, it did greatly stimulate the study on the problem of absolute stability. Quadratic
Lyapunov functions (sometimes plus an integral of nonlinearity) were sought by
Lur’e himself and many other researchers. A quadratic Lyapunov function for the



66 2 Arbitrary Switching

Lur’e system is in fact a common Lyapunov function for the extreme systems. That
is, the existence of a common Lyapunov function for A 4 k1bc and A + kobc im-
plies [k1, kp]-absolute stability of the Lur’e system. In the 1970-1980s, many re-
searchers realized that the quadratic Lyapunov functions are not universal for ab-
solute stability, and they turned to more general nonquadratic Lyapunov functions.
Piecewise quadratic Lyapunov functions were proved to be universal for absolute
stability [170-172].

The second source of literature is the boundedness analysis for the infinite prod-
ucts of a set of (complex or real) matrices A = {Ay, ..., A,,}. This topic has been
quite active since the 1990s, and the literature can be traced back to the 1950s [260].
It was widely recognized that the joint spectral radius is an index that is closely re-
lated to the boundedness of the matrix semigroup [199]. The joint spectral radius
and the generalized spectral radius were proved to be equal for any finite set of
matrices [25, 69]. Berger and Wang [25] established that a discrete-time switched
system is asymptotically stable iff the spectral radius is less than one. As the spec-
tral radius is equal to the least possible induced norms [69], the asymptotic stability
is equivalent to the existence of a contractive norm. This norm is in fact a com-
mon Lyapunov function for the matrix set. To verify the boundedness, Lagarias and
Wang [138] conjectured the existence of a finite k such that the generalized spec-
tral radius p(A) = pr(A)V/* for any given finite matrix set A. This well-known
Finiteness Conjecture was finally disproved [39, 45], which indicates that the ex-
act computation of the spectral radius might be very involved. On the other hand,
Brayton and Tong [47, 48] developed constructive procedures for stability verifi-
cation. The procedures search a piecewise linear common Lyapunov function by
recursively approximating its level set. While the computational algorithms are not
efficient, the method itself is valuable as it clarifies some useful properties that ben-
efit the forthcoming investigations. Besides the mathematical characteristics, there
has been much effort to establish the connections among various notions from the
dynamical system’s viewpoints. In particular, the notions of vanishing-step(VS)-
stability, bounded-variation(BV)-stability, and para-contractility were introduced,
and their relationships with the left-convergent-products (LCP) property (all left-
infinite products converge) were established [255]. There were also a few works
focusing on the more subtle situation that the spectral radius is one, which corre-
sponds to either marginal stability or marginal instability. Among these, the notion
of defectivity and its properties were investigated [69, 96].

The third source of literature is the robustness analysis for a class of polytopic
linear uncertain systems. When a linear nominal system

x(t) = Aox (1) + Bou(r)
is perturbed by a time-varying uncertainty with a polyhedral bound
d(t) ecofAx (@), ..., Aux ()},
the perturbed system can be described by

(1) = Aox (1) + Bou(t) +d(t) = A(w (1)) + Bou(0),
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where w(1) € {w e R": w; > 0, 7 w; =1} and A(w) = Ag + > - wi A;.
A more general description is

x(1) = A(w(1) + B(w@®)u(),

where the input gain matrix is also perturbed. For this class of systems, the main
problems are of various (gain-scheduling, robust) stabilizing design and robustness
analysis. Blanchini and his coworkers [30, 32, 34] developed a nonquadratic Lya-
punov scheme for stabilizing design of polytopic linear uncertain systems. By de-
veloping a Brayton—-Tong-like recursive procedure, it was possible to evaluate both
the transient performance and the asymptotic behavior of the linear uncertain sys-
tems [33].

The fourth source of literature is the stability of differential inclusions. Differen-
tial inclusions provide a unified representation of a wide class of dynamical systems.
For a differential inclusion

x(1) € F(x())

and its relaxed convex system
X(1) € co F(x(1)),

the solution sets for both systems admit a common closure (w.r.t. an appropri-
ate normed functional space) [13, 83]. This implies the fact that the two systems
share same stability properties. This observation bridges the stability theories for
the switched linear system, the polytopic linear uncertain system (without control
input), and the linear convex differential inclusion, as the last one can be seen as
the relaxed system for the former two. On the other hand, it has long been estab-
lished [135, 188] that an asymptotically stable differential inclusion admits a strictly
convex and homogeneous Lyapunov function. This paves the way for finding more
universal sets of Lyapunov functions. Indeed, as a strictly convex level set can be
arbitrarily approximated via a polyhedral set or an intersection of a set of ellipsoids,
both sets of piecewise linear and piecewise quadratic functions are universal.

Finally, the literature on switched and hybrid systems has grown rapidly since the
1990s. The common Lyapunov function approach was proposed based on the fact
that, if all the subsystems share a common Lyapunov function, then the switched
system is stable under arbitrary switching. Much effort was paid to find criteria for
the existence of common quadratic Lyapunov functions for switched linear systems.
Narendra and Balakrishnan [182] found that, if all linear subsystems are stable with
commuting A-matrices, then they share a common quadratic Lyapunov function.
The commutation condition in fact implies the simultaneous triangularizability, and
for this, the commutation condition can be further relaxed [1, 164]. The commut-
ing criterion was recently extended to switched nonlinear systems [256]. For planar
switched linear systems, complete criteria for common quadratic stability were es-
tablished [53, 204]. There were a few works reporting various converse Lyapunov
theorems [64, 159, 168], which in fact can be seen as special cases of the earlier
results in different contexts [34, 152, 173].
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It should be noticed that, while many early studies focused on one-system frame-
work, more and more researchers took advantage of the tight connections among the
schemes [146, 149, 173, 234]. A notable example is that most researchers from var-
ious backgrounds realized the limitation of quadratic Lyapunov functions in tack-
ling the stability and robustness problems for linear and quasi-linear systems, which
leads to the active research into the nonquadratic Lyapunov approach. Another ex-
ample is that the constructive criterion for the stability of planar switched linear
systems [112] also provides a solution for the absolute stability of planar Lur’e sys-
tems [163].

While the above review provides a brief survey on the relevant literature, it only
mentioned a small fraction of the existing results, methods, and literature. The reader
is referred to [31, 62, 63, 146, 148] and references therein for more details.

In this chapter, we tried to integrate novel ideas, fresh methods, and rigorous
results from various schemes into a systematic framework. The richness of the rel-
evant material enables us to highlight the most notable progress within a unified
framework.

The notational preliminaries in Sect. 2.1 were adapted from the books [146, 234].
The common Lyapunov function approach presented in Sect. 2.2 is a combination
of several works including [31, 152, 224]. In particular, the notion of the common
strong Lyapunov function is a mixture of the smooth version [159] and the locally
Lipschitz version [30], and the notion of common weak Lyapunov function was
taken from [224].

In Sect. 2.3, Lemma 2.11 can be found in [117], and Proposition 2.13 was
adapted from [221]. As for Theorem 2.15, the fact of the equivalence between
asymptotic stability and exponential stability was reported in [82, 139] for differ-
ential inclusions. The equivalence between local attractivity and global exponential
stability was established in [8] for switched systems. The context of universal Lya-
punov functions in Sect. 2.3.2 was mainly adapted from [173]. The continuous-time
version of Propositions 2.21, 2.33, and 2.35 and Lemma 2.34 were adapted from
[224], where their discrete-counterparts can be found in [22, 25, 33, 69], respec-
tively. A simplified proof was presented in [156] for Proposition 2.35 in discrete
time. Proposition 2.25 was reported in [69] for discrete-time systems and in [223]
for continuous-time systems. The important algebraic criterion, Theorem 2.31, was
adapted from [32, 173]. The context in Sect. 2.3.5 on triangular systems was adapted
from [239]. While conceptually simple, the research on simultaneous triangulariza-
tion has been quite active, which impacts greatly on the common Lyapunov function
approach.

The computational issues presented in Sect. 2.4 highlight some progress in calcu-
lating the spectral radius of a matrix set and verifying the stability of the correspond-
ing switched system. It has been revealed that the computation of the joint spectral
radius is NP-hard, and the stability verification “p (A) < 1” is undecidable [41, 251].
This reveals that effective approximating of the joint spectral radius is difficult in
general. Nevertheless, much effort has been paid in investigating the approximation
issues, and the reader is referred to [7, 37, 95, 158, 190, 249] and the references
therein. Proposition 2.46 and Example 2.48 were taken from the thesis [249]. The
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accuracy of the ellipsoidal norm approximation, Proposition 2.49, could be found
in [7, 38]. The approximation by means sum-of-squares homogeneous polynomial
Lyapunov functions, which forms the main content of Sect. 2.4.1, was largely bor-
rowed from [190]. The recursive procedure for calculating the largest invariant set
contained in a polyhedron, which forms the main content of Sect. 2.4.2, was adapted
from [33]. It is also possible to investigate the stability through the largest invariant
set containing a polyhedron [47, 48, 193].



Chapter 3
Constrained Switching

3.1 Introduction

In the previous chapter, we addressed the stability issues for switched systems under
arbitrary switching. In many practical situations, however, the switching signals are
subject to various constraints. For instance, the switching is governed by a random
process, that is, the switching times form a random process with known stochastic
distribution. Another example is that the switching is autonomous in that a switch
occurs when the state enters into a preassigned region. In either case, the set of
possible switching signals is only a fraction of the set of arbitrary switching signals,
as discussed in the previous chapter. For these constrained switched systems, while
the stability criteria for arbitrary switching is still applicable to the stability analysis,
the criteria are no doubt too conservative. In this chapter, we present new approaches
that lead to less conservative stability analysis for the constrained switched systems.
We focus on three types of constrained switching, namely, the random switching,
the autonomous switching, and the dwell-time switching.

3.2 Stochastic Stability

3.2.1 Introduction

A stochastic switched system is a hybrid system that consists of a set of deterministic
subsystems and a random switching law that coordinates the switching among the
subsystems. The random nature of the switching mechanism enables such systems to
be widely representative in many real-world processes with abrupt variable structure
and/or unpredictable component failure. For the special case where the subsystems
are linear and the switching is governed by a Markov process, the switched system is
known to be a jump linear system. A jump linear system is mathematically described
as

x(1) = Ag(x (1), (3.1

Z. Sun, S.S. Ge, Stability Theory of Switched Dynamical Systems, 71
Communications and Control Engineering,
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where x(t) € R” is the continuous state, o (¢) is a time-homogeneous irreducible

Markov stochastic process taking value in the finite discrete state space M &f
{1,...,m}, and A; € R"" i € M, are known real constant matrices. Suppose that
¥ = (¥ij)mxm 1s the infinitesimal matrix of the process o (). Therefore, the sta-
tionary transition probability is

Vijh + o(h), i # ],
L+ yiih+o(h), i=],

Pr(o(r+h) = jlo()=i)= h>0.

3.2.2 Definitions and Preliminaries

Denote the underlying probability space by (£2, F, Pr), where £2 is the space of
elementary events, F is a o-algebra, and Pr is a probability measure. Let & be
the set of probability measures on M. Let xg € R” and p € Z be the initial state
and initial distribution of o (#), respectively. Given an event w € §2, the continuous
state evolution of system (3.1) is denoted by ¢ (-; xg, @) or x(-) in short. The state
transition matrix over time interval [s1, s2] is denoted by @ (s2, s1, w), which is a
random matrix.

Given an initial probability distribution p? =Pr{o(0) =i} for i € M, the proba-
bility distribution p(t) = [Pr{o (t) = 1}, ..., Pr{o (1) = m}]” satisfies

p)=w"p(). (3.2)

The irreducibility assumption implies the existence of an invariant distribution p =
[p1,..., pm]T that is globally attractive, i.e., lIITp =0and lim;_, 4 p(t) =p.

Let 0 =1y <t) <1, <--- be the sequence of switching times. Denote 7;_1 =
tj—tj—y for j =1,2,....Itis clear that 79, 71, 72, ... are successive duration (so-
journ) times between jumps. The duration at a discrete state i € M is exponen-
tially distributed with parameter —1;;. The corresponding switching index sequence
o(ty),o(t1),0(t2), ... is said to be the embedded Markov chain of the switching
signal. This discrete Markov chain is with transition probability

Ilf,'j . .
. . — 1 # ]9
Pr{o (s = jlom) =i} = { vir T
0, i=j.
It is clear that the joint sequence (z;, 0 (t;)), j =0,1,2,..., also is a Markov chain.

It can be seen that the joint sequence uniquely determines the switching signal,
and vice versa. The stationary (invariant) probability distribution for the embedded
Markov chain can be computed to be

_ p]l/f]] pm\”mm :|T. (33)

B [Z,’,"’zl pivi T X pivs



3.2 Stochastic Stability 73

The transition matrix over [#y, #x] can thus be expressed by the switching sequence
as

D (1, 1) = e -1 Ao T Aati)T0, (3.4)

Definition 3.1 The jump linear system is said to be

o (asymptotically) mean square stable if for any initial state xo and initial distribu-
tion p, we have
. 2
Jim E,{|¢ (15 x0, )|} =0

e exponentially mean square stable if for any initial state xo and initial distribution
p, we have

Ep{|6; x0, )|} < Be™ |xol?

for some positive real numbers o and 8 independent of the initial condition
e stochastically (mean square) stable if for any initial state xo and initial distribu-
tion p, we have

+00 )
/ Ep{|¢@t; x0, ®)| }dt < +00
0

o (asymptotically) almost surely stable if for any initial state xo and initial distri-
bution p, we have

Pr[t_l)illlooW(t; X0, )| = o} =1

Remark 3.2 Tt is clear that the first three stabilities are moment stabilities, while the
last one is sample stability. The mean square stabilities can be extended to §-moment
stabilities (where & is a positive real number) by simply substituting the square
power by §-power in the definition. Another simple observation is that exponential
mean square stability implies both mean square stability and stochastic stability.

3.2.3 Stability Criteria

Recall that a Hermitian matrix P € C™*" is said to be positive definite if z*Mz > 0
for all nonzero complex vectors z, where z* denotes the conjugate transpose
of z. Let Pp,..., Py be a sequence of complex or real matrices. The sequence
P =(Py,..., Py) is said to be (semi-)positive definite, denoted P > 0 (P > 0), if
each matrix is Hermitian and positive (semi-)definite. For two real n x n matrices A
and B, denote by A ® B their Kronecker product, and by A & B their Kronecker
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sum. Taking n = 2 for example, we have

anbi1 anbiz apby  apnbn

A®B— anB anB|_ |anba aubyn anby anbx

a1 B ax»nB ax1bir  axibia  axpbin axnbin

ax1ba1  axibay  axpby  axnbx

and
an + b b1z a 0
by an +bxy 0 ap
ADB=AQI 1 B =
® Bhth® asy 0 a» + b1 bia
0 az by ax + by

Note that both A ® B and A @ B are of n% x n?.

Theorem 3.3 For the jump linear system, the following statements are equivalent:

(1) The system is mean square stable.

(2) The system is exponentially mean square stable.

(3) The system is stochastically stable.

(4) The matrix diag(A; ® Ay, ..., Ay ® Ap) + W1 ® I is Hurwitz.

(5) Foranyreal S = (S, ..., Sm) > 0, the coupled (algebraic) Lyapunov equations

m
Al.TPi+PiA,-+ij,-Pj=—Si, i=1,...,m, (3.5)
j=1
admit a unique solution P = (Py, ..., Py) > 0.

To prove the theorem, we need to introduce some auxiliary preliminaries. For

a matrix X € R"™", denote its columns by Xi,..., X, and define its column
stacking form to be V(X) = [XT,..., XI'1". Similarly, for a matrix sequence
Y =(1,...,Y) with ¥; e RP" i =1,...,k, define its column stacking form

tobe V(Y)=[VT(Y)),..., VT (Y)]T. Itis clear that

k k
Voo, €Y v ], <a > 1%l (3.6)
i=1 i=1

For the jump linear system, let
Zi) = E{xx" Olpy=ny}, i=1,....m,
where 1y, is the Dirac measure. It can be seen that

Yzl <Y ETOx0lpw=n} =E{x"0Ox®)}. 37

i=1 i=1
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Moreover, simple calculation gives
dZi(t) = (AiZi(t) + Zi ) AT ) dt + E{x" 1)x(1) d (15 ()=i)) }
= (AiZi(t) + Z;()A]) dt

m
+ > E{E{x" 0Ox(O) o ran=n o=} |1}
=1

— E{x" )x(®) ()= dt}
=(AiZi(t) + Zi()AT ) dr
+ ) Pr(o(t+dn) =ilo(t)=j)Z;(t) — Zi(t)dt,
j=1

which further implies that

d m
Ezi(t):AiZi(t)‘f‘Zi(t)AiT+j§¢jizj(t)- (3.8)

Define the linear mapping
rP)y=(ri(P),..., [n(P)),
where P = (Py, ..., Py) is positive definite, and
m
Li(P)=AiPi+ PA +) ¥jiPj, i=1...m.
j=l
Similarly, define the linear mapping 7" to be
TX1, ..., X)) =1,..., i)

with 7; = AT X; + X; A; + i wjiXj fori=1,...,m. It follows that we can
rewrite (3.8) in the more compact form

Z(t) =T (Z®)). (3.9)
Finally, define the matrix
A=diag(A| ® Ay,...,An ® A +¥T 1.
It can be verified that
V(I(P)) = AV(P),
V(r(P))=ATV(P) (3.10)

for any matrix sequence P = (Py, ..., Py).
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Define the exponential of I" by e/ (P) = Z;;Og %FI(P). The exponential of T
can be defined in the same way. Then, we have the following lemma.

Lemma 3.4 For any complex matrix P > 0, e!*(P) > 0 and eT'(P) > 0.

For a proof of the lemma, the reader is referred to [160].
With the above preparations, we are ready to prove the main theorem.

Proof of Theorem 3.3 We proceed to establish (1)—(2), 3)—(4), (4)—(5),
(5)—(2), respectively. These relationships, together with the straightforward im-
plications (2)— (1) and (2)— (3), lead to the conclusion.

(1)—(2): Suppose that, for any p € &, we have

. T .
l—lgﬂlooEp{(p t,0,w)@(t,0, a))}_O. (3.11)
Let 0 =1y <1 < --- be the switching time sequence. It is clear that there exist

positive real numbers y; and y» such that

. Tk
< lim — <y,
yl_k—)—i-ook =0

which further implies the existence of a sufficiently large number «; such that
%k <t <2pk Vk>k). (3.12)

It follows from (3.11) and (3.12) that, for any initial distribution p, there exists a
sufficiently large natural number k> > k| such that

Ep{@"(t,0,0)®(,0,0)} <n<1 Vt>t,, (3.13)

where 7 is a real constant. Let x be the largest k<, when p spreads over all the unit
vectors. It follows that

E{®7(1,0,0)0(1,0,0)} <n VE€E, t > 1. (3.14)

Simple calculation gives

Ee{@T(1,0,0)P(1,0,0)} <nle*™ < e V& (3.15)
for all € [#(j—1)c,tji] with j =1,2,..., where v =max{||A1],..., [Anl}, B =
nle*V and a = — 212;72 This directly leads to the conclusion that the system is

exponentially mean square stable.
(3)—(4): Suppose that the system is stochastically stable. It follows from (3.9)
that, for any initial configuration, we have

+o0 +00
| ezl a= [ zo], a
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>
>

IA

|Zi@) || dr

IA

I Ms I Ms

nxT(t)x(t)l{g(,)=i}} dt

< n/ E{x"()x(0)}dt < +o0.
0
Therefore, we have

+00
/ e ()| dt < +o0 (3.16)
0

for any real X = (X1, ..., X;;) > 0. For complex X = (X1, ..., X;y) >0, itis clear
that X < (Amax(X1)1, ..., Amax (X )1). It follows from Lemma 3.4 that relationship
(3.16) also holds for X = (X1, ..., X;) > 0. Furthermore, a complex matrix H can
be decomposed into two Hermitian matrices as

H:%(H+H*)+—‘2_1(H+H*),

where H and H* denote the complex conjugate and conjugate transpose, respec-
tively, and a Hermitian matrix can be expressed to be a substraction of two positive
definite matrices. As a result, we have the decomposition

H=H) — Hy+~—1(H3 — Hy),
where Hi,..., Hy are positive definite. This means that (3.16) still holds for any

complex X = (X1, ..., X,») due to the linearity of /. On the other hand, it can be
routinely verified that

+oo +o00
f; b= [ e ot ol
+00
5”2/ le"" (Vi) | dr Yy eR™, (3.17)
0

where the former inequality comes from (3.10), and the latter from (3.6). Combining
(3.16) with (3.17) yields

+o0 )
/ ||eA’yH1dt<+oo Vy e R™",
0

which implies that the matrix A is Hurwitz.
(4)—(5): Let the mappings Vfl be the inverse of the ith matrix in V with

- - 2
V(Vl l(y),..., le(y)) =y VyeRm” )
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Define

Pi=-v 1 (ATTV(S)), i=1,....m, (3.18)
and P =(Py,..., Py). Itis clear that

ATV(P, ..., Py) ==V (S1, ..., Sm).
It follows from (3.10) that

V(Y (Pr,..., Pp)) ==V (S1,..., Sn),
which implies that

T(Pi,..., Pn)+(S1,..., 8m) =0,

which is exactly (3.5). Suppose that there is another P* = (P}, ..., P}) satisfy-
ing (3.5). Then, it can be seen that

ATV(P, .. P =ATV(PF, ... P)),

which means that V(P) = V(P*) and further P* = P, due to the nonsingularity
of A.Itis clear that

r(Pl,.. P =(T(Pr,....P)) =—=(S1,..., Sn).

This means that (P], ..., P,Z) is a solution to (3.5). By the uniqueness of solution,
. . ege . T
P; are symmetric for i =1, ..., m. Furthermore, utilizing the facts that j—t(eA =
T . .
ATeA ! and that AT is Hurwitz, we have

+o0 T +o00 d T
/ e’ ’V(S)dt:A_T/ —eN TV (S)dt
0 0 dt

=-A"TV(S)=V(P). (3.19)

On the other hand, it follows from (3.10) that

400 T 400 “+00
/ el ’V(S)dt:/ V(e™'(8))dt = v(/ eT’(S)dt>. (3.20)
0 0 0

Combining (3.19) with (3.20) gives
+oo
P= / eTH(S)dt (3.21)
0
whose positive definiteness follows from Lemma 3.4.

(5)— (2): Note that the joint process {(x(¢), o (¢)) : t > 0} is a time-homogeneous
Markov process with the infinitesimal generator

9 9
O =V +di TAT — . xTAT —).
+ 1ag<x 15y X "oy
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Define a stochastic Lyapunov function to be
Vix,o)=x!P,x, (3.22)

where P = (P, ..., Py) > Ois the solution to (3.5) with, say, S = (I, ..., I). Then,
we have

(OV)(x,i) = Zwij\/(x, ) —i—xTA,-TgV(x, )
j=1

m
=xT (Z Vi Pj + ATp+ PA)x =—xTx.
j=1
This implies that
OV)x,i))<—aVx,i) Vi=1,...,m,
where o = 1/ max;’;] Amax (P;) > 0. It follows that
E{V(x®),0())} <e ™V (x0,0(0) V>0,

which clearly implies the exponential mean square stability. 0

Remark 3.5 The theorem reveals important and rich information about mean square
stabilities. First, the stabilities are all equivalent to each other, and thus we do not
distinguish them any more. Second, the stability admits Lyapunov characteristics
that extend the standard Lyapunov theory for linear systems. Third, the stability is
verifiable in terms of the subsystem matrices and the switching transition distribu-
tion.

Remark 3.6 From the proof, statement (4) in Theorem 3.3 is further equivalent to
either

(4a) Matrix I" is Hurwitz

or

(4b) Matrix T is Hurwitz.

Note that Matrix A is of mn*-dimension. As the Lyapunov operators I” and 7" are
defined over the symmetric matrix group, they are of W—dimension, which is
approximately half that of the A.

Remark 3.7 It can be proven that statement (5) in Theorem 3.3 is equivalent to the
following statement

(5a) There is a sequence P = (Py, ..., Py) > 0, such that I"(P) < 0.

Besides, statements (5) and (5a) still hold if I" is replaced by 7.
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Remark 3.8 1t is interesting to observe that a mean square stable jump linear system
always admits a component-wise quadratic Lyapunov function as in (3.22). In con-
trast, for a deterministic switched linear system, the existence of such a Lyapunov
function is a sufficient condition for guaranteed stability, which may be far from ne-
cessity. In this sense, the mean square stability is easier to tackle than the guaranteed
stability.

It follows from Theorem 3.3 that any mean square stable system is also struc-
turally mean square stable, as stated in the following corollary.

Corollary 3.9 For any mean square stable jump linear system (A, V), there exist
positive real numbers €\ and €, such that any perturbed jump linear system (A, ¥)

is mean square stable when A=Al <€ and |¥ — ¥ < e

Example 3.10 For the third-order jump linear system with two subsystems

0 0 =2 0 0 1
Ar=|1 -1 =27, Ap=]-1 -1 0
1 0 -1 1 0

and transition probability

-1 1
"’=[2 _2]

it is clear that the first subsystem is marginally stable while the second is unstable.
Routine calculation gives

A=diag(A| ® A1, Ay ® Ay + w71

-1 0 -2 0 0 0o -2 0 0 2 0 0 0 0 0 0 0 0
1 -2 =2 0 0 0 0o -2 0 0 2 0 0 0 0 0 0 0
1 1 -1 0 0 0 0 0o -2 0 0 2 0 0 0 0 0 0
1 0 o -2 0 -2 -2 0 0 0 0 0 2 0 0 0 0 0
0 1 0 1 -3 -2 0 -2 0 0 0 0 0 2 0 0 0 0
0 0 1 1 1 -2 0 0o -2 0 0 0 0 0 2 0 0 0
1 0 0 1 0 o -1 0 -2 0 0 0 0 0 0 2 0 0
0 1 0 0 1 0 I -2 -2 0 0 0 0 0 0 0 2 0
_ 0 0 1 0 0 1 1 I -1 0 0 0 0 0 0 0 0 2
- 1 0 0 0 0 0 0 0 0o -2 0 1 0 0 0 1 0 0
0 1 0 0 0 0 0 0 0o -1 -3 0 0 0 0 0 1 0
0 0 1 0 0 0 0 0 o -1 1 -2 0 0 0 0 0 1
0 0 0 1 0 0 0 0 0o -1 0 o -3 0 1 0 0 0
0 0 0 0 1 0 0 0 0 o -1 0 -1 -4 0 0 0 0
0 0 0 0 0 1 0 0 0 0 o -1 -1 1 =3 0 0 0
0 0 0 0 0 0 1 0 0o -1 0 0 1 0 0o -2 0 1
0 0 0 0 0 0 0 1 0 o -1 0 0 1 0o -1 =3 0
L O 0 0 0 0 0 0 0 1 0 o -1 0 0 r -1 1 =2

which can be verified to be a Hurwitz matrix. According to Theorem 3.3, the jump
linear system is mean square stable. On the other hand, under the natural basis, the
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Lyapunov operator 7" can be computed to be

-1 0 -2 0 0 O 1 0o o o0 0 O
2 -2 -2 0 -2 0 O 1 O o0 o0 O
2 1 -1 0 0 -4 0 O 1 0o 0 O
0 1 o -3 -2 0 0 0 O 1 0 O
0 1 1 2 -2 -4 0 0 0 O 1 0
r_ 0 o0 1 0 1 -1 0 0 O 0 O 1
2 0 0 o0 o0 o0 -2 0 1 0 0 0|’
o 2 o0 o0 o0 o0 -2 -3 0 O 1 0
o o 2 o0 o0 O -2 1 -2 0 0 2
o o o 2 o0 O O -1 0 —4 0 O
o o o o 2 o0 0 -1 -1 2 =3 0
o 0o o o0 o0 2 0 0 -1 0 I——

which can also be verified to be Hurwitz. It is clear that A is of eighteenth order,
while 7" is of twelfth order. Therefore, the latter is more convenient in calculating
and expressing. An interesting observation is that all eigenvalues of 7" are also of A,
and they admit a common largest real part. Another interesting point is to calculate
the transition probability set that makes the jump linear system stable. For this,
define the region

2= {[;} € R%r = |:_,3a _aﬂi| , (A1, Az, W) is mean square stable}.

Figure 3.1 depicts the region within [0, 20] x [0, 20]. It is a little surprising

that, though neither subsystem is exponentially stable, the region of stable transi-
tion probabilities looks larger than unstable transition probability region.

The next theorem shows that the mean square stability implies almost sure sta-
bility.

Theorem 3.11 Any mean square stable jump linear system is almost surely stable.

Proof Suppose that the system is exponentially mean square stable. Then, there are
positive real numbers « and 8 such that

Ep{|@(t.0.0)|*} < e

Let n =limsup;_, , o, 1P (k, 0, w)||. It can be seen that, for any € > 0, we have

Pr{n > €} =Pr{ﬂ U{Hqﬁ(k,o,w)H >6}}

Jj=z0k=j

< lim Pr{U{||q>(k, 0,w)| > e}}

j——+00
! k=
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20

18

14r stability region

12

stability region

Fig. 3.1 Stable transition probability region

400
< lim Pr{”<1§(k 0, w)H >6}

j——+00
J k=j

+00 1 )
lim e—zEp{Hcp(k,o, )|’}

Jj—+00

IA

i lim Z,Be =

j—>+oo

I A

As aresult, Pr{n = 0} = 1, and the theorem follows. O

According to the theorem, almost sure stability is weaker than mean square sta-
bility. Therefore, the mean square stability criteria in Theorem 3.3 provide sufficient
conditions for almost sure stability. In general, almost sure stability does not imply
mean square stability, as illustrated by the following example.

Example 3.12 Let us examine the first-order jump linear system with two subsys-
tems and transition probability matrix as
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-1 1
Al =ay, Ar =an, l1/=|:1 _1]

First, applying Theorem 3.3 yields the following mean square stability conditions:
a+a <1, ay +ax <2aas.

The stability region in terms of a; and a3 is depicted in Fig. 3.2.
Next, note that, for almost sure stability, the unique stationary distribution is
(%, %). The state solution can be expressed by

B (t, x0, w) = 1212y,

where #| and #, are the lengths of durations over [0, ¢] at the first and second sub-
systems, respectively. Applying the law of large numbers, we have
151 . 15 1

lim —= lim —=- as.
t—+oo t t—+4oo t 2

It follows that

tiigloo|¢(t, x0,0)| =0 as.

when a1 + a; < 0. When a; + a, =0, it can be shown that
Pri lim sup|¢)(t, to,a))| :0} > 0.
T—>+00 t>¢

The above reasonale shows that the system is almost surely stable iff a; + a2 < 0.
It is clear from Fig. 3.2 that the stability region is larger than that of mean square
stability.

The example exhibits that mean square stability can be more conservative than
almost sure stability, even for scalar systems. In practical applications, almost sure
stability is more interesting as it means that the sample state trajectory is convergent
almost surely. For scalar systems, using similar techniques as in the example, it can
be proven that almost sure stability is equivalent to

P1AL+ prAs+ -+ pmAm <0,

where [p1, ..., pm]” is an invariant distribution. As a result, the linear convex com-
bination w.r.t. the stationary distribution is stable. Recall that the condition is also
equivalent to the existence of a (high-frequency) periodic (deterministic) switching
signal that drives the system stable in the deterministic sense. This means that, for
scalar switched systems, guaranteed stability is equivalent to almost sure stability
w.r.t. arbitrary probability transition. For higher-order systems, the above equiva-
lences still hold when the subsystems are simultaneously triangularizable, that is,
the subsystem matrices are upper triangular w.r.t. a common coordinate change. For
more discussion on this issue, the reader is referred to [70, 239].
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almost sure stability

o OfF i
1+ -
ok mean square stability i
-3F i
4+ |
-5 | | | | | | | | |

-5 -4 -3 -2 -1 0 1 2 3 4 5

Fig. 3.2 Almost sure stability region vs mean square stability region

To further address almost sure stability, we need to introduce the concept of top
Lyapunov exponent, which is well known in the mathematics and control literature.

Definition 3.13 For any p € &, the fop Lyapunov exponent is defined to be

In|p(; x, w)]

Ap(w) = limsup (3.23)

t—+o00,|x|=1 t
It is clear that the top Lyapunov exponent is well defined and bounded:
—max{[|A1],.... |Anll} <2p(@) < max{[|A1ll,.... [|Aull}.

It captures the rate of divergence (or convergence) of the state trajectory. To be more
precise, for any positive real €, there is a positive real § such that

lp(t: x, 0)| < 8ePo@F x| Vi >0, x eR".

While the top Lyapunov exponent is a random variable, it is proved to be almost
surely a constant [189], as summarized in the following lemma.
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Lemma 3.14 (1) Forany p € Z,

ko= lim Epfln|@@.0.0)} =% as.

) A=t dim LB, 0
g Jm B |G 0}
where 0 =ty <t < --- is the switching time sequence with respect to the invari-

ant transition p, d = limy_, 40 %, and v and ®(t,0) are as in (3.3) and (3.4),
respectively.

Definition 3.15 The jump linear system is said to be exponentially almost surely
stable if there exists a positive real number p such that for any initial state with unit
norm and initial distribution of o (), we have

1 t
Pr{limsupw < —,u} =1.

t—>—+00

It is clear that exponential almost sure stability implies (asymptotic) almost sure
stability. It is not clear whether the converse is true. That is, whether asymptotic
almost sure stability implies exponential almost sure stability or not is still an open
problem. Also it can be seen that exponential almost sure stability is equivalent to
1 <0.

The following theorem presents a necessary and sufficient condition for expo-
nential almost sure stability with the help of Lemma 3.14.

Theorem 3.16 The jump linear system is exponentially almost surely stable if and
only if Eg{||D(tn,0)||} < 1 for some natural number N .

Proof Suppose that the system is exponentially almost surely stable. Then, the top
Lyapunov exponent A < 0. It follows from Lemma 3.14 that

kiirfooEg{ln”q)(tk,O)”} <0.

As a result, there is a natural number N such that Ey{||@ (ty,0)|} < 1.
Conversely, the existence of such N implies that

1
W d:efﬁEly{ln”d)(tN,O) |} <o.

For an arbitrarily given natural number k, there exist integers p and w, with
0<puz <N —1suchthatk = N + up. We have

1
(oo 0]} < Eo s )

wiIN + u2

1

Wi
+—F In||@Ein, t(i—
uw+m’9;nH“NUUW”



86 3 Constrained Switching

1
N+

ni1y
PN + o’

Eﬂ{lnH‘p(tmN-‘er’tMlN)”}

where the last equality follows from stationarity. It can be seen that, as | — 400,

v

A< v <O (3.24)

which implies that the system is exponentially almost surely stable. U

Remark 3.17 While the theorem is not generally verifiable, it reveals an essential
property for exponential almost sure stability. Indeed, a system is exponentially al-
most surely stable only if the state transition matrix is norm contractive within a
finite number of switches. On the other hand, the norm contractility over a period
implies that the transition matrix is also contractive over any other period with the
same length. In this way, we can further estimate the rate of convergence in terms
of Y, N, and d, as showed in (3.24).

Remark 3.18 It is interesting to compare the criterion with [216, Prop. 3], which
provides a necessary and sufficient condition for consistent stabilizability for deter-
ministic switched systems. By the proposition, for the deterministic switched lin-
ear system, the state transition matrix is norm contractive within a finite number
of switches iff the system is exponentially stable under a periodic switching signal.
Theorem 3.16 provides a stochastic counterpart for this. However, it should be noted
that the computation of the stochastic transition matrix is much harder than that of
the deterministic case.

Suppose that Ey{||® (txy,0)]} < 1 as in Theorem 3.16. Then, by the continuous
dependence of the parameters, the contraction relationship still holds true even if the
parameters are slightly perturbed. Hence we have the following robustness property.

Corollary 3.19 For an exponentially almost surely stable jump linear system
(A, W), there exist positive real numbers €| and €3 such that any perturbed jump

linear system (A, @) is exponentially almost surely stable when ||A — A|| < €| and
¥ — Y| <er.

3.3 Piecewise Linear Systems

3.3.1 Introduction

Piecewise linear systems are switched linear systems with autonomous switching.
Precisely, suppose that £21, ..., £2,, form a nondegenerate polytopic partition of the
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state space, that is, each region £2; is a (convex) polyhedron with nonempty interior,
UL, 2 =R", and £2; N .Q]” ={) for i # j, where £2° denotes the interior of §2
w.r.t. R"”. Then, a piecewise linear system is mathematically described by

X(@t)=Aix(t)+ai, x(t)es (3.25)
in continuous time and by
xt+1)=Aix@®)+a;, x(t)es (3.26)

in discrete time, where A; € R"*", and @; € R". The systems are known as piece-
wise affine systems in the literature due to the existence of the affine terms. When
the affine terms vanish, the system is said to be a piecewise linear system. Here we
abuse the notation as a piecewise system can be converted into a piecewise linear
system via expanding the system dimension by one. Indeed, by letting

x=|:)lci| A,:[%" ”2’} i=1,....m,

where ¢ = 0 in continuous time, and ¢ = 1 in discrete time, we can reexpress the
system as

T =A;x@), x() e, (3.27)

which is piecewise linear.

It is clear that the evolution of the continuous state relies only on the initial con-
figuration and is denoted by ¢ (; 9, X0).

Piecewise linear systems are very important in representing and approximating
many practical systems. First, it is a common practice that, for effectively analyzing
and controlling a complex nonlinear dynamical system, the system is linearized
around certain operating regions, and the linearized mode is used to approximate
the system dynamics in the corresponding region. In this way, the original system is
approximately represented by a piecewise linear system as a whole. Second, some
well-known phenomena, for instance, saturations, relays, dead zones, etc., are all of
piecewise linear forms. Third, when a linear system is controlled by state-feedback
switching controllers, the overall system is exactly a piecewise linear system.

A well-known problem of piecewise linear system is the well-posedness prob-
lem caused by possible right-hand discontinuities of the system equation when the
state crosses the boundaries. As a result, chattering may occur along the bound-
aries, which implies that a solution in the standard sense may not always exist. The
following example exhibits this.

Example 3.20 For the planar two-form piecewise linear system

[0-1]x when[10]x >0,
i= (3.28)

[8 _ll]x when [1 0]x < 0,
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it can be seen that the semi-line
2. ={[0,y1" :y >0}

is a (stable) sliding mode. Therefore, for any initial state lies on the semi-line, the
system does not admit a solution in the standard sense.

The ill-posedness illustrates that piecewise linear systems might exhibit complex
system behaviors. To address this issue, more general concepts of solutions, such as
the well-known Filippov and Caratheodory definitions, should be exploited. For the
above example, it can be seen that the system is always well-posed by Filippov’s
definition, that is, it admits a unique Filippov solution over [0, +00) for any initial
state. However, it can be proven that the system is not well-posed by Caratheodory’s

definition. Furthermore, if we replace A; in (3.28) by [8 _11], then the system is ill-
posed by either definition, due to the fact that it admits no Caratheodory solution
for initial states on the semi-line §2, and it admits more than one (in fact, infinitely
many) Filippov solution on £2; .

In this section, we present several approaches for analyzing stability of general
piecewise linear systems, including the piecewise quadratic Lyapunov approach, the
surface Lyapunov approach, and the transition graph approach. In the last subsection
we focus on stability analysis of piecewise conic systems. To avoid ill-posedness,
we assume that the right-hand side is always continuous over the boundaries. Under
this assumption, we further assume without loss of generality that partition cells £2;
are closed polyhedra. To guarantee that the origin is an equilibrium, we assume that
a; =0 when 0 € £2;. For notational convenience, we divide the index set M into M,
and M» such that i € M; iff 0 € £2;.

3.3.2 Piecewise Quadratic Lyapunov Function Approach

Note that, piecewise linear systems with origin equilibrium are locally (around the
origin) piecewise linear with autonomous switching. As a result, any sufficient con-
dition for guaranteed stability is also sufficient for the autonomous stability. In par-
ticular, if the subsystems admit a common quadratic Lyapunov function, then the
system is autonomously stable. While many stability criteria were given by exploit-
ing this idea, the criteria are doomed to be conservative in general. A less conser-
vative idea is to exploit the piecewise quadratic Lyapunov functions, which result
in bilinear matrix inequalities or even linear matrix inequalities that are efficiently
solvable numerically, as discussed below.

A piecewise quadratic Lyapunov function for the piecewise linear system is of
the form

V(x)=xTPix +2qix +r; =% PX, xe, (3.29)
where ¥ =[], P =[© q{T]. When 0 € £2;, we require that g; =0 and r; = 0,

qi T
which means that V (x) = x” P;x for x € £2;. For consistency, we also redefine X to
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be [x7,0]7 when i € M. To apply the Lyapunov approach, we need to figure out
the continuity of the function over the cell boundaries and the definite positiveness
of the function.

Fix a natural number k. Let F; € R¥*@+D j =1 ... m, bea sequence of ma-
trices. The matrix sequence is said to be a continuity matrix sequence w.r.t. the
partition sequence 21, ..., §2,, if

Fx=FjX VxeQ2iNQ;, i#].

Similarly, let E; e R<OHD i =1 mbea sequence of matrices. The ma-
trix sequence is said to be polyhedral cell bounding w.r.t. the partition sequence
21,..., 82, if

Eix>=0 Vxe .

Lemma 3.21 Suppose that I:",-, i=1,...,m,is a continuity matrix sequence. Then,

or any symmetric matrix T € R¥*¥ the piecewise quadratic scalar function V in
y Sy p q

(3.29) with P; = Fl.TTFi is continuous everywhere. Moreover, there exist real num-

bers By and By such that

ﬁlex <Vkx) < ,32)CT)C.

Proof The continuity of V follows straightforwardly from the continuity of Fjx
over the cell boundaries. For the latter part, note that

Amin(P)xTx S V() < Amax(P)x"x Vx € 2
when i € M; and
Amin(P @ xT x < V(x) < Amax(P)wax’x  Vx € 2;

when i € M,, where w; =1+ m, andwr =1+ %. This

clearly leads to the conclusion due to the finiteness of the index set.

Lemma 3.22 Let Ei =[Ei,eil,i =1,...,m, be a polyhedral cell bounding matrix
sequence. Suppose that symmetric matrices Wy, ..., Wy, € RIEFXk satisfy

Pi— EI'W,E; >0, ieM,
Pi— EI'W:E; >0, ieM,.
Then, there is a > 0 such that the piecewise quadratic function V satisfies
V(x)>ax'x VxeR"

Proof Note that
xTPx>0 Vxefi, x#£0
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T . . . .
for i € M;. Clearly the function % is radially constant and continuous every-

where in £2; except possibly at the origin. Due to the closedness of cells, we have

20 xTpix .
min —-— > 0, ieM,.
xef2; x'x

The same argument also holds for i € M>. The conclusion follows from the finite-
ness of the index set. 0

With the help of the above lemmas, we are ready to prove the main result on
piecewise quadratic stability.

Theorem 3.23 Let k be a natural number, E; = [E;, ¢;] and F; = [F;, fil, i =
1,...,m, be polyhedral cell bounding matrix sequence and continuity matrix se-
quence, respectively, and T , U;, W; be symmetric matrices with T € RFxk, U;, W;
lefk, i=1,...,m. Suppose that

iy~
Il

FI'TF, ieM,

1

FI'TF;, ieM,

satisfy
AI-TP,' + P;A; + EiTUl'E,' <0,
ieM, (3.30)
Pi— E] W;E; >0,
and
AIT}_)Z + ﬁiAi + E_‘ITUIE, <0,
i€M. (3.31)

f_’i - E[TWiEi > 0,

Then, the piecewise linear system is globally exponentially stable.

Proof Tt follows straightforwardly from Lemmas 3.21 and 3.22 that the function V
is continuous everywhere, axTx < Vix) < ,BxTx for some positive real numbers «
and B,and V < —yxTx almost everywhere for some y > 0. As a result, the system
is globally exponentially stable. U

Remark 3.24 The main advantages of the piecewise quadratic Lyapunov function
approach include: (1) the criterion is much less conservative than the existence of
a common quadratic Lyapunov function; (2) the searching of piecewise quadratic
Lyapunov function is reduced to a set of linear matrix inequalities (LMIs), which
admits efficient numerical verification [46]; and (3) software packages are available
for the searching of a piecewise quadratic Lyapunov function numerically, see, e.g.,
[100]. However, to find qualified piecewise quadratic Lyapunov functions, we usu-
ally need to further partition the cells, which makes the computation inefficient for
higher-dimensional systems.
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Example 3.25 For the two-form piecewise linear system

. Aix when xixy >0,
Arx  when x1xy <0,

with
—4.6 5.5 4.4 5.5
Ar= [—5.5 4.4} 42 = [—5.5 —4.6} ’

it can be verified that both subsystems are stable. While the cones {x : xjx; > 0}
and {x : x;xp < 0} are not convex, each is the union of two quadrants. Therefore,
let A3 = Ay, A4 = A», and let £2; be the ith quadrant for i =1, ..., 4. Rewrite the
piecewise linear system as

X = A,-x, X € .Q,'. (3.32)

As all the subsystem phase portraits are rotating clockwise, the system is always
well defined, though the right side is not continuous over the boundaries. To apply
Theorem 3.23, choose the continuity matrix sequence to be

-1 0
Fi=—-F=1D, F2=—F4=|:0 1},

and polyhedral cell bounding matrix sequence to be

E:Z} i=1,....4.
Furthermore, let
.. —09 0 O]
T= _8'9 1(')1 8 8 ., Ui=0, W;=0, i=1,...4
0 0 0 0]

Then, it can be verified that the conditions of Theorem 3.23 are satisfied. As a re-
sult, the piecewise linear system is exponentially stable, and a piecewise quadratic
Lyapunov function is

V(x) =xTP,-x, x € $2;,

with Py = Py=[ Jg ] and P = Py = [ 5g -

Figure 3.3 depicts the phase portrait of the state trajectory and the level set of the
Lyapunov function. The flower-like trajectory indicates that there does not exist a
quadratic Lyapunov function whose level sets are invariant. In fact, it can be veri-
fied that the convex combination 0.4A; + 0.6A, ! has an eigenvalue with positive
real part. As a result, the switched system does not admit any common quadratic

Lyapunov function [205].
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Fig. 3.3 Phase portrait (solid) and level set (dashed)

3.3.3 Surface Lyapunov Approach

While the piecewise quadratic Lyapunov approach introduced in the previous sub-
section provides much less conservative criteria than the conventional quadratic
Lyapunov approach, the approach may admit very heavy computational load. In-
deed, for many piecewise linear systems, it is necessary to seek more refined parti-
tions (than the natural partitions) so that a valid piecewise quadratic function could
be found. For continuous-time piecewise linear systems, any state trajectory has to
cross cell boundaries or otherwise stay within a cell forever. It is thus heuristic to an-
alyze the stability through the system dynamics across the switching surfaces. This
is clearly illustrated by the following example.

Example 3.26 For the continuous-time two-form piecewise linear system
(%7 L ]x ifxi >0,
X = 3 (3.33)
[M1 3] ifx <0,
it is clear that the first subsystem is unstable. Therefore, the piecewise system does
not admit any global Lyapunov function, nor it admits any piecewise quadratic Lya-
punov function w.r.t. the natural cell partition (cf. [100]). However, the system is
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Fig. 3.4 Phase portrait (left) and transition map (right)

exponentially stable, as illustrated from the phase portrait (the left of Fig. 3.4). In
fact, starting from the unit vector zg = [0 117 on x;-axis, the state comes back to the
axis at z; ~ [0 —0.62]7 and zo ~ [0 0.69]7 . It is clear that the map at the switching
surface (from zg to z») over a period is contractive w.r.t. the Euclidean norm, which
is shown on the right of Fig. 3.4. The exponential convergence follows from the
homogeneity of the switched system.

The example indicates a way to analyze the stability of piecewise linear systems
through the contractility of surface (impact) maps, which are defined on the switch-
ing surfaces instead of the total state space. More accurately, if each map from one
switching surface to another is contractive w.r.t. an energy function, the piecewise
linear system is stable if no unstable state trajectory exists within a cell. In this way,
the searching of a Lyapunov function is reduced to the searching of a surface Lya-
punov function, which is required to decrease along the impact maps. The major
steps toward the approach include the computation of the impact maps over possi-
ble switching transitions and the searching of a proper surface Lyapunov function
for the impact maps. Let us define the impact maps first.

Consider the affine linear system given by

X =Ax+ B, (3.34)
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where x € R", A € R™*", and B € R". Suppose that the system is defined over a
polyhedron X C R” and that Sy and S| are two hyperplanes in the boundary of X
with

S():{)CER"ZC()X:do}, Slz{xeRnicledl},

where Cy, C1, and dy, di are matrices and column vectors with compatible dimen-
sions. Let X be the closure of X, Sg be a polytopic subset of Sy with the prop-
erty that any trajectory x(-) starting at Sg satisfies x(¢1) € S; for some time #; and
x(t) € X forr €[0,#], and S{ be the subset of Sy which is the collection of the
above x(#1)’s. The impact map from Sg to S{‘ is the map from xo = x(0) € Sg to
x1 =x(t1) € S through the state trajectory x(-). Note that the map is not neces-
sarily injective. Indeed, when a state trajectory starting from Sp reaches S; more
than once within region X, there is a sequence of time constants | < < --- < ft,
k > 2, such that x(¢;) € 1, j =1,...,k, and x(?) € X for t € [0, #]. As a result,
the impact map may be multivalued and discontinuous.

Suppose that x; and x| are two states belonging to the hyperplanes Sp and S,
respectively. A state xo in Sg can be parameterized by xo = x(’)‘ + Ag with CoAg = 0.
Similarly, a state x1 in Sf can be parameterized by x| = xi" + A with C1A; =0.
In this way, the impact map from x¢ to x; reduces to the map from Ag to A;. Let
x(t; xo) be the state trajectory with initial state x(0) = xo, and by x°(r) and x!(z)
we shortly denote x(¢; x(’)") and x(¢; x]“), respectively.

Definition 3.27 Let xo = xj + Ao € Sg. Define the set of switching times of the
impact map at Ag to be

thy = {s eRT :x(s) € S1,x(t; x0) € X Vte [O,S]}.

Define the set of switching times of the impact map over Sg — xj tobe

T = U IA.

d *
AeSy—xg

In general, the sets of switching times may be unbounded, and it is hard to express
the sets in a closed form. However, by defining the functions

CleAt

W) =00

and
H(t) = e + (xo(t) - x]k)w(t),

the impact map can be characterized as follows.
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Theorem 3.28 Assume that C1x°(t) # 0 for t € T. Then, for any Ag € Sg - X3
there exists t € T such that the impact map is given by

Ay = H(t)Ao. (3.35)

Proof Suppose that xo = x§ + Ag € Sg and x| = x] + Ay € S{. Integrating the
system equation (3.34) yields

t
X1 =eAtx()+/ A Bdr
0

for some ¢ € T. This further implies that

Ay =eMAg+x0(r) — x}. (3.36)
On the other hand, it follows from C;A; =0 and C 1xf =d that

Cre? Ag=di — C1x°(1),

which leads to
w@®)Ag=1. (3.37)
Combining (3.36) with (3.37) yields

Ar = e Ao+ (x°(1) — x})w(r) Ao,
which is exactly (3.35). O

Remark 3.29 The theorem asserts that the impact map from Ag to A is linear, pro-
vided that the switching time is fixed. To utilize this fact, it is necessary to examine
the submanifold of Sg that corresponds to the same switching time. Foratimet € T,
let S; be the set of states x; + Ao with ¢ € £4,. It is clear that S; is nonempty and
that U,eT S; = Sg. Furthermore, as w(t)Ag = 1 and CoAg =0, S; is a subset of a
linear manifold of dimension n — 2.

Based on the above preparations, we are ready to introduce the surface Lyapunov
functions for analyzing the global asymptotic stability of piecewise linear systems.
Let Vj and V] be two smooth positive definite functions defined over Sg — xS‘ and
S{ — xj, respectively. Clearly, if

Vi(Ar) < Vo(Ao) YAg eS¢ —xg, (3.38)

then the impact map from Sg to S is a contraction. In this case, Vp and V) are
called surface Lyapunov functions defined over Sg and SY, respectively. Usually, it
is very hard to verify the contractility for general surface Lyapunov functions due
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to the nonlinear nature of the impact map. So we restrict our attention to piecewise
quadratic surface Lyapunov functions of the form

Vit)=x"Pix —2g] x +a;, i=0,1, (3.39)

where 0 < P; e R, g; e R", and o; € R, i =0, 1. For a symmetric matrix M €
R and aregion Y CR", by M > 0on Y we mean x’ Mx >0 forany0#x €Y.

Theorem 3.30 Suppose that V;,i =0, 1, are piecewise quadratic surface Lyapunov
functions as in (3.39) and define

R(t)=Py— HT ()PIH (1) —2(30 — HT (Ng1)w(t) + w” (Daw(r),  (3.40)

where a = ap — ay. Then, inequality (3.38) holds iff R(t) > 0 on S, — x for all
teT.

Proof Rewrite (3.38) as
ATPiA —2¢T Ay + ) < AL PyAY — 280 Ag + ap.
Applying Theorem 3.28 gives
AL (Po—HT )P H(1)) Ao —2(g — g1 H())Ao+a > 0.
Utilizing the fact that w(¢) Ag = 1, we obtain
AS(Po—HT )P H@) — 2w (1)(gf — &1 H(®)) +w’ (Haw(1))Ag > 0,
which verifies the theorem. g

Corollary 3.31 The impact map from Sg — X to S{ — x| is a contraction if there
exist Py, Py > 0 and go, g1, o such that R(t) >0 on S; — x()*for allteT.

This corollary provides a criterion for contractility of the impact map. However,
the computation of the manifold S; is usually untractable. One way to cope with this
difficulty is to further relax the condition as follows.

Corollary 3.32 The impact map from Sg — x; to S{ — x| is a contraction if there
exist Py, Py > 0 and go, g1, o such that

Rt)>0 onSy—xi VieT. (3.41)

Condition (3.41) is an infinite set of linear matrix inequalities (LMIs). Compu-
tationally, the set should be gridded into a finite subset of LMIs, which can be effi-
ciently solved using available softwares. More details could be found in [92, 93].

To summarize, for a piecewise linear system, the main steps toward global
asymptotic stability analysis include: (1) identifying all impact maps associated
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with the piecewise linear system; (2) defining all surface quadratic functions on
the respective domains of impact maps; and (3) adjusting the parameters of the sur-
face Lyapunov function so that condition (3.41) holds. In contrast to the piecewise
quadratic Lyapunov function approach introduced in the previous subsection, the
surface Lyapunov approach has several advantages including: (1) the analysis is
based on the original cell partition, and no refinement of the partition is needed, and
thus the computational burden is usually much lower; (2) the approach scales better
with the dimension of the system due to the fact that the Lyapunov function is only
needed to be sought on the switching surfaces instead of the total state space; and
(3) the approach can prove global asymptotic stability, while the piecewise quadratic
Lyapunov function approach can only prove exponential stability. However, it is
clear that the approach applies only to continuous-time systems, while the piecewise
quadratic Lyapunov function approach applies to both continuous- and discrete-time
systems. Besides, the identification of impact maps is usually not an easy task, es-
pecially when there are three or more switching surfaces.

Next, we apply the above analysis approach to a class of saturated systems.
A single-input single-output linear system with a saturated unitary output feedback
could be described by

x=Ax+bu,
y=cTx, (3.42)
u =sat(y),

where sat(-) is the standard saturation function

-1 ify<-—1,
sat(y)=4qy iffy[=<1,
1 ify>1.

Note that the saturated system always admits a unique solution due to the fact that
Ax + bsat(cT x) is globally Lipschitz continuous.
It is clear that there are two switching surfaces, i.e.,

S+={xeRN:ch=l}
and
sz{xeRN:ch:—l}.

The surfaces are origin-symmetric and separated. Denote A; = A + bc! . To ensure
that the origin is the unique equilibrium with local stability, we must have that A;
is Hurwitz, and A does not admit any eigenvalue with positive real part. Besides,
when A is nonsingular, it must satisfy —c” A='b < 1. Define

St={xest:TAx>0}, St={xest:c"Ax=<0}
and

S;:{xeS_:cTAleO}, S::{xeS‘:CTA1x§0}.



98 3 Constrained Switching

As A is Hurwitz, there exists a nonempty subset of S*, denoted S*, such that any
state trajectory starting from S* will not switch again and will converge to the origin
asymptotically. To see this, let P > 0 be a solution of AIT P+ PA| = —1, and define
W =MaxX, T p,—| ¢Tx; then the intersection St N {x : x” Px = w?} is inside S*. It
can be seen that the subset S* is a convex and closed subset of S*.

Taking advantage of the origin-symmetry of ST and S~, we need to take care of
three impact maps: (1) the map from SI to ST; (2) the map from ST — §* to Si;
and (3) the map from St —S*to S”.Let Ty, 1o, T3 denote the sets of the switching
times for the impact maps, respectively. For a state trajectory starting from x¢ € Si,
it switches at x; € ST. If x; € S*, then the trajectory converges to the origin without
any further switching. Otherwise, x| € St —8* and it may switch at either x, € S]rL
or xpp € S~ . The next switching occurs at x3, € St and x3, € 57, respectively. The
idea is to check whether sequence x1, x3,/ — X3p, ... 1S contractive with respect
to a quadratic surface Lyapunov function. If so, then the sequence will eventually
enter into set S*, and global asymptotic stability of the piecewise linear system is
established.

Choose x} = P~ lc/(cT P~'c) € S*, where P > 0 satisfies AT P + PA| = —1.
xf')‘ € Si’ can be chosen similarly in a subtler manner. Let xo(-) and x!(-) be the state
trajectories starting from x;j and x}, respectively.

Define the functions

wi@)=cleM/(1=c"x°M), wa)=cTe/(1-cTx' @),
wi(t) =cTe /(=1 cTx' @),
and further the impact maps
Hy(1) = e+ (x°(1) — xF)wi (), Hy () =™ 4 (x' (1) — x3)wa (),
Hs(t) = e + (x' (1) + x3) w3 (o).

By applying Corollary 3.32, we have the following stability criterion for saturated
systems.

Proposition 3.33 Saturated system (3.42) is globally asymptotically stable if there
exist matrices Py, P> > 0, vectors g1 and g>, and a real number o such that the
inequalities

Pi— H{ (0P Hi (1) = 2(g1 — H] (Ng2)w1(1) + w{ ()aw (1) >0 on ST —xF,
Py — HY (1) PrHA (1) — 2(g2 — HY (Dg1)wa (1) + w3 (Daw(1) >0 on S+ —xf,
Py — H{ (1) P1H3(1) — 2(g2 — Hy (Dg1)w3 (1) + w] (Naw3(1) >0 on ST —x}

hold fort € T\, t € To, and T € Tz, respectively.

Finally, we present a numerical example to illustrate the effectiveness of the sur-
face Lyapunov function approach for saturated systems.
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Example 3.34 For the planar linear system with saturated output feedback
=L ol o]
X = X u,
0 0 -0.4

y=1[0.6 1]x,
u =sat(y),

(3.43)

it is clear that the system is locally stable at the origin equilibrium. An ele-
mentary analysis shows that any state trajectory starting from the saturated area
(IcTx(0)| > 1) crosses the switching surfaces. There are three impact maps: the
map from ST to S*, the map from ST — $* to S_, and the map from S” to —S%,
which is symmetric to the first map. Note that any state trajectory starting from the
switching surfaces enters into £S5* by two or less switches. As any state trajectory
starting from +S5* asymptotically converges to the origin, global asymptotic stabil-
ity is guaranteed. Figures 3.5 and 3.6 show sample phase portraits starting from S
and the corresponding impact maps, respectively. In this simple case, no explicit
surface Lyapunov function is needed for stability analysis.

An interesting point here is that the system is not globally exponentially stable.
Indeed, let x (¢; xo) be the state trajectory with xo =[a 1 — 0.6a]T € ST, where a is

—2F IE—

-3+ ~

Fig. 3.5 Sample phase portraits
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3

Fig. 3.6 Illustration of impact maps

a real parameter. Furthermore, let #; be the first switching time with x (¢1; xg) € S +.
Then, it can be shown that

. 1 3

Iim —=—-—,

a——00 2

which excludes the possibility of global exponential stability of the piecewise linear
system. This means that the piecewise Lyapunov function approach does not apply
to the system.

3.3.4 Transition Analysis: A Graphic Approach

An intrinsic difficulty of stability analysis for piecewise linear systems lies in the
fact that switching transitions among the cells are autonomous. Therefore, the au-
tonomous stability is neither robust as in guaranteed stability nor flexible as in stabi-
lizing switching design. The lack of both robustness and flexibility in the switching
mechanism makes autonomous stability very hard to understand.

In this subsection, rather than taking the autonomous switching as a negative
factor, we try to take advantage of the switching transitions and present a graphic
approach for autonomous stability analysis.
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Definition 3.35 Discrete state i € M is said to be weakly transitive if for all xg €
£2; — {0}, we have either

It >0, ¢(t;0,x0) &2

or

Vi>0, $(t:0.x0) €2, lim $(:0,x0)=0.
——+00

It is clear that, when O & £2;, then state i is weakly transitive if for all xg € £2;,
there exists ¢ > 0 such that ¢(¢; 0, xo) & £2;. That is to say, there does not exist a
whole (continuous) state trajectory that stays within the cell. In this case, state i is
said to be transitive. Another observation is that a necessary condition for global
asymptotic stability of the origin is the weak transitivity of all discrete states.

Based on the transitive relationship, we could formulate a graphic approach for
addressing the stability of the piecewise linear system.

Let (V, &) be a directed graph with V = M being the node set, (i, j) € & if
i # j, and there exist a state xo € £2; and a time ¢ > 0 such that ¢ (¢; 0, xo) € £2;.
When (i, j) € &, (i, j) is said to be an edge of the graph, and & is the edge set. For
a node i, its neighbor set is

Li={jev:ije&}

Definition 3.36 A collection of nodes Vy C V is said to be invariant if I'; C Vj for
alli e V.

As a trivial fact, the node set V itself is invariant.

Definition 3.37 A collection of nodes Vi C V is said to be attractive if it is invariant
and the set V — V{y does not contain any loop.

It is clear that, a node set is attractive if each path with sufficiently large length
contains a node in this set and all the successive nodes stay in the set forever.

An attractive set is said to be minimal if any strict subset is not attractive. A min-
imal set is denoted Vipin.

For the piecewise linear system, any invariant node set Vo C V induces a subdy-
namics described by

xt)=Aix+a;, xe2i ieV (3.44)

whose dynamics is part of that of the original system, and the stability is simpler
to analyze. For simplicity, system (3.44) is denoted by Vj-induced piecewise linear
system.

Theorem 3.38 The piecewise linear system is globally asymptotically stable if the
following conditions hold:
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(1) each discrete state is weakly transitive
(2) there is an index i € M such that 0 € 'on and i € Viin, and
(3) the Vmin-induced system is globally asymptotically stable

Proof The proof is straightforward. Any state trajectory either converges to the ori-
gin without going through the region (J; eV, $2i due to the weak transitivity or
enters into the region in a finite time and then converges to the origin within the
region. U

Remark 3.39 The merits of the theorem include simplifying the stability verifica-
tion with the aid of graphic decomposition and applying to both discrete-time and
continuous-time systems. More importantly, the graphic approach provides an effec-
tive method for attractivity analysis. Indeed, when Vj is attractive, then | £2; is
an invariant domain.

ieVy

Example 3.40 H-K model of opinion dynamics.
Krause-Hegselmann [103] proposed a model of opinion dynamics with a uni-
form confident level, which is mathematically described by

1
x,'(t+l):—2xj'(t), i=1,...,k, (3.45)
|Ni| e
where x; € R is the opinion value of agent i, x =[xy, ..., x¢]T, r is the level of con-

fidence, N; is the neighbor set of agent i defined by N; (t) = {j : |x;(t) —x; ()| <7},
and | N;| denotes the cardinality of set N;. The model is called K—H model or H-K
model in the literature.

The problem of asymptotic consensus is to determine the region of initial states
that lead the agents’ opinions to a common value. For this, define the region

X= {xo R lim (xi(r,x0) —x;(t.%0) =0 Vi # j}, (3.46)

where x; (¢, xo) denotes the state x; at time ¢ with initial condition x; (0) = xg;. It has
been established in [103] that any consensus process is finite-time convergent, that
is,

xi(t,x0) =xj(t,x0) Vi#j, x0€X, t>T,

where T is a natural number that relies on «. From this and from the complete
orderedness of the opinions we can further prove that each process reaches its final
dynamics in a finite time, that is, there is a natural number 7* such that

xi(t + T*,xo) =x,-(T*,xo) vVt € Ty, xo € R".

As a result, the limit in (3.46) always exists. Furthermore, when x;(0) < x;(0),
then we have x;(t) < x;(¢) for all # > 0. As a result, the order of the opin-
ion values always keeps unchanged. Without loss of generality, we assume that
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x1 < x3 <--- < x,. Another useful observation is that if x;4 () — x;(¢) > r for
some i and ¢, then the inequality holds for all forward time. Therefore, a necessary
condition for consensus is

Xip1(t) —xi@®) <r, Vi=1l,....,6k—1, t€Dy. (3.47)

To apply the graphic approach, one way is to redefine the state vector that takes
x; — x;j as elements, and the consensus problem reduces to the attractivity of the
piecewise linear system. However, for the sake of simplicity, here we still use x as
the state vector, and the graphic approach is utilized in a heuristic manner.

First, define

X1={xeR":xk—x1§r}.

This implies that |N;| = « for all i. It is clear that any opinion process initiated from
X achieves consensus in one step, and any consensus process must enter into X
before the final consensus is achieved. As a result, X; C X, and X is the minimal
attractive region w.r.t. X. That is to say, any other cell within X must be transitive to
X in a finite time. Note that when ¥ = 2, X = X, and the consensus is equivalent
to initial connectedness of the opinion dynamics network.

Next, for k > 3, define

X2={xeRK Xk — X2 <P, X1 — X1 <P, X — X >r}.
This corresponds to | N1| = | N, | = k — 1 and | N;| = k otherwise. For any x (0) € X»,

we have

K Kk—1
1 1
XK(I,X(O))—Xl(LX(O))Zm E Xi(o)—m E x;(0)
i=2

i=1

1
= — (5 (0) = x1(0)

<
k-1
which means that x (1, x(0)) € X;. That is, X5 is transitive to X in one step. Note
that when k¥ = 3, X = X| U X», and the consensus is equivalent to initial connect-
edness of the opinion dynamics network.
Then, continue the analysis process and define

Xy, ={xeR":x,(—x11 <P, Xe—p, —X1 <71,

Xe = Xl—1 > F, Xe—ly41 — X1 > T},

where /| = L%J is the largest integer less than or equal to %, and [, = (%1
is the smallest integer larger than or equal to % It can be verified that, for any

x(0) € X;,, we have
xK(l,x(O)) — Xy, (1,x(0)) <r
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and
xp, (1, x(0)) — x1 (1, x(0)) <.

This means that x(1,x(0)) € Uljlzl X j, which further implies that x(z, x(0)) €

Ulj‘zl X for all t € Ty. It follows from the opinion dynamics equation that both
X, (t, x(0)) —xy, (¢, x(0)) and x;, (¢, x (0)) — x1 (¢, x (0)) are contractive as ¢ increases,
which further implies that region X, is transitive to X in a finite time.

To summarize, the regions X», ..., X;, are transitive to X in a finite time, and
any state in X achieves consensus in one step. By applying Theorem 3.38, we
obtain the following consensus criterion.

Proposition 3.41 The opinion dynamics reaches a consensus if |[N;(0)| > % for
anyi=1,...,k.

While conservative, the proposition provides an easily verifiable sufficient con-
dition, which only relies on the initial network graph. Besides, it tells us that, when
each person in a society finds that more than half of the population (nearly) agree
with him, then a consensus could be finally achieved.

To illustrate the effectiveness of the above analysis, we take x = 5. Letr = 1 and
xo=[-1,-0.9,0,0.9, I]T. It can be verified that the condition in Proposition 3.41
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Fig. 3.7 Consensus of the opinion dynamics



3.3 Piecewise Linear Systems 105

28
~
~
~
~
~
~
~
~
~
156 = = = = = = = = °— o _ _ -
Tt ———————— *———————— -2
I L
1 -~ " e
2
S 051 |
(%]
0 — === === = o _ -
B O ————— -9
05 y 1 -
-
-
-
-
-
L
-
-
- | - Il Il Il Il Il Il Il
0 0.5 1 1.5 2 25 3 35 4
Time (Sec)

Fig. 3.8 Split of the opinion dynamics

is satisfied. Therefore, consensus can be achieved. Figure 3.7 shows the evolution
of the opinion dynamics, which achieves consensus in three steps.

Finally, take the initial state to be xo =[—1,0, 1, 1.5, 217 1t can be verified that
|N1(0)| = 2, which means that the condition in Proposition 3.41 is violated. Fig-
ure 3.8 depicts the evolution of the opinion dynamics, and it is clear that the agents
split into two parties within two steps.

3.3.5 Conewise Linear Systems

A continuous function f : R" — R” is said to be conewise linear if there exist a
finite set of convex polyhedral cones {X7, ..., A}, } with U;”Zl X;=R"andn xn
matrices {L1, ..., L;,} such that f(x) = L;x for x € X;.

A conewise linear system is a differential or difference equation with a conewise
linear function as the right-hand side:

xt)=Ax, xei, (3.48)

where Ayq,..., A, are n X n real constant matrices, and {X], ..., X}, } is a set of
convex polyhedral cones with | J;~; X; =R" and X’ N X/‘.’ =@ fori#j.
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It is clear that conewise linear systems are piecewise linear systems with conic
state partitions and without affine terms. Other important features include that the
system is homogeneous with degree one and that the right-hand side is globally
Lipschitz continuous. As a result, the system always admits a unique solution over
the time space from any initial state, and local asymptotic stability implies global
asymptotic stability. Furthermore, we can prove the equivalence among the stability
notions, as stated in the following proposition.

Proposition 3.42 For the conewise linear system, the following statements are
equivalent:

(1) The system is attractive.
(2) The system is asymptotically stable.
(3) The system is exponentially stable.

Proof We only need to prove that attractivity implies exponential stability. For this,

suppose that the conewise system is attractive. This means that, for any state x on
the unit sphere, there is a time #* > 0 such that

(%50, x)| <

ENII

As the vector field of the system is globally Lipschitz continuous, there is a positive
real number r such that

9(%50.0) = 9("50.9)| = ¥y B0,
Combining the above inequalities yields
l6(t%:0,y)| < % Vy € B, (x).
Letting x vary along the unit sphere, we have
L B-@)oH,.

xeH,

As the unit sphere is compact, by the Finite Covering Theorem, there is a finite set
of states xi, ..., x; on the unit sphere such that

I
B o H,.
j=1

As aresult, we can partition the unit sphere into / regions Ry, ..., R; such that R; C
B, (xj), j=1,....1, Uljzl R; =H;j, and R; N Ry =¥ Vj # k. Define accordingly

;={x:3I1 >0, Ax e R;}, sj=t, j=1,...,L
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For any initial state xg, define recursively
ir =#x e 2;},
Tl = Bk + Siy
e+t = Pttt z), k=0,1,2,..,
with o5 = 0 and zg = xg. It can be seen that

Zk|

2k = ¢ (1 0, x0), |Zk+1|§7, k=0,1,2,...,

which further implies that
|¢(1:0,x0)| < Be™*'|xo| Vi €To,

max{[[Aqll,.... [ Ap ||} max{sy,.

_ .81} — In2 i _
where 8 = ¢ ,and o = T RIE The conclusion fol

lows due to the arbitrariness of x. O

Note that the stabilities do not always coincide for general piecewise linear sys-
tems, as exhibited by Example 3.34.

Next, we are to present a verifiable criterion for stability of conewise linear sys-
tems. For this, we introduce the notion of unit-sphere contractility as defined below.

Definition 3.43 For a given norm | - |, the conewise linear system is unit-sphere
contractive (w.r.t. norm | - |) if for any state x with unit norm, there is a time 7 > 0
such that |¢(T; 0, x)| < 1.

Theorem 3.44 The following statements are equivalent to each other:

(1) The conewise linear system is exponentially stable.
(2) The conewise linear system is unit-sphere contractive w.r.t. any given norm.
(3) For a given norm, the conewise linear system is unit-sphere contractive.

Proof 1t is clear that (1) = (2) = (3). So we need only to prove (3) = (1).
For any arbitrarily given but fixed state x with unit norm, let 7 be such that
|¢(T;0,x)| = px < 1. Define

Ty =min{7 : |p(t;0,x)| = 1y}

By the continuous dependence of initial state, there exists an open neighborhood N,
of x such that

|¢(T: 0, y) — ¢(T; 0, x)| < Vy € Ny,

1 —
2
which further implies that

I+
|¢(Tx;0, y)| =< TX Yy € N,.
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Letting x vary along the unit sphere, it is obvious that

U N, D H;.

erl

By the compactness of the unit sphere and the Finite Covering Theorem, there exist

a finite number / and a set of states xy, ..., x; on the unit sphere such that
l
U Ny, D Hy.
i=1
Accordingly, we can partition the unit sphere into / regions Ry, ..., R; such that

Ué:l R; = H;. In addition, for each i, 1 <i <!, we have

14y
[¢(T: 0.0 < ——* VyeR:.

For any state z € R”, there are x € R; with 1 <i </ and a positive real number A
such that z = Ax. Denote T; = T, and i = max{y,, ..., ity . Itis clear that

1+ pu
2

|¢(T2:0,2)| < 2l VzeR". (3.49)

Then, for any xp # 0, define recursively the sequence of states
20 = X0,
41 =¢(T;0,z8), k=0,1,....
Similarly, define recursively a sequence of times
1o =0,
1=t +Ty,, k=0,1,....

It follows from (3.49) that

1 k
}¢(%§QZ)|§<%) lzl, k=1,2,.... (3.50)

Finally, we prove that each state trajectory under the above switching path is
exponentially convergent. To see this, let

1
T=maxT,  a=2/T. nzm”é{anju, g =2e".
i= j=
It follows that
|¢(1:0,x0)| < Be™*'|xol Vxo€R", 1 €Tp. 3.51)

This completes the proof. g
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Next, we are to develop a constructive procedure for verifying the unit-sphere
contractility, which by the theorem provides a computational verification of expo-
nential stability of the conewise linear system. The idea is to select a set of states
with unit norm and determine a neighbor of contractility for each state. When all
the neighbors cover the unit sphere, the system is unit-sphere contractive. A key
issue is to estimate a contractility neighbor for a given initial state. For this, denote
L =max{||A1]l,..., |Ax]l} and fix a real number § € (0, 1).

Proposition 3.45 Let x be a state with unit norm, and T, > 0 be such that
| (Ty; 0,x)| <6. Then, for any y with |y — x| < nx(1 — 8), we have

|6(T; 0, y)| <1, (3.52)
LT,

in continuous time, and 1, = L in discrete time.

where ny = e~ TAE

Proof Note that L is a Lipschitz constant for the conewise linear system, that is, for
any indices i, j € {1, ..., m} and any states x € &; and y € Xj, we have

|Aix — Ajy| < Llx —y|.
To see this, denote the ordered set of intermediate states
0=X, Ty «+-, Zk7Zk+1 =y

on the segment (x,y) such that (z;,z;41) is within some X, for each [ e
{0, 1, ..., k}. It is clear that

[Aix = Ajy| < |Aix — Ajzi| + -+ |Ajze — Ajyl
< L(lx =zl + -+l = yl)
= Lix —y]|.

This implies that, for continuous-time systems, we have

Ty
|6(T;0,y) — ¢(T; 0, 0)| < |x — y| + L/O |¢(1:0,y) — ¢ (t: 0, x)| dt.
It follows from the Bellman—Gronwall lemma that

|¢(T2:0,y) — ¢(Ty: 0, x)| < e"Tr|y — x|,

which leads to inequality (3.52). The discrete time case can be established in the
same manner. g

Remark 3.46 The proposition presents an estimate of the radius of a ball within the
contractility neighbor for any given state with unit norm. The radius is dependent on
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the contractility ratio, the subsystem matrices, and the time length 7 for contractil-
ity. For any exponentially stable conewise linear system with convergence estimate
(3.51), it can be seen that 7 can be chosen such that

- Ing —1né

=< Vx.

o

This means that a uniform lower bound of the radius could be explicitly computed.

Based on the proposition, we could outline a computational procedure for veri-
fying the unit-sphere contractility. For this, denote the region N, ={y : |[x — y| <
Ny (1 — &)} for a state x.

(1) Select a set of initial states xy, ..., x; that are uniformly distributed on the unit
sphere with a preassigned dense.

(2) Determine the times T, by simulation.

(3) Check whether H; C Uf: | Ny; or not. If yes, return “System is exponentially
stable.” Otherwise, double the dense of the initial states and repeat the process.

Conceptually, the procedure does work as it terminates in a finite time when
the system is unit-sphere contractive. However, it does not terminate when the sys-
tem is not unit-sphere contractive. Technically, it is usually not an easy task for
representation of a region and a union of regions, and for verification of subset re-
lationship between two regions. In particular, region N, is norm-dependent, that is,
different norms may correspond to different regions. Note that, for the £;-norm, the
region is generally nonconvex (and not a union of a finite set of convex regions)
and nonpolyhedric as well. In this case, it is very hard to verify the subset relation
H, C Ule Ny, . Accordingly, we use the £1-norm instead. In this case, each Ny is a
convex polytope, and the subset relationship can be verified by means of commercial
numerical softwares (for example, MATLAB GBT Toolbox [252]).

To further reduce the computational load, we take the reduced-order approach.
For this, first consider the (upper) half unit sphere given by

Hf ={x=[x1.....5]" : %, 20, x|y =1}.
This sphere can be projected into the (n — 1)-dimensional unit ball by the map
Pn:HTHB’l“], Pox =[x1, ..., xn_11".
The inverse map is
_ T -
Poly=[ e 1= 1yh]. yeBiTh

Define N ={y e H] : [x — y| <n,(1 — 8)} and PN ={P,y:y e Nf} C B’f_l.
Similar reduction can be made for the (lower) half unit sphere given by

H ={x=[xi,....51" 1 x, <0, x| =1}.
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The subset relation H; C Uf‘: 1 Ny, is reduced to

U PN} =B]"", U PN, =B,

xkEHT Xk EHI_

which could be verified over the (n — 1)-dimensional unit ball.

Example 3.47 For the planar discrete-time conewise linear system
x(t+1)=A;x(t), x(Hed;, t=0,1,...,
with

A= —1.4078 0.1223:|’

| 1.3846  0.4437

4, — [ 05837 —0.7019
705213 13070 |’

4o [ 02405 0.1223

37 [-0.3420 0.4437)°

X = x eR%: i _01 x>0¢,

X ={xeR?: ! lxioy
__1 1_

X3 = xeR?: :}_01 x>=0¢,

it can be verified that the first and the second subsystems are unstable, and the third
one is stable.

Set contractility rate § = 0.8, and dense size y = 0.01. Let y, = —1 + vk,
k=0,1,...,2/y, which are equally distributed on the one-dimensional unit ball
[—1, 1]. By projecting yx into the two-dimensional upper and lower half unit
spheres, respectively, we have x;! = [y, 1 — |yk|]T and x,l( = [y, -1+ |yk|]T for
k=0,1,...,2/y. The next step is to determine 7, by simulation for each ini-
tial state x € {x,?,x,’c,k =0,1,...,2/y}. It was found that each initial state is
d-contractive within three steps. Simple calculation shows that the radius of Ny
is not less than 0.0092, which corresponds to » = 0.0065 when projected into the
one-dimensional space. In this way, the interval (yx — r, yx + r) is a contractility
neighbor of yy. It is clear that

2/y

[—Luc{Jo—ryw+r),
k=0
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Fig. 3.9 Phase portrait of the conewise linear system

which means that the conewise linear system is exponentially stable. Figure 3.9
depicts a sample phase portrait, which stays and converges within &> after several
switches between X} and A3.

3.4 Dwell-Time Switching

For switched linear systems, it is well known that the exponential stability of the
subsystems does not necessarily imply stability of the switched systems under arbi-
trary switching. However, under a switching law with sufficiently large dwell time,
the exponential stability of the subsystems does imply the asymptotic stability of
the switched systems, due to the fact that any exponentially stable system admits
a finite transient process. This arises an interesting problem of finding the least
dwell time such that the switched system is globally stable under any switching
signal with the dwell time. The problem, which we refer to the least stable dwell
time problem, is both theoretically challenging and practical appealing. Indeed, the
least stable dwell time is a measure of fault tolerance for systems with a nominal
subsystem and a substitute subsystem which works when the nominal loop fails to
work properly. It is clear that the smaller the least stable dwell time, the better abil-
ity of fault tolerance. Theoretically, the least stable dwell time captures the subtle
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property of marginal transition among subsystems, which is a unique and important
phenomenon for switched systems.

On the other hand, when the subsystems are unstable, the switched system can
still be stabilizable by means of proper switching among the subsystems. A well-
known condition for stabilizability is the existence of a stable convex combination
of the subdynamics, for which high-frequency switching can stabilize the switched
system. However, high-frequency switching is usually harmful and undesirable in
most applications. This arises the problem of finding stabilizing switching with the
largest possible dwell time, which we refer to the slow switching (design) problem.

In this section, we investigate the above problems in a heuristic manner. As the
problems are very difficult, we mainly focus on two-form switched linear systems.

3.4.1 Preliminaries

For a time-driven switching signal o with the switching sequence
(to, i0), (t1,11), ..., (1, i), | =+o00,

its dwell time is the least duration of switching, that is,
. I
do =]1m§{tk — tk—1}.

It is clear that the dwell time is nonnegative, and positive dwell time implies well-
definedness, but the converse is not true. For a nonnegative real number t, let S; be
the set of switching signals with dwell time greater than or equal to 7, that is,

S;={oeS:d, >1}.
As an extension, we define the average dwell time of switching signal o as

e T — 1
dgzlnfhmk 0
k—1

For a nonnegative real number 7, the set of switching signals with average dwell
time greater than or equal to T is denoted by S¢. It is clear that the average dwell
time is larger than or equal to the dwell time for any switching signal, and S; is a
subset of S¢ for any 7.

For the switched linear system

x(1) = Ag(n)x (1), (3.53)

let S* be the set of switching signals that make the switched system asymptoti-
cally stable. A nonnegative real number 7 is said to be a stable dwell time if each
switching signal in S; makes the switched system asymptotically stable, and the
least stable dwell time is defined to be

7, =inf{t : S; € S*},
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which is the infimum over the stable dwell times. The least stable average dwell
time can be defined in the same manner.

It can be seen that, when all the subsystems are exponentially stable, the least
stable (average) dwell time is always finite. Indeed, there exist positive real number
pairs (a, ), j =1,2,...,m, such that

e < Bje " Vi eTh. (3.54)
Suppose that the switching signal o is with switching sequence
(10, i0), (t1,01), -, (1, 0p).
Then the state transition matrix is
D(t, 1y, 0) = A =10 i t—te—1) | JAi (1=t0) vy (tk, treg1].

Define

{ In By In By, }
T =maxy —,..., .
aq Am
It can be seen that any switching signal with dwell time 71 makes the state transition
matrix norm contractive. As a result, 1 is an upper bound of the least stable dwell
time. Note that such an upper bound is norm-dependent.

Another approach for approximating the least stable dwell time is the Lyapunov
approach. Suppose that Py, ..., P, is a sequence of symmetric and positive definite
matrices. Let T be a positive real number satisfying

AP —PA; <0 VieM
and
A TPAT <P Vi jeM, i),
Then, by taking the piecewise quadratic Lyapunov function
Vx,t)= xTPa(t)x,

it can be seen that, for any switching signal with dwell time 7, the Lyapunov func-
tion is strictly decreasing along switching instants. Hence, the switched system is
asymptotically stable. As a result, T is an upper bound of the least stable dwell
time.

The above idea of using piecewise quadratic functions can be further extended to
piecewise norm functions. Indeed, the following result has been established.

Lemma 3.48 (See [261]) t is a stable dwell time for the switched linear system iff
there exist norms v;, i =1, ..., m, such that

vi(ed'x) —vi(x) <0 Vx#0, 1>0,
vi(eMTx) —vi(x) <0 Vx#0,i,jeM, i#]. (3.55)
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To find a lower bound of the least stable dwell time, we examine the sampled-data
system

T
Xp+1 =Dy xp

with sampling period t, and DJF = AT, j=1,...,m. It can be seen that a neces-
sary condition for t to be a stable dwell time is the guaranteed asymptotic stability
of the sampled switched system, which can be verified by calculating the spectral
radius of the sampled system. When the generalized spectral radius is larger than or
equal to one, then t is a lower bound of the least stable dwell time. Suppose that we
have found an upper bound t; for 7. Here we provide a random search procedure
for computing such a lower bound.

Step 1. Fix an integer K and set 7y := 0 and k := 0.

Step 2. Randomly choose a sampling period T from the interval (79, r1). Sample
the switched system with the period.

Step 3. Calculate the generalized spectral radius A of the sampled system. If A > 1,
thenset tg:=71.Setk:=k + 1.

Step 4. If k < K, then go back to Step 2. Otherwise, return 7¢ as the lower bound
estimate of the least stable dwell time.

Example 3.49 For the planar two-form switched linear system with

A= [ 0.0957 1.4148 } ’ Ay = [0.0517 —0.5547] ’
—0.9812 —0.3837 0.7801 —0.4392
by solving the Lyapunov equations
AP+ PA =D, i=1.2,
we obtain (cf. (3.54))

1
B 2)\max(Pi) '

o Bi =V hmax (P) [hmin (), 1= 1,2,

which further gives t; = 3.4630. On the other hand, applying the above search
procedure (with K = 1000) gives 19 = 1.2425. Thus the least stable dwell time
T, € (1.2425, 3.4630).

Next, we turn to the problem of slow switching, where the largest possible sta-
bilizing dwell time is to be sought. To be more precise, a nonnegative real number
T is a stabilizing dwell time if there exists a switching signal in S; that steers the
switched system asymptotically stable, and the largest stabilizing dwell time is de-
fined to be

* =sup{t : S; N S* £},

which is the supremum over the stabilizing dwell times. The largest stabilizing av-
erage dwell-time can be defined in the same manner.
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For a two-form switched linear system with at least one unstable subsystem, we
define the set

A= {(rl, 7)1 > 0,17 > 0, e T2 g Schur}.

It can be seen that, when (71, 72) € A, the switched system is asymptotically stable

if we take the periodic switching signal

1 if d (¢, )

o) = i mo' t,n+n)<nu (3.56)
2 otherwise.

As a result, min{tq, 72} is a lower bound of the largest stabilizing dwell time, and
(11 4 12)/2 is a lower bound of the largest stabilizing average dwell time. To obtain
a tighter estimate, we use the quantities

sup min{r, 72} and sup (11 +12)/2 (3.57)

(t1,12)€A (t1,2)€A

to serve as lower bounds for the largest stabilizing dwell time and the largest stabi-
lizing average dwell time, respectively.

It is interesting to examine the open set A. It is clear that, when A; and A, admit
a stable convex combination, 0 is an accumulating point of the set, and vice versa.
Even in this case, the set is not necessarily convex. In fact, the set may contain dis-
connected subsets, and each connected subset is possibly nonconvex. For example,
for the two-form switched system with

-2.1 14 59 1.0 -05 -28
A;=|-80-57-02], Ary=1| 48 =50 1.1 |, (3.58)
0.6 58 1.6 -1.0 —-6.6 -2.1

it can be verified that wA| + (1 — w) A, is Hurwitz for 0.33 < w < 0.75. Therefore,
for any w € (0.33, 0.75), there exists a positive real number t such that the segment
from (0, 0) to (wt, (1 — w)7) belongs to the set A. Figure 3.10 depicts the set that
contains several isolated subregions. It is clear that the largest subregions are not
convex. The nonconvexity nature makes the effective computation of the set very
difficult.

Another observation is that a periodic switching signal with the largest dwell
time as defined in (3.57) steers the switched system marginally stable with possible
very long transient process and very large overshoot. In fact, even for a dwell time
near the boundary of the set A, the corresponding transient process may be quite
long. For system (3.58), if we take the periodic switching signal with

71 =2.1009, 7 =2.1132,
then it can be verified that the matrix e?171¢42%2 admits spectra

{0.6384, —0.7891, —0.0000},
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Fig. 3.10 The set A

which means that the transition matrix is Schur stable. This implies that (t1, 72) € A.
Figure 3.11 shows the state trajectory of the switched system under the periodic
switching with initial state xo = [1, —1, 0]”. It is clear that the transient process is
quite long and the overshoot is very large.

To improve the system performance, we introduce the notion of e-robust stabi-
lizing dwell time pair. Precisely, given € > 0, a pair of positive real numbers (71, 72)
is said to be an e-robust stabilizing dwell time pair if

Bc(t1,12) € A.

That is, the ball centered at (71, t2) with radius € is inside the stabilizing dwell time
set A. The set of such pairs, denoted A, is a strict subset of the set A. Instead of
computing the largest dwell time as in (3.57), we are to find the largest e-robust
stabilizing dwell time defined by

sup min{tq, 12}. (3.59)

(t1.12) €A
The next random searching procedure aims at computing the dwell time.
Initial Setting

Set 71 := 0 and 1 := 0. Set two searching steps, k1 and k;. Set €.
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Fig. 3.11 State trajectory under periodic switching

Finding Dwell Times

(1) Setkj :=k; — 1 and input two random positive real numbers a and b.
(2) If k1 <=0, go to Step 4. Otherwise, check the Schur stability of the matrix
e (m+a) pAa(mtb) If pot, go to Step 1.

Checking €-robustness

(3.1) Set j :=k».

(3.2) If j <=0, go to Step 3.4. Otherwise, input two random numbers ¢ and d
between —e and €.

(3.3) Check the Schur stability of the matrix ¢41(f1+a+0) gA2(mat+b+d) 1f not, then go
to Step 1. Otherwise, set j := j — 1 and go to Step 3.2.

(34) Setti:=11+aand 1o ;=1 +b. Goto Step 1.

Conclusion
(4) Set T :=min(t, 72), which is an estimate of the largest e-robust dwell time.

Finally, let us examine the behavior of system (3.58) under various €’s. As
we mentioned before, the transient performance is very poor when € = 0 (cf.
Fig. 3.11). When € = 0.01, the computed largest e-robust dwell time is 0.8503 with
71 = 0.8503 and 7, = 0.8524. Figure 3.12 shows the state trajectory under the peri-
odic switching, which admits much better transient process than that of € = 0. When
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Fig. 3.12 State trajectory of under periodic switching with € = 0.01

€ = 0.1, the computed largest e-robust dwell time is 0.3350 with 7y = 0.3350 and
7 = 0.3634. The corresponding state trajectory, shown in Fig. 3.13, has smaller set-
tling time and overshoot than those with smaller €’s. Notice the interesting trade-off
between the switching period and the system state performance, which is in fact the
trade-off between the discrete state quality and continuous state quality.

3.4.2 Homogeneous Polynomial Lyapunov Approach

As stated in Lemma 3.48, 7 is a stable dwell time if inequality (3.55) holds from
some norms v;, i =1, ..., m. This indicates a way of approximating the least dwell
time. In this subsection, we present a computational approach that searches for a
least possible stable dwell time when the norms are adopted from homogeneous
polynomial functions.

Fix a natural number d. For a positive definite homogeneous polynomial with
degree 2d given by

il ----- in >0

; .
pey= Y ai.ix

i1+ +ip=2d
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State

Time(Sec)

Fig. 3.13 State trajectory of under periodic switching with € = 0.1

1 . . .
anorm on R” is induced as v(x) = p2a (x). It is clear that, if there exist a sequence
of positive definite homogeneous polynomials pi, ..., p, such that

pi(eA"tx) —pi(x) <0 Vx#0, t>0,
pi(e™x) = pi(x) <0 Vx#£0,i,jeM, i#], (3.60)

for some 7, then the induced norms v;, i =1, ..., m satisfy (3.55), which means that
7 is a stable dwell time for the switched linear system. Note that when d = 1, the
set of Lyapunov functions degenerate into the set of piecewise quadratic Lyapunov
functions, and the computation of the quantity can be conducted by means of linear
matrix inequalities.

As discussed in Sect. 2.4.1, we take the set of positive definite homogeneous
polynomials that admit a sum-of-squares expression as

px) = (x[d])TPx[d],

where P is a positive definite matrix, and x[4! is the d-lift of state x. Denote by Al[.d]
the induced matrix such that (4;x)[4! = Al4]x[d] anq

dx (¢
X0 _ 4w

dt a(t)x[d](’)'
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Let NY = (”+z_l). It can be seen that x[4) is N¢-dimensional and that the matrix
Aldlis of N9 x N9,

Lemma 3.50 t is a stable dwell time of the switched system if there exists a se-

.. . . dynd .
quence of positive definite matrices Q; € RN XNy i =1,..., m, such that

(AN 0, + 0, <0 viem,
exp((A) 0) 0 exp(Al7) < @i Vi, jeM, i#]. (3.61)
Proof 1t is clear that exp(Al[d]t) = (e4™)l4] The conclusion follows from (3.60)

with p; (x) = (x9H)T Q; x4, O

Note that, when 7 satisfies the second inequality of (3.61), any real number ¢ > t
also satisfies the inequality with T replaced by ¢. Indeed, it follows from the first
inequality of (3.61) that

[d] d
oAl )T@—r)QieA,» -9 <0, ieM.
[d]

Pre- and post-multiplying the second inequality of (3.61) by AN (=) gng

(d) . .
e (67D, respectively, we obtain

AT d N (. [d, _
exp((4}1)" ) Qjexp(4]ls) < AT Qi < g,

This means that, if we take 7 as a variable, then inequality (3.61) admits a set of
solutions with a unique infimum, which is an upper bound of the least stable dwell
time.

The above discussion enable us to formulate the optimization problem

inft
30; >0 s.t. (3.61) holds.

The problem can be solved by means of semi-definite programming technique. The
resultant solution, denoted ¢, is the smallest upper bound of 7, when the Lyapunov
function is in the set of homogeneous sum-of-squares with degree 2d.

Example 3.51 Consider the planar two-form switched system with

0 1 0 1
velB A S )

Taking d =1, 2, 3, 4, we obtain the upper bounds tf presented in the table below.

d 1 2 3 4

¢ 0.6222 0.6079 0.6073 0.6073

*
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It is clear that 0.6073 is an upper bound of the least stable dwell time. On the
other hand, we can prove that 0.6073 is also a lower bound of 7,. Indeed, let & =
0.8800 and h, = 0.6073. It is straightforward to verify that the state transition matrix
eA1h1 gA2h2 dmits the spectra {—1.0000, —0.2260}, which shows the existence of a
periodic switching that steers the switched system marginally stable.

To conclude, we have t, = 0.6073, and the homogeneous polynomial Lyapunov
function approach provides a nonconservative estimate of the least stable dwell time
for this example.

3.4.3 Combined Switching

Based on the largest e-robust stabilizing dwell time, we can further enlarge the dwell
time by introducing a combined switching mechanism, that is, the state-feedback
switching with fixed dwell time.

Next, suppose that 7 and 7> are fixed and that the matrix e?1%1¢4272 is Schur
stable. Clearly, there exist a positive definite matrix P and a real number § € (0, 1)
such that

(eh2m2eAm) ! petanehin < (1 - 5)P. (3.62)

Assume without loss of generality that 7] < 15.
Fix a real number 5 € (0, I(STS)‘ Let Q; = AI.TP + PA;,i =1,2. Define

)\min P
v =1n<1 +2n||A1||A%;Q;)/(2||A1II),

where Amin(P) and Amax(Q1) are the smallest and the largest eigenvalues of P and
01, respectively.
Suppose that x is initialized at x(fp) = xo. Define the switching sequence

o (to) = 1 ifx] Qixo < x! Qaxo,
0= 2 otherwise,

inf{t >t +v: x()TQ1x(1) =0} + 11 ifo(y) =1,

Tkl =y, T . (3.63)
inf{t >t + 1 : x(@)' Qrx(t) >0} ifo(ty) =2,
2 ifo(y) =1,

olhan =1 "o k=0,1,....

1 ifo() =2,

According to this strategy, when the first subsystem is activated, it is first kept
active for time v, and then it must be kept active for the additional dwell time t;
after the state-feedback switching time is due. On the other hand, if the second
subsystem is activated, it must be kept active for the dwell time 1, and then the
state-feedback switching law decides the next switching time. In this way, the dwell
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time of the combined switching is greater than or equal to min(z; + v, 72), which is
larger than the original dwell time 7.
The following result states the main property of the proposed switching strategy.

Theorem 3.52 The switched system is exponentially stable under switching
law (3.63).

Proof Let V(x) =xT Px be the Lyapunov candidate. Fix an initial state and sup-
pose that the switching time sequence is fy, t1, . ... Taking any switching instant #;
with o () = 1, we examine the monotonicity of the Lyapunov candidate along with
the time interval [#, fx4+2). According to the switching law, the time-driven period
is

[tk tr +v) Utk — 71, 1 + 72),

while the state-driven period is
[t + v, ter1 — 7)) Ultkg1 + 12, tr42).

Note that the Lyapunov candidate function is decreasing during the state-driven pe-
riod. During the time-driven period [fx4+1 — 1, tk+1 + T2), it follows from (3.62)
that

V(x(trr1 + 1) < (1 =8V (feg1 — T1).

For the time-driven period [#, tx + v), we have

fx+v
/1 ') Qix(0)dt <0V (x(w)).
3
which further implies that

1
V(x(m+v) < mV(x(tk)).

Combining the above facts together yields
V(x(tr2)) <V (xg,).

As the time-driven period is with fixed length t; 4 72 4+ v for each switching cy-
cle, the Lyapunov candidate converges exponentially, and the switched system is
exponentially stable.

To illustrate the effectiveness of the proposed switching law, we reexamine the
example as in (3.58). We take t; = 0.3350 and 1, = 0.3634 that correspond to the
largest e-robust stabilizing dwell time with € = 0.1. Furthermore, take

1.1125 0.0681 0.0878
P=0.0681 2.1136 1.6565 |, n=245=0.2180.
0.0878 1.6565 3.4735
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Fig. 3.14 Sample state trajectory (upper) and switching signal (lower)

As a result, we have v = 0.0249. It follows that switching law (3.63) admits the
dwell time of 0.3599, which is larger than 0.3350 for the periodic switching law
(3.56). Moreover, due to the introduction of the state-driven mechanism, the av-
erage dwell time can be further enlarged. Figure 3.14 depicts the state trajectory
and switching signal of the switched system under switching law (3.63) with ini-
tial state xo = [0.8040, —1.7240, 0.1741]7 . For this piece of sample switching path,
the average dwell time is 0.4672 sec, which is one third larger than that of periodic
switching (3.56), 0.3492 sec. O

3.5 Notes and References

Stability of stochastic systems is not a new topic, and the history can be traced back
to the 1950s. Systematic investigations were made by quite a few scholars such as
Bharucha [27], Kozin [133], Kushner [136], and Khasminskii [131]. In particular,
Kozin [133] established that exponential mean square stability implies almost sure
stability, as stated in Theorem 3.11. In the survey paper [134], Kozin clarified some
confusing concepts and explained the relationships among the stability concepts.
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Much progress has been made in understanding various stabilities since the 1990s.
The reader is referred to [43, 59, 74, 79, 140, 167] and the references therein.

The equivalence among the mean square stabilities, as stated in Items (1)-(3) of
Theorem 3.3, was obtained by Feng et al. [79], which was extended to the §-moment
stabilities by Fang [70]. The stability criteria, Items (4) and (5) of Theorem 3.3, were
presented in [79] and [160], respectively. The proof of Theorem 3.3 was combined
from [70, 79, 160]. Lemma 3.4 was adapted from [160]. For almost sure stability,
while many sufficient conditions and necessary conditions were presented in the
literature (see, e.g., [70, 71, 144, 166]), it was well recognized that, as the Lya-
punov component is notoriously difficult to calculate [10, 251], almost sure stability
is much harder to tackle than moment stabilities [61]. It was established, however,
that as 6 — 0, the stability region (w.r.t. subsystem matrices) of §-moment stability
shrinks exactly to the stability region of almost sure stability [70, 73]. While this
reveals the insightful connection between almost sure stability and moment stabil-
ity, it provides little help in practical verification of almost sure stability, due to the
lack of verifiable moment stability criteria. The necessary and sufficient condition
for almost sure stability, Theorem 3.16, was adapted from [42]. Though the criterion
is of limited practical value, it does provide a counterpart of the transition contrac-
tion criterion for deterministic switched systems, as presented in [216, Prop. 3].
Lemma 3.14 was adapted from [70].

It should be noted that the material here is limited to continuous-time homoge-
neous jump linear systems. For the discrete-time counterpart and/or jump diffusion
counterpart, the reader is referred to [59, 70, 72, 144, 160] and the references therein.

Piecewise linear systems are switched linear systems with state-space-partition-
based switching. Theoretically, piecewise linear systems are powerful in approxi-
mating highly nonlinear dynamic systems [210], in representing interconnections
of linear systems and finite automata [212], and in characterizing control systems
with fuzzy logics [76]. From the model point of view, piecewise linear systems
provide an equivalent framework to the well-known linear complementary systems
[101, 102, 143] and mixed logical dynamical systems [23, 174]. Primary topics in
the literature include well-posedness [116, 265], controllability, reachability, and
observability [11, 49, 202], stability and stabilization [93, 94, 119, 125, 126], and
computational complexity [40], among others. While the study on stability of piece-
wise linear systems has been attracting increasing attention, the stability problem
is found to be notoriously challenging [29, 230]. One reason for this is the fact
that switching is autonomous based on cell partitions which usually induce highly
nonlinear transition maps that are very difficult to characterize. Nevertheless, re-
markable progress has been made during the last decades, with much attention be-
ing paid to the development of computational approaches. The piecewise quadratic
Lyapunov approach, proposed initially by Johansson and Rantzer in [125, 126], pro-
vides a rigorous method for analyzing the stability of general piecewise linear sys-
tems. To find qualified piecewise quadratic Lyapunov functions, we usually need
to further partition the cells, which makes the computation inefficient for higher-
dimensional systems. This motivates the development of a natural-partition-based
mechanism to reduce the computational burden. The surface Lyapunov function ap-
proach, proposed by Goncalves et al. in [92, 93], is exactly such an approach. It
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focuses on the contractility of the impact maps defined over the switching surfaces
instead of the total state space, which captures and utilizes the subtle properties
of the impact maps that are generally nonlinear and multivalued. The approach is
powerful in coping with piecewise linear systems whose impact maps could be pa-
rameterized. Particular but important examples include a linear plant with a non-
linear relay/on—off/saturated feedback. It is clear that the approach only applies to
continuous-time systems. An extended scheme is to analyze the transition relation-
ships among different cells, which could possibly be represented by a digraph. By
applying the graph theory, it is possible to reduce global graph analysis to that of
subgraphs which are invariant and attractive. While simple, the approach applies to
both continuous time and discrete time.

The main results in Sect. 3.3.2 were adapted from [126], and the contents
in Sect. 3.3.3 were mainly taken from [93]. The transition analysis presented in
Sect. 3.3.4 was proposed in [226], where the concept of (weak) transitivity was bor-
rowed from [119]. As a specific class of piecewise linear systems, conewise linear
systems admit simpler behavior; for example, a continuous conewise linear system
is always well defined as no Zeno phenomenon occurs [50]. Proposition 3.42 reveals
another nice property for the system, which naturally follows from the homogeneity
of the switched system [8]. The other part of Sect. 3.3.5 was taken from [229].

Switching with positive dwell time or average dwell time was proposed to ad-
dress the stability problem by Morse and Hespanha in [110, 178], and numerous
works could be found along this line in the literature, see, e.g., [56, 90, 99, 197, 278]
and the references therein. While simple in idea and popular in literature, finding the
least stable dwell time for stability of switched stable linear systems is very diffi-
cult due to the fact that the concatenation of two feasible switching signals is not
necessarily feasible, which destroys the semigroup nature of the transition matrices
[261]. A closely related problem is to find the largest dwell time for stabilizability
of switched unstable linear systems, which is also an open problem. The reader is
referred to [234, Problem 7.6] for more discussion on the problems.

The homogeneous polynomial Lyapunov function approach presented in
Sect. 3.4.2 was mainly adopted from [56], and the reader is referred to [57] for
more detailed background about the approach. The other material of Sect. 3.4 was
mostly taken from [227].



Chapter 4
Designed Switching

4.1 Preliminaries

To effectively control complex dynamics with either high nonlinearity or large-scale
unknown/uncertain parameters, it is a common practice to use the “divide and con-
quer” strategy. One approach in light of this strategy is the hybrid control scheme,
which amounts to designing a set of candidate controllers, each working around a
local support, and a switching mechanism coordinating the switching among the
candidate controllers. Indeed, this hybrid control scheme integrates the ideas from
several well-known conventional control schemes such as gain scheduling, intel-
ligent control, and adaptive control [78, 107, 183]. One good example is hybrid
control of nonholonomic systems which are not stabilizable by means of any indi-
vidual continuous state feedback controller [106, 132]. Even for simple linear time-
invariant (LTT) systems, the performance (e.g., transient response) can be improved
through controllers/compensators switching [81, 118, 169].

For a hybrid control system, when the candidate controllers are known or de-
signed, the overall system is the switched dynamical system described by

T = fouy (x@), (4.1
where x(t) € R" is the continuous state, o () € M & {1,...,m} is the discrete
state or switching signal, f;: R" > R" is a Lipschitz continuous vector field with
fi(0) =0 for any i € M, and x™ denotes the derivative operator in continuous time
and the shift forward operator in discrete time.

The issue of this chapter is the stabilizing switching design of switched dynam-
ical system (4.1). For this, we assume that the switching signal is observable and
controllable and that we can freely select the switching mechanism.

For clarity, we denote by ¢ (¢; 9, xo, o) the continuous state of system (4.1) at
time ¢ with initial condition x(¢p) = xo and switching path/signal/law o. Denote
£p-norm by | - |, for p € [1, +oc]. For any positive real number 7, let

B,:{xeR":lxlSr}, H,:{xeR":|x|:r}.
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Finally, recall that, for a time interval @, Sy is the set of well-defined switching
paths defined over the interval, and S is the set of well-defined switching signals.

Definition 4.1 Switched system (4.1) is said to be

(1) (uniformly) stabilizable if for any ¢ > 0, there exist § > 0 and a switching law
{p*: x € Bs} such that

6(1:0.x. p")| <& VxeBs teTp (4.2)

(2) (globally uniformly) switched attractive if for any € > 0 and y > 0, there exist
a switching law {p*: x € B, } and a time T > 0 such that

6(1;0,x, p")| <€ VxeB,, teTr (4.3)

(3) (globally uniformly) asymptotically stabilizable if for any ¢ > 0, € > 0, and
y > 0, there exist § > 0, T > 0, and a switching law {p*: x € R"} such that
relationships (4.2) and (4.3) hold simultaneously, and

(4) (globally uniformly) exponentially stabilizable if there are positive real numbers
« and B and a switching law {p*: x € R"} such that

’¢(t;0,x,px)| <Be ¥|x| VxeR", teTy

The switching law {p*} in the definition is said to be an (asymptotically/expo-
nentially) stabilizing/switched-attractive switching law, respectively.

Note that the uniformity is referred to the switching law rather than the initial
time as in the conventional stability notions, and asymptotic stabilizability means
stabilizability and switched attractivity w.r.t. a (common) switching law. In partic-
ular, even when a switched system is both switched attractive and stabilizable, it is
not necessarily asymptotically stabilizable. Indeed, if we take the first subsystem
with an attractive but unstable origin equilibrium and the second subsystem with an
identity motion (that is, each state is an invariant equilibrium), then, it is clear that
the switched system is both switched attractive (by assigning o = 1) and stabilizable
(by assigning o = 2), but the switched system is not asymptotically stabilizable.

In this chapter, we address the problem of stabilization by designing various
switching mechanisms including time-driven switching, state-feedback switching,
and mixed-driven switching. The aim is to reveal the capability and limitation of
each switching mechanism, to provide a comprehensive understanding of the stabi-
lization problem and to present computation design procedures.

4.2 Stabilization via Time-Driven Switching

In this section, we examine the possibility of achieving stabilizability by means of
time-driven switching. For this, we introduce the notion of consistent stabilizability.
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Definition 4.2 Switched system (4.1) is said to be consistently (asymptotically, ex-
ponentially) stabilizable if there is a consistent switching signal ¢ such that the
system is well defined and uniformly (asymptotically, exponentially) stable.

It is clear that a consistent stabilizable system is also stabilizable in the sense of
Definition 4.1. We are interested in whether the converse is still true or not. Indeed,
if any stabilizable system is also consistently stabilizable, then the stabilized system
is in fact a linear time-varying system with a piecewise constant system matrix, and
the problem of stabilization can be seen as a special case of stability problem for
linear time-varying systems. This, however, is not generally true, as shown in the
sequel.

Consider the switched linear system given by

xH () = A yx (1), 4.4)
where A;, i € M, are real constant matrices.

Lemma 4.3 Suppose that the switched linear system is consistently stabilizable.
Then, there is k € M such that

D k(A <0 (4.5)

i=1
in continuous time and

[[rAn| <1 (4.6)

i=1
in discrete time, where A; (A), 1 <i <n, are the eigenvalues of the matrix A.
Proof We proceed with the continuous-time case, and the discrete-time case could

be proven in a similar way. Let o be a consistent switching signal that stabilizes the
switched system. Suppose that the switching duration sequence of o is

DS, = {(io, ho), (i1, h1), ... }

If the sequence is finite, i.e., there involve only finite switches in o, then, it can be
seen that the last active subsystem must be stable, and the theorem follows immedi-
ately. If the sequence is infinite, it follows from the well-definedness of o that there
involve only finite switches in any finite time. As a consequence, Zi:] h; — oo as
| — 00. According to Definition 4.2, by setting &€ = 1, there exists § > 0 such that

Ixoll <8 = [¢@:0.x0.0)[ =1 V=1
In particular,

||eA’lvh-r --~eA"1hleA"0h°x0|| <1 VxpeBs, s=0,1,....
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As a consequence, all entries of the matrices

eAioho gAihighigho  oAishs . gAihgdigho 4.7
must be bounded by % Suppose that
n
= min Ai(A > 0.
0 keM{Z}j i k)}
=

Then, we have

n
dete*” =exp<h ZA,-(A;J) > keM, h>0.

i=1
As a result, we have
S .
deteishs ... gAith gAigho > (02 5=0Mi 5 56 as s — oc.

This contradicts the boundedness of entries of the matrices. This establishes the
former part of the theorem. The latter part can be proven in a similar manner. U

Recall that a switching signal 6|0, «) is said to be periodic if there exists a positive
time 7 such that
Ot +T)=6() Vt=0.
Proposition 4.4 If a switched system is consistently asymptotically stabilizable,

then, there is a periodic switching signal that asymptotically stabilizes the switched
system.

Proof If there is a subsystem, say, Ak, that is asymptotically stable, then the constant
switching signal o = k works. Otherwise, suppose that a switching signal o with
duration sequence

DS, = {(io,h()), (i1, hy), }

asymptotically stabilizes the switched system. It is obvious that this switching signal
must involve infinite switches. From the proof of Lemma 4.3, matrix sequence (4.7)
converges to the zero matrix. Consequently, there is a finite number N such that

etin®in .. A gAigho | < 1. (4.8)

It can be verified that the periodic and synchronous switching path 6 with duration
sequence

DSo = {(i0,50), ... (in, SN, (0, 50), ..., (in, SN, ... } (4.9)

asymptotically stabilizes the switched system. O
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Estimation (4.8) is very important in analyzing the convergence of the sys-
tems. It establishes the contractibility uniformly for all initial states. Indeed, let
@(T,0, p) be the state transition matrix under switching path p over interval
[0, T']. Inequality (4.8) is equivalent to the contraction of the transition matrix, i.e.,
|®@(T,O0, p)|| < 1. This motivates us to construct a periodic stabilizing switching
signal o as o(t) = p(t) for t € [0,T) and o (t + T) = o (¢) for all . Under this
periodic switching signal, the resultant switched system is in fact a periodic linear
time-varying system whose lifting system is Schur stable, and its dynamics is well
understood. Note that the stabilizing switching signal is always well defined as it is
self-concatenated of the well-defined switching path p.

Corollary 4.5 For a switched linear system, the following statements are equiva-
lent:

(i) the system is consistently asymptotically stabilizable
(1) the system is consistently exponentially stabilizable
(iii) the system is periodically asymptotically stabilizable
(iv) there exist a natural number 1, an index sequence iy, . .., i, and a positive real
number sequence hy, ..., h; such that the matrix ehinhi . gAinh g Schur, and
(v) for any real number s € (0, 1), there exist a natural number | = [(s), an index
sequence iy, ..., ij, and a positive real number sequence hy, ..., h; such that

el .. ettt <. (4.10)

Proof From the proof of Proposition 4.4, (i) implies that there is a finite number N
such that

HeAiNhN A A H =y <1

for some sequences i1,...,ixy and hy,...,hy. Let ] = kN, where k will be deter-
mined later. Define

ij+MN=ij and hj+p.N=hj7 j=1,...,N,M=1,...,k—1.

It can be seen that

”eAi,h, o A A | = (”eAiNhN <. e pAi B ”)k _—
Accordingly, for any s € (0, 1), by letting k > 11:1‘—;, inequality (4.10) holds. This
means that (i) = (v). In the same manner, we can prove that (iv) = (v). Other
implications are trivial, and the corollary follows. U

Finally, utilizing the Lemma 4.3, we present two examples that are stabilizable
but not consistently stabilizable.

Example 4.6 For the planar continuous-time two-form switched system with

2 0 1 1
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it can be verified that condition (4.5) does not hold, and thus the system is not
consistently stabilizable.

On the other hand, the system can be made asymptotically stable by means of the
following switching law: activating the second subsystem until the state reaches the
x2-axis and then turning to the first subsystem forever.

Example 4.7 For the planar discrete-time two-form switched system with

A =3 0 _ 101 [ cos(r/18)  sin(7/18)

Zlo 12| 27100 | —sin(r/18) cos(w/18) |

it can be verified that condition (4.6) does not hold, and hence the system is not
consistently stabilizable. On the other hand, the system is asymptotically stabilizable
due to the following facts:

(1) for any state y inthe cone A = {x € R?: |arctan(x/x2)| < /36}, |A1y| < k|y|
with ¥ & 0.7596
(2) for any state y outside the cone, applying A; by k, times (k, < 17) will steer y
into the cone, and
ky ky .
(3) [A1A,"y| < k|A) vl < kllA2] |y < kA2l Iy| < ply| with 1~ 0.8996

0.5 q

1k i

25 1 1 1 1 1 1
-1.5 -1 -0.5 0 0.5 1 1.5 2

Fig. 4.1 Sample phase portrait



4.3 Stabilization via State-Feedback Switching: The Lyapunov Approach 133

Therefore, a stabilizing switching law is to activate the first subsystem when the
state is in cone A and to activate the second subsystem when the state is outside the
cone. Figure 4.1 shows a sample phase portrait of the switched system.

The above examples exhibit that not all stabilizable systems can be made stable
by means of time-driven switching laws. That is, time-driven switching laws are not
universal for stabilizing switched systems.

4.3 Stabilization via State-Feedback Switching: The Lyapunov
Approach

In this section, we investigate the possibility of using the Lyapunov approach for
addressing stabilizability issues. For this, we need to define a proper set of Lyapunov
function candidates.

Definition 4.8 Function V: R" — R} is said to be a switched Lyapunov function
for switched system (4.1) if

(1) itis locally Lipschitz continuous
(2) it admits class Ko bounds, that is, there are class oo functions 1| and 7, such
that

n(lx]) = V@) <m(lx]) VxeR"

and

(3) the least upper Dini derivative of V along vectors f;(x), i € M, is negative
definite. That is, there is a positive definite continuous function w: R" — R,
such that

Vv i -V
min DV (x)|, & minliminf (o + 2i () @) <-
ieM ieM 10+ T

w(x)
in continuous time and

min DTV ()| ; € min V(£ (x)) — V(x) < —w(x)

ieM ; ieM
in discrete time

Remark 4.9 The local Lipschitz continuity of the Lyapunov function implies that

L Ve FTh) - V@) L V(g(r;0,x,1) — V(x)
liminf = liminf

=0t T =0t T

in continuous time, where i stands for the constant switching signal o (t) =i Vt.
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Suppose that switched system (4.1) admits a switched Lyapunov function V.
Then, the switching law

o(t+) = arg?e%{:/ﬁv(x(z))\ﬁ} 4.11)

steers the switched system asymptotically stable, provided that the switching law is
well defined. Note that chattering might occur when the switching surface

{xeR":3i,jst. DYVl =D V()ly,}

is a sliding mode. To avoid such ill-definedness, we can use the hysteresis switching
law as follows. Define the regions

1
2, = xeR”:D+V(x)|f. §—minD+V(x)|f. , IEM. (4.12)
'T 2 jeM /

Starting from any given initial state x (0) = xo, select the index of the active subsys-
tem at fp = 0 as

(1) = in{D*V
o0(1g) = argmin{D™V (x0)] 1 }

If there are two or more such indices, we simply choose the minimum one. The
consecutive switching times/indices can be recursively selected as

) gg”(fk—l)}’

X0 _ . + —
o (tk)_arglr_relgll{D V(x(tk))|ﬁ}, k=1,2,....

Iy = inf{t >Ig—1: D+V(x(t))|f0(tk_l
4.13)

It can be proven that this hysteresis switching law is well defined and that it steers
the switched system asymptotically stable.

4.3.1 Converse Lyapunov Theorems

Suppose that the switched system is asymptotically stabilizable. We are to prove
the existence of a switched Lyapunov function as in Definition 4.8. To this end, we
need some technical preliminaries adapted from the proofs for converse Lyapunov
theorems of (nonswitched) nonlinear systems (cf. [130, 152]).

Firstly, it follows from the asymptotic stabilizability that there exist a class Ko
function « and a class L function B such that for any initial state x, we have a
switching signal 6% € S satisfying

|p(1:0,x,6%)| <a(x]) VieT 4.14)

and

lo(r;0,x,6%)| < B(1xI,1) VreTy.
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The latter can be equivalently represented by
a(|¢(r;0,x,0%)|) <B(1xl.1) VxeR", teTp,

with B = o f. It is clear that B is a class KL function.
Secondly, define the function g: R” — R, as

g(x)=sup inf |¢(t;0,x,0)|.

1Ty O €S0,
It is clear that the function is well defined and
x| <g(x) <a(lx]) VxeR"

It can be seen that

gz inf g(¢(1:0.x,0)), VieT, xeR"

0 €0[0,1]
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(4.15)

(4.16)

4.17)

Thirdly, we show that the function g is locally Lipschitz continuous at any
nonorigin state. Given x # 0, let positive real numbers y; and y, be such that
y2 < |x| < y1, and let T be the time constant corresponding to y = y; and € = y»

as defined in Definition 4.1. It can be seen that

x) = max inf t;0,x,0)|.
g( ) tE[O,T]GES[(),r]|¢( )i

As a result, for any ¢ > 0, there is a switching path 6 € Sjo, 77 such that

> max t;0,x,0) —e.
g(x)_re[O,T]|¢( x,0)|

Let L¥ =max{L7, ..., L}, }, where L;‘ is the Lipschitz constant of f; at x fori € M.

Choose a sufficiently small positive real number 7 such that
x| +r <y, x| =7 > ys,

and

| i) = fi)| <L*Iyi —y2l VieM, yi,y2 €B(x,r).

It can be verified that, for any y € B(x, r), we have
< ma t;0,y,0
gy _IE[O’);]|¢( y,0)]

. LYty
Stgll&?](w(t,O,x,@)He lx —yl)

< max t;0,x,60 eH Ty —
max |( )| +e Tx =yl

LTy

=glx)+e yl+e.
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From the arbitrariness of ¢ and the interchangeability of x and y we have
|s00) — g <e" T~y VyeB(x.n),

which shows that g is locally Lipschitz continuous at x. Note that while we do not
prove that g is locally Lipschitz continuous at the origin, g is indeed continuous at
the origin due to the facts that g(x) < «(|x|) and « is of class .

Fourthly, define the function V : R" — Ry by

V(x) = sup ing{ (¢(1:0,x,0))

teTy o€

1+2t}

It follows from relationships (4.16) and (4.17) that
] < g(x) < V(x) < 2g(x) < 2a(jx]). (4.18)

By the similar argument used with g, we can show that V is locally Lipschitz con-
tinuous at any nonorigin state. It is clear that V is continuous at the origin.

Fifthly, fix x # 0 and i € M. It follows from inequality (4.15) that there exists
a function ¥ : RT x R — R such that v (u, -) is continuous and decreasing for
any fixed u, ¥ (-, v) is increasing for any fixed v, and

168(u, ¥ (u,v)) <a'(v) Vu,veR".
Denote p = (1 + ¥ (Jx], @(|x])))? and let T > 0 be a time with

inf  inf V((b(l 0, x, 0)) > u

tel0,7] o €S,

For any % € [0, t], we have

V(¢(h;0,x,1)) = sup inf{g(d)(t; 0,¢(h;0,x,1),0))

1Ty €

14 2¢
141+

142t
1+t |’

= sup inf{ (¢>(t+h 0, x, O'Ohl))

teTyC€
where o oy, i is the switching path that concatenates i and o at time h,

t €0, h),

i
(0 o 1)(t) = { (t—h), te€l[h,+00).

It follows that, for any given ¢ € (0, %), there is a time ¢ € (0, 7) such that

1+2¢
m1nV(¢(h 0, x, l)) < sup 1nf{ (¢(t+h;0,x,a)) T }+£ (4.19)

1eTyo€
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for any £ € [0, ¢]. Utilizing the fact that

L2t <2 inf a(|¢p( +h;0,x,0))|)
ceS

inf t+h:;0,x,
Inf g(# +h:0.x.0)) T

<2B(Ix|.t +h),
we see that for all # + h > ¥ (|x|, a(|x])),

142¢
141

inf g(¢(t~|—h;0,x,a)) +e¢
oeS

1 o1 ) o1 ) A
< lel EUHE%EV@(I@, O,x,o)) EQ%IEV((ﬁ(h,O,x,l)).

This, together with relationship (4.19), implies that the supremum in (4.19) is
reached at some s with s +h < ¥ (|x|, ®(|x])). As a result, we have

min V(¢ (h; 0,x,1)) < inf { g(¢(s +: 0, x o))1+2S
ieM e 1+
. 142s+2h h [x]
< inf B0, x,0)) ——— T2y T Ll
_;Iels{g(¢(s+ * J)) I+s+h < 2p>}+4,0
h
§V(x)<1—4—> Vhe[0,z]. (4.20)
0

Finally, we show that the function V is strictly decreasing along at least one
subsystem. Define the function

w(x)=m= x|
4p 40+ (xl, a(x))?’

which can be verified to be continuous and positive definite. It follows from (4.20)
that

Vg(r:i0,x,0) = V() _

min liminf
ieM 10t T

—w(x) 4.21)

for any x ## 0. It is clear that the inequality still holds at the origin. By Remark 4.9,
the local Lipschitz continuity of the Lyapunov function implies that

L Ve +Tfix) = V(x)
min lim inf

<—-w(x) VxeR"
ieM t—0t T

As aresult, the function V is a switched Lyapunov function for the switched system.
The above discussion leads to the following conclusion.

Theorem 4.10 A switched nonlinear system is asymptotically stabilizable iff it ad-
mits a (smooth) switched Lyapunov function.
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Remark4.11 The theorem converts the verification of asymptotic stabilizability of a
switched system into the searching of a switched Lyapunov function for the system.
The equivalence connection is important as it extends the conventional Lyapunov
method to the switched Lyapunov approach for the stabilizability of switched sys-
tems.

Next, we restrict our attention to the switched linear system (4.4).
Note that, if the system admits a switched Lyapunov function V which is posi-
tively homogeneous with degree one, i.e.,

V(x)=|AlV(x) VxeR", reR,

then the state-space partitions £2;, i € M, as defined in (4.12), are 0-symmetric
cones, i.e.,

X€E <+ AIxe$2; Vx,i,A#0.

In this case, the resultant hysteresis switching law (4.13) is radially invariant in the
sense that o* = o** for any x € R” and A # 0. This further implies that the state
trajectories are radially linear, i.e.,

¢(t;0,Ax,0™) =21 (1;0,x,0°) VxeR", AeR. (4.22)

The radial linearity property is important due to the fact that, if we make the dynam-
ical system well behaved locally, then it also well behaves globally.

Theorem 4.12 Any asymptotically stabilizable switched linear system admits a
switched Lyapunov function which is globally Lipschitz continuous and positively
homogeneous with degree one.

Proof We proceed with the continuous-time case, and the discrete-time case can be
proven in a similar manner. Suppose that the switched linear system is asymptoti-
cally stabilizable. Define the function V: R" — Ry as

T
V(x)= inf / |¢(t;0,x,0)|dt, (4.23)
0

GES[O,T]

where T will be determined later. Due to the fact that asymptotic stabilizability
implies exponential stabilizability [218], the function is well defined, positively ho-
mogeneous with degree one, and

T
/ e Mdtx| < V(x) < é|x| Vx e R", (4.24)
0 o

where « and B are as in Definition 4.1, and n = max{||A{]|], ..., [|Anll}-
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Choose T to satisfy the following property: For any given state x # 0, there is a
positive real number €, such that for any switching path o with

T
/|¢(f;0,)€,0)|df§v(x)+ex,
0
we have
. x|
|¢(t,0,x,a)|§? vt e Ir.

This choice is always possible due to the fact that the finiteness of the integration
with T — 400 implies the convergence of corresponding state trajectory (cf. [220]).
For any fixed switching signal o, time 7, and states x and y, it is clear that

T T T
/O|¢>(t;0,x+y,a)|dt5/0 |¢(t;0,x,o)|dt+/0 |¢(1:0,y,0)|dt

T T
5/ |qb(t;0,x,0)|dt+[ e dt]y|.
0 0

This implies that the function V is globally Lipschitz continuous with Lipschitz
constant p = fOT e dt.
Due to the global Lipschitz continuity, it can be seen that

Vv Aix)—V
min D+V(x)|Al.x = minliminf (x +7Aix) x)
ieM ieM -0t T

— inf liminf @&0x0) VX

O’ES[(),TJ =0t T

Finally, let s be a positive time with
X
|¢(I; O,X,U)’ > |2—| vVt <s, 0 €S,)-

For any state x # 0 and any positive real number € < €, there is a switching path
o such that

T
inf V(¢(t;0,x,0))= inf inf / |¢(z:0,¢(1;0,x,0),0)|dr
0

UES[()'T] GES[()_T] QES[(),T]

T t
S/ |¢(T;0,X,GX)|dT—f |¢(z:0,x,0%)|dT
0 0
T+t
+/ l¢(7:0,x,0%)|dT
T

§V(x)+e—|z—|t vVt <s.
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By the arbitrariness of ¢, this yields

i fiming V@@ 0000 =V x|

o ES[O’T] —0t T 4 ’

which shows that the function V satisfies the last item in Definition 4.8. O

Remark 4.13 Note that in the proof of Theorem 4.12, the switched Lyapunov func-
tion given in (4.23) may be nonsmooth. While the function can be smoothed by
the standard technique, the smoothed function is not necessarily homogeneous
any more. Putting Theorems 4.10 and 4.12 together, an asymptotically stabilizable
switched linear system admits a switched Lyapunov function that is either smooth
or positively homogeneous.

4.3.2 Nonconvexity of Lyapunov Functions

Recall that for guaranteed stability of switched linear systems, asymptotic stability
always implies the existence of a convex and homogeneous Lyapunov function. As
convexity is a crucial requirement from the computational points of view, it is ex-
pected that stabilizability also implies the existence of a convex switched Lyapunov
function. This, however, is not true as exhibited by the counterexamples as follows.

For any subset R of the state space, time T > 0, and switching signal o, define
the set of attainable states to be

Cr(R,o0) = {¢(t; 0,x,0):tedr, x € R}

For a positive definite function V : R” — R, define the set of compliant switching
signals w.r.t. V to be

Sy={0e€S8: V(¢(11;0,x,0)) < V(p(t2;0,x,0)) Vt; > 12, x #0}.
As a preliminary preparation, we introduce the following lemma.

Lemma 4.14 Suppose that R C R" is a compact set and R # {0}. If switched linear
system (4.4) admits a convex Lyapunov function V , then, we have

R Zco{Cr(R,0)} VT >0, o €Sy. (4.25)

Proof Suppose that V is a convex switched Lyapunov function and that o is a
switching signal compliant with V. Fix T > 0. It is clear that

sup V(¢(t;0,x,0)) <max V(x).
xeR,teTy xeR
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It follows from the convexity of V that

sup V(x) <maxV(x),
xeco{Cr(R,0)} xeR

which immediately leads to relationship (4.25). d

Example 4.15 Consider the planar continuous-time switched linear system given by

% =Asx, oe{l,2) (4.26)

|11 0 |y -1
Al—[o _1}, Az—[l y}’

where y > 0 is a parameter.

Note that both subsystems are unstable. However, the x;-axis is a stable invariant
subspace for the first subsystem, and the second subsystem rotates at a constant
angular speed. Therefore, any initial state away from the x,-axis can be steered to the
axis in a finite time. This clearly means that the switched system is asymptotically
stabilizable. However, as proven below, Lemma 4.14 is violated, and the switched
system does not admit any convex switched Lyapunov function.

Proposition 4.16 There exist a time T > 0 and a positive real number g such that
H, C CO{CT(Hl,U)} Yy >y, 0 €8.
To prove the proposition, we first consider the convex sector
D= {x eR?: X1 > |x2|}.

See Fig. 4.2. Let V(x) = %xTx. Itis clear that V(x)lA,. is nonnegative for any x € D.
In addition, for the phase at x € D, 6(x) = arctan(j—f), and its derivative can be
computed to be
Bl = -2 Gl =1,
Xy + x5

As a result, for the lower part of D which is in the fourth quadrant, the rotation is
always counterclockwise. The above analysis means that, for any initial state x at
the lower part of D and any switching signal o that steers the system convergent
from x, the state trajectory must intersect the xj-axis and abandon D by crossing
the radial b = {x e R?: x| =x, x; > 0}.

Then, let us have a closer look at the possible intersectant states. For this, let
X0 = [4, —g]T, and S be the set of switching signals that steer the system
convergent from xg. Define

*
Xe = |:x01 i| .o :inf{x1: I eTy, oeSOst [x1,0]7 =¢(t;0, xo,a)},
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-6 -4 -2 0 2 4 6

Fig. 4.2 Phase portrait, the convex hull, and the unit circle

which is the state with least norm that is intersectant with x-axis, and
x*
Xp= I:xi] . X3 :inf{xg: At eTy, 0 €S¥, st [x2, 21T = (t; O,xc,a)},
2

which is the state with least norm that is intersectant with radial b.
Next, we estimate the locations of x; and x.. To this end, let g be the radial
g={xeR*: x=—(y + Vy2+ Dxz, x1 > 0}. Rewrite the state equation as

X2 _
dx2 _E’ o= 1’
dx; | xtrm 5o
yxi—x2’ -

The curve that generates x. is thus achieved by taking o = 1 as long as the state is
below radial g and by taking o =2 when the state is on or above g. Denoting by x,
the intersectant state with g, routine calculation yields

YAV e,

|xg| = )
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As V (and the norm) is nondecreasing on D, we have
|xp| = |xc| = K.

Finally, note that the above argument also holds for —xo with region —D =
{—x: x € D}. We thus have —x, and —x;, accordingly. It can be seen that the unit
ball is strictly inside co{xp, x;, —xp, —x.} if € > cot % =~ 2.6131, which can be guar-

anteed when y > 7 def 0. Note that the above estimate is conservative, and extensive
simulation exhibits that y > 1.2 still works.

To summarize, Proposition 4.16 holds for Example 4.15. It follows from
Lemma 4.14 that the switched system does not admit any convex switched Lya-
punov function.

Example 4.17 For the planar discrete-time switched linear system
x(k+1) = Aggox(k), o € (1,2}, (4.27)

_|m 0 _|cos(@) —sin(0)
Al_[o 0}’ Az_v[sin(e) cos(G)]’

we assume that 6 = %n and that v and p are sufficiently large positive real numbers.

It is clear that both subsystems are unstable. Notice that, however, the first sub-
system steers any state on the x»-axis to the origin in one step and steers any other
state to the x1-axis in one step. On the other hand, the second subsystem steers any
state on the x1-axis to x»-axis in four steps. This clearly means that the switched sys-
tem is asymptotically stabilizable. But it can be proven that Lemma 4.14 is violated,
and the switched system does not admit any convex switched Lyapunov function.

Let R = {[x1,0]”: x; € [—1, 1]} and xo = [1, 0]7. Note that to make a state
X norm contractive in one step, it is necessary that x € 2 = {[x1, x2]7 : x% >
(Mz — 1)x12}. To steer xg or —xg to region §2, one needs at least four steps along
the second subsystem, while at each step the state norm strictly increases. Applying
the first subsystem during the process leads the state back to the xj-axis with larger
norm. These facts clearly indicate that any convergent trajectory starting from xg
must admit a convex hull that strictly contains R as an interior. It follows from
Lemma 4.14 that switched system (4.27) does not admit any convex switched Lya-
punov function.

Remark 4.18 From the above two counterexamples, an asymptotically stabilizable
switched linear system does not necessarily admit a convex switched Lyapunov
function. As an implication, function sets like piecewise linear and polynomials are
not universal as switched Lyapunov function candidates. Recall that, for guaranteed
stability, a convex (and homogeneous) Lyapunov function always exists. The sub-
tle difference stems from the following facts. On the one hand, guaranteed stability
means stability under arbitrary switching, and a Lyapunov function takes the largest
possible energy with respect to all the switching signals; hence the function is con-
vex if the energy function for each switching path is convex, which is indeed the
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case due to the linearity of the subsystems. On the other hand, stabilizability only
implies stability along certain switching signals, and a Lyapunov function takes the
least possible energy w.r.t. the switching signals; thus the function might not be
convex even when the level set for each subsystem is convex.

4.3.3 Min Quadratic Lyapunov Functions: An Optimization
Approach

As convex Lyapunov candidates are not universal for solving the problem of sta-
bilization, we need to seek nonconvex Lyapunov candidates. Recall that any stable
linear time-invariant system admits a quadratic Lyapunov function. It is thus natural
to extend from quadratic to nonquadratic via proper composite quadratic functions.
In the literature, there are various kinds of composite quadratic functions, for exam-
ple, the maximum (piecewise) quadratic functions

Vk () =max|x” Prx, ..., x" P}, (4.28)

the convex hull quadratic functions

Vf(x) mm X (Zyl ,) X, 4.29)

and the minimum quadratic functions

Vi) =min{x” Pix, ..., xT Pex}, (4.30)
where k is a natural number, and Pi, ..., Py are symmetric and positive definite
matrices. All these functions are positive definite and homogeneous of degree two,
and both the maximum and the convex hull quadratic functions are convex. The
minimum quadratic functions, which we will call min functions for simplicity, are
nonconvex. This indicates the possibility that the class of min functions is poten-
tially powerful in addressing the problem of stabilization. Fortunately, this is indeed
the case, and we are able to prove the following theorem.

Theorem 4.19 Suppose that the discrete-time switched linear system is exponen-
tially stabilizable. Then, there exist a natural number k and positive definite real
matrices Py, ..., Py such that the min function of (4.30) is a switched Lyapunov
function of the system.

To prove the theorem, we need some technical preparations. The discrete-time
switched system is given by

x@+1)=Ac)x(@). 4.31)
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Let Q;,i =1,...,m be positive definite matrices. Define the ith running cost to be
L(x,i)= xT Qix.
The total cost w.r.t. a switching signal is

+00

J(x,a):ZL(¢(t;0,x,a),o(t)), (4.32)

t=0

which is nonnegative and possibly infinite. The optimal cost is defined to be

Vix) = ingJ(x,o). (4.33)

It has been established that the optimal cost is finite for any initial state iff the
system is exponentially stabilizable, and in this case the optimal cost is continuous
[220]. The problem of switched linear quadratic regulation (SLQR) is to find, if any,
a switching law that achieves the minimal cost.

For any mapping V : R” = R4, define the operator £[V] to be

¢IVIC) = inf {L(x, 1) + V(Ain)}, (4.34)
IAS]

which is called the one-stage cost iteration of the SLQR problem. The composition
of the operator could be defined iteratively by

Vi =¢[¢Fvi]x), k=1,2,.... (4.35)

To approach the optimal cost, for a natural number k, we define the k-step cost
function by

k—1
Vi (x) zaeéﬂ)ﬁ_” ;L(qb(t; 0,x,0),0(1)).

In particular, let Vy(x) =0 for all x € R".
According to the standard theory of dynamical programming, we have the fol-
lowing result, which can be found in [26].

Lemma 4.20 We have the following statements:

1) Vilx) = ;‘k[Vo](x)for all k e Ny and x e R".
(i) limg— 400 Vi (x) = V*(x) for all x € R".
(iii) ¢[V*](x) = V*(x) for all x € R".

The equality in Item (iii) is the well-known Bellman equation. Furthermore, there
is a state-dependent switching law o (f) = ¥ (x(¢)) such that

L(x, ¥ (1) + V¥ (Ayx) = V¥(x) VxeR" (4.36)
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Suppose that the switched linear system is exponentially stabilizable. Then, it
can be seen that

2
gxTx <V*(x) < ﬁxTx Vx € R", 4.37)
—e

where « and 8 are as in Definition 4.1, and

g =min{Amin(Q1), .., Amin(Om) }.

On the other hand, it follows from (4.36) that there exists a positive real number §
such that

m}g V*(Aix) — V¥(x) < —8xTx. (4.38)
le

As aresult, the function V* is a switched Lyapunov function of the switched system.
Furthermore, we have the following result.

Lemma 4.21 Suppose that the switched linear system is exponentially stabilizable.
Then, there is a natural number K such that Vy is a switched Lyapunov function of
the switched linear system for any k > K .

Proof Fix u € (0, §), where § is as in (4.38). Note that, for any x € R", we have
0=Vo(x) < Vi(x) < Va(x) <--- < V¥(x).

It follows from (4.37) that
2

gxTx < Vi(x) < %xTx Vx eR”, k> 1. (4.39)
—e

By Item (ii) of Lemma 4.20, for any state x with unit norm, there is a natural number
Jx such that

V*(x) = Vi(x) < /2 Vk> jy.

Due to the continuity of V* and V4, there is a neighborhood of x, denoted Ny, such
that

V¥y) = Vi(y) < Vk= ji, y € Ny.

As the unit sphere is compact, it follows from the Finite Covering Theorem that

there exist a natural number i and states x1, ..., x; with unit norm such that
i
U Ny, =Hj.
s=1
Taking K = max{jy,, ..., jx ), we have

V) - Vi(y)<pn VyeHp, k=K. (4.40)
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Taking advantage of the homogeneity of both V* and Vj, we have
min Vi (Ajx) — Vi(x)
ieM
=min Vi (A;x) —min V*(A4;x) + V*(x) — Vi (x) +min V*(4;x) — V*(x)
ieM ieM ieM
<—(@—wx'x Vk>K. (4.41)

This, together with inequality (4.39), clearly shows that Vj is a switched Lyapunov
function of the switched system when k > K. O

To connect V* and V; with min functions as in (4.30), we define the mapping
Zi(P)=Q; + Al PA;,

where P is symmetric and positive definite. Furthermore, given a set of real sym-
metric matrices ) = { Py, ..., P;}, define the switched Riccati mapping to be

ZOW) ={ziPp):i=1,....m, j=1,....1}.
Finally, define the sequence of matrix sets by

ZO = {Onxn}y
Z,=2(Z,_), j=12...

Clearly, the elements of Z; are positive definite matrices for j > 0, and Z; consists
of up to m’ elements. The following result is a simple yet useful observation that
leads to further insight into the SLQR problem.

Lemma 4.22 Vi (x) =min{x” Px: P € Z) fork=0,1,2,....

Proof We proceed by induction. The equality clearly holds when k = 0. Suppose
that the relation holds for a general integer k. Then, by Item (i) of Lemma 4.20, we
have

Vir1(x) = ¢[Vid(x) = iienﬁg{L(x, i)+ Vi(Aix)}

= I_n%]l(xTQ,'X + min{(Aix)TP(Aix) :Pe Zk})

min _ x"(Q; + A/ PA;))x = min x” Px,
ieM,PeZ; PeZiq

which completes the proof. 0

Proof of Theorem 4.19 Simply combining Lemmas 4.21 and 4.22 leads directly to
the conclusion. O
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Theorem 4.19 implies that, when the switched linear system is exponentially
stabilizable, the system always admits a switched Lyapunov function that is a min
function. This exhibits that the class of min functions is universal in characterizing
the problem of stabilization. From an invariant set point of view, this indicates that
a generally nonconvex level set (of a nonconvex switched Lyapunov function) could
be effectively approximated by unions of a finite set of ellipsoids. This also strength-
ens and generalizes the connection between linear systems and quadratic Lyapunov
functions, which is insightful and powerful in system analysis and synthesis.

Suppose that Vi (x) = min{x”T Px : P € Z;} is a switched Lyapunov function.
Then, it can be seen that an exponentially stabilizing switching law is

o (1) =argmin{}£r61i§ T (0)(0; +AI-TPAl-)x(t)}. (4.42)
i «

When there are two or more indices achieving the minimum, then just take any one.
Alternatively, define the state partitions

. : T T _ : T T
.Qiz{x.]grellgkx (Qi+ Al PA)x = min xT(0;+4] PAj)x|. @43)

It is clear that £2; is a (possibly empty) cone that is not necessarily to be convex. In
addition, the union of the partitions cover the whole state space. In terms of the state
space partitions, the stabilizing switching law could be given by

o(t) =arg min{x(t) € £2; } (4.44)

Lemmas 4.21 and 4.22 indicate a constructive approach for computing a switched
Lyapunov function. For this, we first need to compute the matrix set Z; and then
verify whether or not the corresponding min function is strictly decreasing along
the unit sphere. Note that the number of elements in Z; is up to m*, which is huge
when k is large. To produce a practically implementable computational procedure,
we need to further reduce the computational load, as discussed below.

A min function could be equivalently expressed by two or more sets of min-
imal piecewise quadratic functions. To be more precise, suppose that matrix sets
{O1,..., Qi) and {Rq, ..., R;} satisfy

min{xTle, e xTQ,-x} = min{xTR1x, .. .,xTij} Vx e R".

Then, it is clear that the two matrix sets represent the same min function, and the
two sets are said to be equivalent. In particular, given a matrix set Q, if a subset
Q C Q is equivalent to Q, then any element in Q — Q is redundant, which could
be pruned out. A subset with least cardinality that is equivalent to Q is said to be
a minimum equivalent subset. A matrix set could admit more than one minimum
equivalent subset. While it is usually hard to find a minimum equivalent subset, we
could prune out a redundant element using the following proposition.
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Proposition 4.23 For a matrix set {Qy, ..., Q;}, an element Q; is redundant if
there are nonnegative real numbers o with Z# jos = 1 and such that

Zas Os < Q/
oy

Proof Straightforward. g

The verification of the proposition is a convex optimization problem, and it ad-
mits numerically efficient algorithms.

Note that matrix set Z is defined in a recursive way. Therefore, the pruning
process should be implemented in each iterating step. In this process, it is crucial
that useful information could be preserved. This indeed is the case, as shown in the
following proposition.

Proposition 4.24 Suppose that Zyisan equivalent subset of Zi. Then, Z (Zx) isan
equivalent subset of Zj41.

Proof ltis clear that an element of Z | is of the form Q; + Al.T PA;,where P € Z,

and i € M. For arbitrarily given x € R", let y = A;x. As Z is an equivalent subset
of Z, there is a matrix P € Z such that

y' Py <y" Py,
which implies that
xT(Qi + AIT};Ai)x < xT(Qi + A,-TPAi)x.

Since (Q; + Ain’A,-) € Z(Zy), the conclusion follows due to the arbitrariness
of x. U

With the help of the above propositions, we can outline a pruning procedure for
removing the redundant elements from sets Z; and obtaining the equivalent subsets
with smaller cardinalities.

Pruning Procedure for Calculating Z

Set k:=0and ) := {0}.

Compu}e JAJ =Z)). ~
Prune Y by applying Proposition 4.23 and set the resultant set to be ).
Setk:=k+1 andy::)}.

If k=K, set Z~K := Y and stop. Otherwise, go to Step 2.

Nk e =

Example 4.25 For the planar discrete-time two-form switched linear system with

4 [1:2299 09390 4, [2:6229 00564
P71 1.6455 —1.149 |’ 27123756 —0.5879|"

it can be verified that both subsystems are unstable.
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Table 4.1 Cardinalities of
Zs k 1 2 3 4 5 6 7

To apply the optimization approach, we need to calculate the cost-to-go func-
tions. For this, let Q; = Qy = I. By the pruning procedure, we obtain Z; for
k=1,...,7. Table 4.1 shows the cardinalities of these sets. It is clear that the
pruning algorithm successfully removes many redundant elements. For example,
Zg contains 128 matrices, while Z?g contains only 14, which is only one ninth of the
former.

Next, we examine the qualification of V}’s as switched Lyapunov functions. For
this, we verify the relationship

min _ xT(Qi +AiTPA,~)x < min xTPx Vxe H;
ieM,PeZy PeZy

for i =1,2,... and find that the relationship holds for k = 5. Therefore, Vi,
k=35,6, ..., are switched Lyapunov functions for the switched linear system. As a
result, the switched system is exponentially stabilizable, and a stabilizing switching

35

30 dashed: k=2 i
dotted: k=4
solid: k=6

3.5

Fig. 4.3 The cost-to-go functions
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Fig. 4.4 A sample phase portrait

law can be obtained by means of (4.42) or (4.44). Figure 4.3 shows the cost-to-go
functions Vj along the unit circle. To be more precise, let 6 be an angular in [0, 7],
and x = [sin(0), cos(#)]” . The figure shows V; along x through 6. It can be seen
that, as k becomes larger, Vi, — Vi_1 becomes much smaller, that is, the differences
between Vj and Vj_; approach zero.

To further present the simulations, we fix Vg as the switched Lyapunov function.
Figures 4.4 and 4.5 depict a sample phase portrait (with xo = [0, 1]7) and the level
set {x : V(x) = 1}, respectively. It is clear that the state trajectory converges to zero
exponentially, and the level set is the union of a set of ellipsoids. Finally, Fig. 4.6
shows the state space partitions, where each partition is a cone.

Finally, we briefly discuss the continuous-time case. While technically more in-
volved, the optimization approach is applicable to continuous-time systems, which
yields exactly the same conclusion as in Theorem 4.19 [192]. As a result, the set of
min functions is universal in providing switched Lyapunov functions for exponen-
tially stabilizable switched linear systems. To develop a computational procedure for
calculating a min function as a switched Lyapunov function, we could first convert
the continuous-time switched system into a discrete-time switched system by sam-
pling and then implement the pruning procedure for finding a switched Lyapunov
function. We demonstrate this by a numerical example.
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0.6 /' i
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Fig. 4.5 The level set of Vg

Example 4.26 For the continuous-time two-form switched linear system with

[ 02341 —0.9471 —1.0559 |
Al =| 00215 —03744 1.4725 |,
| —1.0039 —1.1859  0.0557 |

[—1.2173 —1.3493 0.1286 |
Ay = | —0.0412 —02611 0.6565 |,
—1.1283  0.9535 —1.1678

it can be verified that both subsystems are unstable.
Taking the sampling period as t = 0.2sec, we convert the continuous-time
switched system into the discrete-time switched system

z(k+ 1) = Byyz(k), z(0) = xo,

where B; = e4i7, i = 1,2, and o is the switching signal with o(k) = o (k7), k =
0, 1,.... When the switching signal of the original system satisfies

o(t)y=o(kt) Vk=0,1,2,..., te[kt, (k+ D7),
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1.5

1+ pRTS 260000000004, -
st

Fig. 4.6 State space partitions

we have z(k) = x(kt) fork =0, 1, .... In this case, state z(-) is a sampled trajectory
of the original system with the same initial condition.

Let Q1 = Q> = I. Applying the pruning procedure to the sampled system,
we obtain Z,;k for k =1,...,5. While Z5 contains 32 matrices, 25 contains 24.
Furthermore, it is numerically verified that Vs is a switched Lyapunov function
for the sampled switched system. As a result, the sampled system is exponen-
tially stabilizable, and the original continuous-time system is also exponentially
stabilizable. Figure 4.7 depicts the level set {x : V5(x) = 1} on the unit sphere
x = [cosBy, sinf cos By, sinb sin62]7, 61, 6 € [0, 27r). It can be seen that the level
set is the union of a set of ellipsoids and is nonconvex.

Next, fix the initial state xo = [0, 1, —1]7. To find a switching signal that steers
the original system exponentially stable, we need to calculate a stabilizing switching
signal as in (4.42) for the sampled switched system. Then, a stabilizing switching
signal for the original continuous-time system is given by

o(r)=o(kr), telkt,(k+D1).

Figures 4.8 and 4.9 depict the switching signal and the corresponding state trajec-
tory, respectively. It is clear that the state trajectory exponentially converges to zero
at a satisfactory rate.
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35

Fig. 4.7 The level set of Vs on the unit sphere
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Fig. 4.8 Switching signal
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Fig. 4.9 State trajectory

4.3.4 Well-Definedness of State-Feedback Stabilizing Law

A state-feedback switching law can be described by

o) =¢(x@®),0(-))

and is said to be pure-state-feedback when ¢ does not explicitly rely on o (t—).
Note that, as any asymptotically stabilizable system admits a switched Lyapunov
function (cf. Theorem 4.10), a state-feedback stabilizing switching law can be con-
structed as in (4.11) or (4.13) by means of the Lyapunov function. However, it
should be stressed that, while state-feedback switching laws are universal in sta-
bilizing switched systems, they are not always well behaved due to the fact that
a well-defined state-feedback switching law for a nominal switched linear system
may produce chattering (Zeno) phenomenon for a slightly perturbed system. We
show this through a numerical example.

Example 4.27 Consider a perturbed switched linear system given by

x(t) = Agx (1) + f5 (1),

-2 0 10
welo i sl 5
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A === [‘11 } e O, (4.45)

where f1 and f> are perturbations associated to the first and second subsystems,
respectively.

It can be easily verified that the function V (x) = %()c]2 + x%) is a switched Lya-
punov function for the nominal system. A stabilizing switching law can be con-
structed as follows.

First, define the regions

Qi={xeR:V|y, <—rVx} i=12

where r;, i = 1, 2, are nonnegative real numbers. It can be seen that the union of the
regions cover the total state space if r; < 1 for i = 1, 2. A hysteresis switching law
can be defined recursively as

to=0,

: T
o (fp) = arg ‘m%nz{xo Qixo},
=1,

tigr =inf{t > 10 x(1) € Lo} (4.46)
1 ) =2
oan =" TW=2 4o 10
2, o) =1,

This switching law stabilizes the nominal switched system, and it can be seen that
the switching law is well defined for the nominal system.

For the perturbed system, suppose that we use the state-feedback switching law
(4.46) with r; = rp = 0.4. Figure 4.10 depicts the state trajectories and the number
of switchings starting from x(0) = [1, —177. It can be seen that the chattering phe-
nomenon occurs when ¢ > 11.45 sec. In fact, as the state converges to the origin,
the information of the state is “merged” by the perturbations, that is, ‘ﬁ’(gt))ll — +00.
Because the state direction and the perturbation direction are always opposite, chat-
tering occurs.

The example clearly exhibits that a well-defined state-feedback switching law
might loss its well-definedness if the system is slightly perturbed. This indicates that
state-feedback switching laws might not be appropriate for achieving both stability
and robustness.

4.4 Stabilization via Mixed-Driven Switching: Aggregation and
Calculation

In this section, we focus on stabilizing switching design for the switched linear
system

xT () = Agyx (1), (4.47)
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Fig. 4.10 State trajectories and switching numbers of system (4.45)

where x(t) e R*, o(t) € {l,...,m}, and Ay, ..., A, are known real constant ma-
trices.

The objective is to find, if possible, a switching law that achieves (i) stability,
(i) robustness against exterior perturbations including structured, unstructured, and
switching perturbations, and (iii) well-definedness for the nominal system and the
perturbed system.

As discussed in the previous sections, time-driven switching laws are not univer-
sal for the problem of stabilization, though its well-definedness is clear as it is inde-
pendent of the system dynamics. State-feedback switching laws, on the other hand,
are universal, but the well-definedness is sensitive to system perturbations. This mo-
tivates us to find a new switching law that achieves the merits of both schemes while
getting rid of the demerits. The pathwise state-feedback switching law proposed be-
low is exactly such a switching law.

4.4.1 Pathwise State-Feedback Switching

Suppose that the switched system is not consistently stabilizable. This means that
any single switching path could not make the total state space contractive. However,
it is still possible that a switching path makes a subset of the state space contractive.
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For simplicity, we assume that two switching paths, p; over [0, T7) and p> over
[0, T>), make regions £2; and §2; contractive, respectively. To be more precise, we
have

(T3 0.x, p)| < x| Vxes2, i=12.

Moreover, assume that £2; U £2, = R". We further assume without loss of generality
that £21 N2, = @, otherwise just redefine £2, = R" — 2. With these in mind, we can
construct a stabilizing switching law o as follows. For any initial state xo = x (),
let the system operate along switching path p; if x belongs to £21, otherwise let the
system operate along switching path p;. Define

io = arg{xo € 2},
ty =19+ Ty,
o*0(1) = piy(t —10) V1 €to, 11),
x1 = ¢ (Tiy; 0, x0, piy)-
It is clear that |x1| < |xo|. Starting from time 71 at x1, let the system operate along
switching path p; if x; belongs to £21, otherwise let the system operate along
switching path p». Define accordingly
i1 = arg{x; € 2},
h=n+T,,
o™(t) =p;(t—n) Vieln, ),
x2 =@ (T35 0,x1, pi)).

Repeating the process in the same manner, we obtain the switching signal o over
[0, +00) such that

[xet1] = [@(txr1s 10, x0, 07°) |

< |é(te: 10, %0, 0™) | =|xxl, k=0,1,....

Let xo vary among the state space, we obtain a switching law that makes the
switched system stable.

For any initial state, the above switching law generates a switching signal that
concatenates switching paths p; and p» through the state measurement at the con-
catenating instants. Therefore, the switching mechanism is mixed time-driven and
state-feedback. It is clear that the switching law is well defined if both p; and p; are
well defined, and the well-definedness is independent of the subsystem dynamics.
On the other hand, as a state-feedback mechanism is incorporated, the switching
law can accommodate the initial state and exotic perturbation information, and it is
expected to have some flexibility in achieving both stability and robustness.
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We are ready to formally describe the switching law, which will be termed as the
pathwise state-feedback switching law.

Suppose that & is a natural number, §2;,i =1, ..., k, are regions in R” satisfying
Ule.Qi =R"and 2, NQ2; =@ forany i # j,and 6;: [0,s5;]~> M,i=1,...,k,
are well-defined switching paths. The pathwise state-feedback switching law via £2;
and 6; w.r.t. system (4.47), denoted by /\i-‘:1 Gigi , is the concatenation of switching
paths {6; }le through {£2; };,'(:1 as defined below. For any initial state x (fy) = xo, the
generated switching signal o*° is recursively defined by

i =arg{x; € £2;},

te+1 =t + Siy. 4.48)
0N (t) =60, (t —1r) Vit €ty ti1), ‘

Xip1 = (i 0, x,03),  k=0,1,2,....

It is clear that the pathwise state-feedback switching law is always well defined
over [0, +o00) for any initial state. As each generated switching signal is a concate-
nation from paths {Qi}f.‘: |» the switching law can be equivalently represented by the
set of sequences

{(X();io,il,...): X0 GRn},

where ig, i1, ... are defined as in (4.48). Note that the switching law is indepen-
dent of the permutation of £2; and 6;, provided that the pairwise relationship keeps
unchanged.

Note also that each switching path 6; corresponds to a state transition matrix
Gi; = ®(s;, 0, 6;) with the property that ¢ (s;; 0, x, 0;) = G;x for all x € £2;.

Lemma 4.28 Switching law /\le Higi asymptotically stabilizes switched linear sys-
tem (4.47) iff the discrete-time piecewise linear system

z(t+1) =G;z(), 7(t) € £2;, (4.49)

is asymptotically stable.

Proof From the definition of /\fz 1 Gigi it is clear that
X =(tj:0.x0.0%) =2(j), j=0,1,2,...,

where ; and x; are defined as in (4.48), and z(j) is the state of system (4.49) with
z(0) = x(0). As a result, each state trajectory of (4.49) is exactly a sampled state
trajectory of the original switched system (4.47) at specified sampled instants. This
implies the “only if” part of the lemma. On the other hand, it can be seen that, for
any t € (¢j,1j41), we have

| (2: 0. x0.6™)| < 0" |$(tj: 0. x0, ™) | =" |2(j)

’
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where T = maX;ecpy §i, n = max;epy exp(]|A;]]) in continuous time, and n =
max;ep || A; || in discrete time. This, together with the asymptotic stability of system
(4.49), guarantees that the original switched system (4.47) is asymptotically stable
under switching law A*_, Qigi. O

For clarity, we term the discrete-time switched system (4.49) as the aggregated
system of the original system (4.47) w.r.t. {(6;, .Q,-)}f.‘:1 . Itis clear that each pathwise
state-feedback switching law corresponds to an aggregated system, and the switch-
ing law stabilizes the original system iff the aggregated system is asymptotically
stable.

Lemma 4.28 indicates a way to find a stabilizing switching law for the switched
linear system. Indeed, if we can find a number of switching paths 6; and a set of state
partitions £2; that make the aggregated system asymptotically stable, then the orig-
inal system is stabilized by the pathwise state-feedback switching law /\f;l Gigi.
For this, we need to find the switching paths and the state partitions at the same
time, which may be not an easy task. To reduce the complexity, observe that, if
the switching paths 6; are properly designed in the following sense, then the corre-
sponding state partitions can then be determined accordingly.

Lemma 4.29 Suppose that V is a continuous positive definite function defined on
R" and that 0;,i =1, ..., k, are switching paths defined over [0, s;), respectively.
Then, switched system (4.47) is asymptotically stabilizable if

k
mi{lV(qb(si; 0, x, Gi)) <V(x) VxeR", x#0. (4.50)
1=

The proof of the lemma is immediate as condition (4.50) implies that the aggre-
gated system

2(t+1)=Giz(r), z(t) € &2,

with G; = @ (s;, 0, 6;) is asymptotically stable. In this case, let
k
21 = {x: V(#(1:0.x.00) = min V (¢ (s:: 0. x.6) | @51)
p
and
k J=1
2)={x: V(9(55:0,%.6)) = min V(@ (s oxe)l-Ua @
=
=1

for j =2,...,k. It can be seen that the pathwise state-feedback switching law
/\f:1 Oigi asymptotically stabilizes the original system.

Lemma 4.29 enables us to design the switching paths instead of designing both
the switching paths and the corresponding state-space partitions, as indicated by
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Lemma 4.28. Note that, if V' is 0-symmetric and positively homogeneous of degree
one, i.e.,

V(ix) = |AlV(x) V¥xeR", reR,

then the state-space partitions £2; as defined in (4.51) and (4.52) are O-symmetric
cones, i.€.,

X€E <+ AIAxe$£2; Vx,i,A#0.

Therefore, the resultant pathwise state-feedback switching law /\f‘: 1 Oig" for the
nominal switched linear system is radially invariant in the sense o = o** for any
x € R" and X # 0. This further implies that the state trajectories are radially linear,
ie.,

k k
¢<z;0, Ax,/\9i9f> =A¢<t;0,x,/\9igi> Vx eR", AeR. (4.53)
i=1

i=1

The above discussion encourages us to look for an origin-symmetric and posi-
tively homogeneous function serving as the Lyapunov function in Lemma 4.29. For
this, note that vector norms are natural candidates. A question that arises is whether
the existence of such Lyapunov functions is universal or not. The following theorem
presents a confirmative answer.

Theorem 4.30 Let | - | be any vector norm in R", and |1 be any real number with
0 < u < 1. Suppose that switched linear system (4.47) is switched attractive. Then,
there exist a natural number k, positive times s; > 0 for i = 1,...,k, and well-
defined switching paths 0; over [0, s;) fori =1, ...,k such that

k
r_ni?|¢(s,-; 0,x,6;)| <pulx| VxeR" (4.54)
1=

Proof Note that relationship (4.54) implies (4.50) with V(x) = |x|. As the norm is
positively homogeneous of degree one, (4.54) holds if it holds for the unit sphere,
ie.,

k
mi?yqs(s,»;o,x,ei)\ <wp VxeH;. (4.55)
1=

Fix x € H;. It follows from the switched attractivity that there exist a positive
time +* and a well-defined switching path 9[’6 ;) such that

(4.56)

|¢(tx;0,x,9x)| < %

In terms of the transition matrix, it follows from (4.56) that

®(15.0,0%) x| < .
2
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As a result, there is an open neighborhood N, of x such that
|@(r*,0,0%) y| < Vy €N (4.57)
Letting x vary along the unit sphere, it is obvious that

U Nx DH,;.

)CEH]

As the unit sphere is a compact set in R”, by the Finite Covering Theorem, there

exist a natural number k and a set of states xp, ..., xx on the unit sphere such that
k
U N Xi 2 Hl
i=1
Accordingly, we can partition the unit sphere into k regions M, ..., My such that

(a) Ule./\/ll-=H1,and/\/liﬂ/\/lj=®f0ri7éjand
(b) x; e M; foranyi=1,...,k,and

|@(r,0,6%) y| < VyeM,. (4.58)

Let s; = % and 6! = 6% . It is clear that relationship (4.58) implies (4.55), and the
theorem follows. O

Corollary 4.31 For the switched linear system, the following statements are equiv-
alent:

(1) The system is switched attractive.
(2) The system is asymptotically stabilizable.
(3) The system is exponentially stabilizable.

Proof Suppose that the system is switched attractive. It follows from Theorem 4.30
that, there exist switching paths 9["0’5,[), i =1,...,k, such that the aggregated sys-
tem (4.49) is exponentially stable. In fact, let zg, z1, ... be a state trajectory of the
aggregated system. It can be seen that

zjl < mllzol, j=0,1,....

Back to the original system, it is clear that

k
¢<fj;o,zo,/\9im>zzj Vji=0.12..... (*+39)
i=1

where £2; and #; are given in (4.51)—(4.52) and (4.48), respectively.
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Let h = max{sq,..., s}, a0 = —lnT“, n=max{||Atll,...,|Anll}, and B = e" in
continuous time and B = " in discrete time. It can be seen that

k k
‘q&([;o, X0, /\9?’) < ,3‘¢<fj+1;0, X0, /\Gigi)
i=1

i=1

i+1 —a(j+Dh
= Blzj+1] < BT xol < Be U DA x|

< Be ¥|xo| Vte [tj,tj+1), j=0,1,2,...,

which clearly exhibits that the original system is exponentially stable under the path-
wise state-feedback switching law /\f=1 GiQi . This concludes the proof. O

Theorem 4.30 reveals a couple of important facts, which are listed below as re-
marks.

Remark 4.32 The most important implication of the theorem is that the class of
pathwise state-feedback switching laws is universal for the purpose of stabilizing
design of switched linear systems. Indeed, suppose that switching paths G[io’ 5;) sat-
isfy relationship (4.54). Let the state-space partitions £2; be

L

k i
2= {x: |¢>(s]-;0,x79j)} =Il_nzi?|¢>(sz';0,x,9i)|] - ZL:JI.QI,

k
21 = {XI |p(s150,x,01)] =Ii11_i{1|¢(si; 0,x,6;)

(4.60)

j=2,... .k

Then, the pathwise state-feedback switching law /\f-‘=1 0,.9" exponentially stabilizes
the switched linear system. As a result, the aggregated system (4.49) is exponentially
stable.

Remark 4.33 1t should be noticed that number £ is independent of the number of the
subsystems, m. As can be seen in the proof of Theorem 4.30, it relies on the norm
and the particular choice of the contractive switching paths for the state on the unit
sphere. Due to the nonconstructiveness of the Finite Covering Theorem, we do not
have a general upper bound of number k, though it is indeed a finite number. The
same comment applies to the lengths s; of the switching paths 6'. Nevertheless, for
any consistently stabilizable system, it is always possible to find a single switching
path that makes the unit sphere contractive, and thus the system admits a linear time-
invariant system as its aggregated system. Here we present an example to show how
k varies w.r.t. the norm.

Example 4.34 For the continuous-time switched linear system

x(t) =Agnx (@), o) e{l,2},
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1 —e 1 0
Al=[E 1] A2=|:0 —e]

where € is a positive real number, it can be verified that the system is switched
attractive and hence is exponentially stabilizable.

For the standard Euclidean norm, it can be seen that the contractive cone for the
second subsystem is contained in the region

2, déf{)c: V1—ex| < €lxal}.

Note that, for any initial state outside the cone, the stabilizing switching law that
achieves the largest possible convergence rate is to activate the first subsystem until
the state reaches region £21. To steer the state xo = [(])] to region £21, it needs at
least time /& > M, which tends to infinity as € approaches 0. At the same
time, any states x| and x, on the unit sphere can be steered to region §2; by a single
switching path only if they can be simultaneously steered to the region by activating
the first subsystem. This means that to steer the whole unit sphere into region 21,
we need at least N = fm] — 1 switching paths, where [a] denotes the least
natural number greater than or equal to a. It is clear that N approaches infinity as €
approaches 0.

On the other hand, if we take the norm as |x| = ,/65x12 + x%, it can be verified

. def . . —
that the region 2, = {x: 2€%|x1| < |x2} is contractive under the switching path
A def | . . L .
2{0,5;)» Where s = }Tmm{l, €}. For any state outside the region, it can be verified
that the switching path Q[O,sl) A 1{0,5,) makes the state contractive, where A denotes

. o £
the concatenation of switching paths, and s> def Zarctan(262). As a result, k =2,
and s;, i = 1, 2, are small for small €.

Finally, we present the following definition which is motivated from Theo-
rem 4.30.

Definition 4.35 Suppose that | - | is a given vector norm. A pathwise state-feedback
switching law /\f=1 Gigi is said to be piecewise contractive w.r.t. the switched linear
system and the norm if

|pGsi:0,x,0)| <|x| Vxef, x#0,i=1,.... k.

4.4.2 Computational Algorithms

Theorem 4.30 establishes that pathwise state-feedback switching laws are universal
in achieving exponential stability of switched linear systems. To solve the stabiliza-
tion problem, we need to develop a constructive procedure for computing a pathwise
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state-feedback switching law that stabilizes the switched linear system. In this sub-
section, we present several algorithms for calculating a stabilizing switching law.

The following procedure summarizes the main steps toward the construction of
a stabilizing switching law.

Conceptual Procedure for Finding a Stabilizing Switching Law
1. Fix a vector norm | - | and a real number u € (0, 1). For each state x in the unit

sphere, find a time #* and a switching path 9[)6’ ;] such that

lp(t*,0,x,60%)] < .

2. By the Finite Covering Theorem, there exist a finite natural number k, a state set
{x1,...,xx}, and a partition of state space {§21, ..., £2} such that

k
U.kaR”, 2iNQ; =0 Vi#j,

i=1
and
lp(£4,0,x,0%)

Denote 6; =60% fori =1, ... k.
3. The state-feedback pathwise switching law /\i-‘=1 9[(2
switched system.

<wulxi| Vxe$2;,i=1,... k.

" exponentially stabilizes the

It can be seen from the procedure that, while Step 3 is implementable online by
means of a timer and a state-measure device, Steps 1 and 2 are generally not con-
structive. To tackle this problem, we propose an alternative procedure to find &, 6;,
and £2; simultaneously.

First, we show that, for any asymptotically stabilizable continuous-time switched
linear system, it is always possible to find a positive sampling period such that
the sampled system is also asymptotically stabilizable as a discrete-time switched
system. Note that a pathwise state-feedback switching law for the sampled sys-
tem can be converted into a pathwise state-feedback switching law for the original
continuous-time system in a clear manner. As a result, the design procedure of a
stabilizing switching law for both continuous-time and discrete-time systems can
be presented in a unified manner.

Lemma 4.36 For an asymptotically stabilizable continuous-time switched linear
system
x(1) =Asyx (1), o(t) €M,

there is a positive real number p such that for any sampling period T < p, the
sampled switched system

y(t+1)=Bypyy(t), ot)eM,  B;=eMT (4.61)
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is also asymptotically stabilizable.

Proof Suppose that /\f: 1 Gigi is a stabilizing switching law for the continuous-time
system with

| Gsisto.x, 0)| < mlx| Vxe, i=1, ...k

where < 1. Rewrite the inequality as

A (@t o
o Tt A

e x| <plx| Vxef, i=1,... .k, (4.62)

where 1) = té < t{ << tl"if] and jé, ]f el jl’;fl are the switching time/index

sequences of 8; over [0, s;), respectively, and tlii = s;. Define the functions &; : Rl x
2;—Rfori=1,...,kby

i i i
Ts rll-_ A qT

. . A Aji 1 H
éi(rl’,...,rl’i,x)=|e li=1 g ;=2 .o.e o x|.

Fix & € (u, 1). It follows from (4.62) and the continuity of the functions that there
exists a positive real number p such that

E(rf.....7.x) <filx] Vxeg, i=1,... Kk
whenever ‘L']i- — (t;. — tj._l) e[0,p], j=1,...,l;. As a result, when the sampling
rate T is less than or equal to p, then there are natural numbers vi, e, Vli,- such that
|(exp(A ; T))”I'}- -+ (exp(A .I-T))“’ix| <plx] Vxef, i=1 k
i i < i . &

This means that, under the sampling rate 7', the sampled-data system (4.61) is
switched attractive and is asymptotically stabilizable. g

Lemma 4.36 enables us to focus on the discrete-time switched linear system
x(t+1)=Asx(@®), o@)efl,...,m}. (4.63)

The system can be represented by the m-tuple (A1, ..., Any).
We can arrange an ordered set of all the possible switching paths and their corre-
sponding state transition matrices. For example, let

191:(1)1 A ) ﬂm:(m), ﬁm—‘rl:(lsl)’ sy ﬁ2m=(19m)7
Domp1 =21, s D= @om), ., D =D,
Ot = (mym), Do =, 1,1, ...,

and the corresponding state transition matrices be

Ci=A1 ... Cu=An.  Cup1=A% ..., Co=AuAlL
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Cony1 =A142, ..., Cyn=AnAz, ..., Cp=A1An, ...,
C = A2 C =A3
m24m = Sm> m24m+1 = 41>

The next algorithm presents a schematic procedure for finding the requested pa-
rameters k, 6;,and £2;,i=1,... k.

Schematic Algorithm for Computing the Parameters
Initialization.

(0) Set k :=0, ContractiveRegion := @, j :=0. Fix w in (0, 1).
Recursion.

(1) Setj:=j+1.

(2) Set C := C; and compute the singular values of matrix C. If all the singular
values are greater than or equal to one, then go back to Step (1). Otherwise,
compute the set 2 = {x € R": |Cx| < u|x|}.

(3) If 2 C ContractiveRegion, then go back to Step (1). Otherwise, set

k:=k+1, £2p:=S%2, O =7, and

ContractiveRegion := ContractiveRegion U 2.

(4) If ContractiveRegion = R", then go to Step (5). Otherwise, go back to Step (1).
Reduction.

(5) Fori=1,...,k, verify if £2; C U,# §2;. If yes, set 2 := §2;41 and 6) := 04
forl =i,...,k— 1 and set k := k — 1. Continue the process until the partition
is irreducible. .

(6) Finally, set £2; := £2; — U;;i 2 fori=2,... k.

The termination condition ContractiveRegion = R" means that, for each initial
state x, there exists a region §2; such that x € §£2; and the switching path 6; that
makes the region (and the state) contractive. Upon termination of the algorithm,
£2; and ; fori =1, ..., k give the state partitions and the corresponding switching
paths, respectively.

Note that the algorithm terminates only when ContractiveRegion = R". That is
to say, if the switched linear system is not switched attractive, then the algorithm
will not terminate in a finite time. However, if the system is switched attractive,
the algorithm does terminate in a finite number of steps, although we do not have
an upper bound of the step number. Other termination conditions may apply, for
example, if all the singular values of matrices Ay, ..., A, are greater than or equal
to one, then the system is by no means to be switched attractive [213], and we can
terminate the algorithm in m steps (j < m).

In the schematic algorithm, the major computational loads include the determi-
nation of the regions §2; and the verification of ngl £2; = R". For this, we briefly
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discuss the computation of the region X¢ = {x € R": |Cx| < pu|x|} for a matrix
C € R and the verification of the relationship

k
e, =r" (4.64)
j=1

for a matrix set {Cq, ..., C¢}.

Note that the region X¢ is norm-dependent, that is, different norms may corre-
spond to different regions X¢ for a matrix C. Note also that, for the £;-norm, the
region is generally nonpolyhedric in nature, that is, it is not a union of a finite set of
polyhedra. In this case, it is very hard to verify whether or not UI;II Xc; =R" for
a matrix set {Cy, ..., C}. On the other hand, for the £;-norm, the region is indeed
polyhedric. Accordingly, we use the £;-norm.

Given a matrix C = (¢;, j)nxn, it is clear that

n
§ :ci,jxj

j=l1

n

Xcz{XGRnI Z

i=1

su2|x,-|}, (4.65)
j=1

which can be routinely converted into the union of a finite number of regions in the
form

{x: Eyx + F1 <0}, (4.66)

where E1 and Fp are a matrix and a column vector with compatible dimensions,
respectively. It is clear that any region in form (4.66) is a convex polyhedron.

Next, we propose a reduced-order method which enables us to compute the re-
gion (4.65) and to verify relation (4.64) in a unifying scheme.

Take the half unit sphere

H)f”zo = {x = [xl,...,xn]T: X, >0, |x|1 = 1}.
This half-sphere can be projected onto the (n — 1)-dimensional unit ball by the map
P HT”ZO — Bﬁ’fl, Pox=[x1,..., x011".
The inverse map is
Pty =[yioees e, 1= |y|1]T, yeB!T
Let
Ye={yeBi " [CP [, =[Pyl )

which is also a finite union of regions in form (4.66). It can be seen that

XC:{rPn_ly: reR, yelcl.
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Moreover, given matrices Ci, ..., Cy, a necessary and sufficient condition for
UXc, =R"is

JYe, =B (4.67)

When n = 2, the set Yc is the union of several (possibly empty) pieces of in-
tervals, and the verification of (4.67) is simply of dimension one. Similarly, when
n = 3, the verification of (4.67) is to check whether the regions cover the pla-
nar unit ball, which can be conducted conveniently by phase plane portraits. For
higher-dimensional systems, due to the polyhedric structure of V¢, and B’ll_1 , there
are commercial numerical softwares available (for example, MATLAB GBT Tool-
box [252]) for computing the regions V¢, and for verifying relation (4.67).

Integrating the conceptual procedure, the schematic algorithm, and Lemma 4.36,
we obtain the following constructive procedure for stabilizing switching design of
the switched linear system.

Computational Algorithm for Stabilizing Switching Design

1. Givenn,m,and A; e R"*" fori e M ={1, ..., m}. Set flag := 0 for continuous
time and flag := 1 for discrete time.
2. If flag = 1, then set B;j_| := A; fori € M, and t := 1. Otherwise, choose a
positive real number t (sampling rate), and let B;_j :=exp(A;t) fori € M.
3. Set k :=0, FeasibleSet := ), UnionOfRegions := (.
4. Express k inbase m,ie., k=) i_, jim'~! with j; € M and j; # 0. Set path :=
lj1,...,jsland C :=Bj --- Bj,.
5. Compute Yc.
6. If Yc ¢ UnionOfRegions, set
FeasibleSet .= FeasibleSet + {(C, path, Yc)}, and
UnionOfRegions := UnionOfRegions U Yc.
7. If UnionOfRegions # B ™", set k := k + 1 and go to Step 4).
8. Remove the reducible triplet elements of FeasibleSet whose )¢’s are subsets of
the union of the other V¢ ’s (cf. the reduction part of the Schematic Algorithm).
9. Set k to be the number of elements of FeasibleSet. Fori =1, ...k, set G; be
the C in FeasibleSet(i), path; be the path in FeasibleSet(i), and A; be the V¢
in FeasibleSet(i).
10. Set A; := A; — 2] A fori=2,... k.
11. Input an initial state xo and a terminal time ¢ .
12. Set State := @, IterativeState := xq, IterativeTime := 0.
13. Set y := P, (sgn(IterativeState(n)) * IterativeState/|IterativeStatel), find i €
{1,...,k}suchthat y € A;, and set j :=1.
14. Set index := path; (j) + 1.
15. Compute the solution [¢, x] of the differential/difference equation

xt (t) = Aindexx ()

over time interval [[terativeTime, IterativeTime + t] and set
IterativeTime := IterativeTime + t and
State := State U [t, x].
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16. If j < length(path;), set j := j + 1 and go to Step 14).

17. If IterativeTime < ty, set lterativeState := State(IterativeTime) and go to
Step 13).

18. Plot the state trajectory State.

4.5 Stabilization via Mixed-Driven Switching: Robustness
Analysis

Suppose that switched linear system (4.47) is asymptotically stabilizable and that
the pathwise state-feedback switching law /\5‘6:1 0; f’ exponentially stabilizes the
system with convergence rate . That is,

k
'qb(t;o,x,/\eigf)
i=1

for some 8 > 0.

Let us consider the situation that the switched linear system undergoes exotic
disturbances or perturbations. The perturbations can enter either structurally or un-
structurally and can enter into either the subsystems or the switching signals. A gen-
eral description of the perturbed system can thus be given as

<Be x| VxeR", teTp (4.68)

xT() = (As4) + A )X (O) + f i (1) + folt),

where o (¢) is the (structural) perturbation of the nominal switching signal, A,- and
fi are the structural and unstructural perturbations on the ith subsystem, respec-
tively, and f(¢) is the unstructural perturbation of the nominal system. As fp can
be absorbed by f; in an obvious manner, we can assume that this part is null and
rewrite the perturbed system as

x (1) = (As ) + A5 )X (1) + fz)(0). (4.69)

The objective of this section is to analyze the robustness of the nominal switched
linear system w.r.t. the perturbations. For this, note that the structural and unstruc-
tural perturbations for the subsystems can be handled by the conventional scheme
of robust analysis in a normed space. The perturbation analysis for switching signal,
however, is a new topic that needs more attention.

The study of the robustness against switching signal perturbations is well mo-
tivated for the reasons below. First, in practice we cannot implement a switching
signal precisely. For example, time delay is unavoidable in many practical situa-
tions, and exact online measure of the state variable is usually impossible. Second,
the switching device may mismanipulate in certain cases. For instance, the system
should activate the ith subsystem, but it activates the jth instead. Third, component
(subsystem) failures lead to displacement of switching paths, and the ability of fault
tolerance is always an important issue for practical implementation. Finally, from



4.5 Stabilization via Mixed-Driven Switching: Robustness Analysis 171

the design viewpoint, we prefer to choose a switching law which still works (for the
stability purpose) under small perturbations.

In the next subsection, we present an approach to characterize the distance be-
tween two switching signals generated by a pathwise state-feedback switching law,
which paves the way for the robust analysis conducted later.

4.5.1 Distance Between Switching Signals

To implement a pathwise state-feedback switching law /\f-‘=1 Gigi, it involves a re-
peated process of first determining an index j according to the online state mea-
surement, and then coordinating the switching along the switching path 6;. In this
process, perturbations might enter either in index determining or in executing the
switching law. The distance between the nominal switching signal and perturbed
switching signal should be the summation of the variations of both types in some
sense. For this, we first define the distance between two switching paths and then
extend it to the case of pathwise state-feedback switching laws.

For a right-continuous switching path py, ) letto < t; < --- < t; be its switch-
ing time sequence. Its switching index sequence is p(#p), p(t1), ..., p(ts). For con-
venience, we refer to the sequence

8Sp ={(t0, p(t0)). (11, p(11)), ... (15, Pts)), ... }

as its switching sequence and the sequence

DS, ={(p(o). 11 —t0). (p(t1). o —11). ... (p(ts—1). ts — t5—1). ...}

as its duration sequence. It is clear that p, SS,, and DS, are equivalent in the sense
that one can determine the others and vice versa. As a result, a variation of a switch-
ing path means a variation of the switching/duration sequence, which can also be
seen as a variation of the transition chain defined later. This simple observation
provides a basic insight into the way for characterizing the distance between two
switching paths.

For a switching duration sequence (ig, ho), (i1, h1), ..., the transition chain is
defined as the sequence of state transition matrices at the switching instants, i.e.,

@(io, ho)le(ir, hD)g(io, ho)lp(iz, h2)e(it, h1)e(io, ho)l -+ - (4.70)

where ¢(i, h) = ¢4 in continuous time, and ¢(i, h) = Af.’ in discrete time. The
transition chain clearly exhibits the state transition process along the switching path.

Before formulating the distance between two switching paths, we present a cou-
ple of motivating examples.

Example 4.37 Consider a continuous-time switching signal p; whose switching
sequence is (0, 1), (1,2), (2, 1), (3,2),....
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Suppose that there is a small time delay € at the first switching time. It is
obvious that the delayed switching signal p, is with switching sequence (0, 1),
(14+¢€2),2+¢€1),3+¢€,2),.... The corresponding transition chains for the
nominal and perturbed switching signals are

M IeAzeA1 |eA‘eA26A' |-

and

eAl(l+€) |6A26A1(1+6) |eAleAzeA1(l+6)| .

respectively. It can be seen that the two chains possess the same convergence prop-
erty, that is, the perturbed matrix chain is convergent iff the nominal matrix chain is
convergent. However, it is clear that

pi(t) # pa(t) Vie€O,

where © & U,'::o? [k, k + €). That is, the two switching signals are not equal at time
intervals of an infinite length no matter how small € is. This excludes the reason-
ableness of formulating the distance between p| and p; by meas{r : p1(¢) # p2(t)},
though this seems to be the most straightforward way. Another observation from
this example is that, comparing with the switching sequence, the switching duration
sequence is more suitable for describing the transition chain of the switched system.

Example 4.38 For the following three switching paths

(i) DSp, = {(io, ho), (i1, h1), (i2, h2), (i3, h3), ...}
(ii) DSp, ={(i1, ho), (o, h1), (i2, h2), (i3, h3),...} and
(111) DSp3 = {(101 hl)v (llv hO)» (121 h2)1 (l3a h3)7 . }

which two are closer?
The transition chains of the paths are

@(io, ho) | (i1, h)e (o, ho) | @iz, h2)e (i1, hi)eGo, ho) | -+ -,
@(i1, ho) | @(io, hD)e (i1, ho) | @(ia, ha)p(io, h)e(i1, ho) | -+,
@(io, h1) | (i1, ho)e(io, k1) | o(ia, ha)e(it, ho)e(io, A1) | -+,

respectively.

Roughly speaking, though the switching time sequences totally coincide for the
first and second switching paths, the index sequences are different for the first two
periods, so the difference in time measure is kg + h1. Similarly, the difference
between the first and third is 2|k} — hg|, and between the second and third it is
2min{hg, h1}. In this sense, if 11 > 2hg or hg > 2h, then the distance between the
second and third is shortest, otherwise the distance between the first and the third
is shortest. In both cases, the distance between the first and the second paths is the
longest.
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Example 4.39 Consider two switching paths 6 and 6, in discrete time, which are
represented by sequences

01=31242131113112221221,
6p=3124313113311221221, 4.71)

which are of lengths 20 and 19, respectively. To compare the sequences, two intu-
itive ways are aligning the sequence by adding and by removing certain elements
to/from the sequences. By adding new elements, we have

9;=3124231311133112221221,
0,=3124231311133112221221, 4.72)

where the numbers with a bar are newly added. It is clear that five new elements
are incorporated, and 6 is identical to 6. Similarly, by removing elements from the
sequences, we have

12 41 42
6,=31241311311221221,
6,=31241311311221221,

13 13

where ﬁve_‘, elements are removed, arld 51 is identical to 52. Note also that the cardi-
nality of 0 is 22, the cardinality of ; is 17, and the difference is five. As a result, it
is intuitively proper to define the absolute distance between 8; and 6, to be five.

The above examples motivate us to define the distance between two switching
paths through the time variation while ignoring the dynamic difference between the
system matrices, that is, we assume, for simplicity, that the distance between any A;
and A; is normalized.

Let A be the set of intervals of the form [a, b) with 0 < a < b and of unions
of such intervals. Given w € A, we can define the map ¥, : Ry — 7)) — R4
by

Yr(t)=t —meas{s <t:semn}, rteRy—m.

Given two switching paths piy,, .,y and pay, ), p1 is said to be a child-path
of pa, or py is said to be a parent-path of pi, denoted by p; < p, if there exist
7 € A and a time transition § € R such that

o= |J {v=)-4},

te([t3,t4)—m)

p20) = p1 (Y (0) = 8) Vreln.g) —m. (4.73)
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Correspondingly, let Agf be the set of 7 that satisfies (4.73). It should be stressed
that the set A}? may contain more than one element.
For two switching paths p; < p», define the distance to be

|p2 — p1l = inf measm. (4.74)

P2
nEApl

It is clear that |po — p1| = 0 iff p; is a pure time transition of p», thatis, t4 — 13 =
to —t; and p1(t; +5) = p2(t3 + ) for all s € [0, — #1). In this case, we denote
pa=py "

Given switching paths p1, p», and p3, p3 is said to be a common parent-path
of p; and p,, denoted p3 € CP(p1, p2), if p1 < p3 and py < p3. It can be seen
that, for any two switching paths, there must exist a common parent-path. Indeed,

suppose that

DSy, = (W), (. 0). D).} = 1.2
Then, the switching path

DSpy ={(ig- ho)- (ig: 1), (i1, 1), (i, 1), (i, ko), (i3, h3). - }

is a common parent-path of p; and p;.

Definition 4.40 For any switching paths p; and pj, the distance between them is
defined as

d(pi.p)= _inf  (Ip3—pil+Ip3— p2l). (4.75)
p3€CP(p1,p2)

Remark 4.41 1t is interesting to note that the switching distance is closely related to
sequence alignment, which is one of the basic tasks of bioinformatics. A primary us-
age of alignment is to attempt to identify regions of sequences that share a common
evolutionary origin. That is, the purpose of sequence alignment is to identify the
similarity of two or more biological sequences. It is clear that the smaller distance,
the more similarity. Taking mRNA sequences as an example, they are taking values
from alphabet {A, C, G, T'}. In fact, if we relabel A, C, G, and T with 1, 2, 3, and 4,
respectively, then the sequences (4.71) are exactly segments of mRNA sequences as
shown in [191, Fig. 2B]. While numerous computer algorithms were developed for
sequence alignment, the distance defined here captures the major feature of many
algorithms. The reader is referred to [181, 185] for recent development of sequence
alignment.

Proposition 4.42 The distance between switching paths possesses the following
properties:

(1) (positive definiteness) d(p1, p2) > 0, and d(py, p2) =0 iff p1 = p5* for some
seR
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2) (symmetricalness) d(p1, p2) =d(p2, p1) and
(3) (triangular inequality) d(p1, p2) <d(p1, p3) +d(p2, p3)

Proof Properties (1) and (2) straightforwardly follow from the definition. To
prove (3), let ¢ be an arbitrarily small positive real number. By definition, there
is a common parent-path p4 of paths p; and p3 such that

d(p1, p3) = Ipa — p1l + |ps — p3| —&.

Similarly, there is a common parent-path ps of paths p, and p3 such that

d(p2, p3) > Ip5 — p2| + |ps — p3| — &.

On the other hand, we can find a common parent-path pg of paths p4 and ps5 such
that

|p6 — p4l <|ps—p3| and |ps — ps5| <|p4 — p3l.

As pg is also a common parent-path of p; and p,, we have

d(p1, p2) < |pe — p1l + |pe — p2l
<|ps — p4l + |p4 — pil + |ps — ps| + |ps — pal
<Ips —p3l+|pa— p1l+|ps — p3l + |ps — p2
<d(pi1, p3) +d(p2, p3) + 2.

Due to the arbitrariness of ¢, the triangular inequality holds. g

It follows from the proposition that the set of switching paths forms a metric
space.

Next, we formulate the distance between two switching signals generated by a
pathwise state-feedback switching law. Fix a pathwise state-feedback switching law
/\f‘:l Oigi . For any given switched system, it generates a switching signal o* for any
initial state x that is the concatenation of the switching paths 6;,i =1, ..., k. This
switching signal can be described in a recursive way, as described below.

(1) Initiation. From the initial state xg, choose the active subsystem index j €
{1,..., k} such that xg € £2;, and let the system evolve along switching path 6;
for the duration of s ;. At the end of the process, the state is x; = ¢ (s;; 0, xo, 0;),
which is termed as the current relay state at t| = s;.

(2) Recursion. From the current relay state x,, at t,,, choose the active subsystem
index/ € {1, ..., k} such that x,, € £2;, and let the system evolve along switching
path 6; for the duration of s;. At the end of the process, the state is x,4+1 =
¢ (s1; 0, xy, 6;), which is the current relay state at #,+1 =1, + 5.

Suppose that we are to implement the (nominal) switching signal in the above-
mentioned recursive way. Then, perturbations may enter in the following possible
manners:
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(1) When implementing a switching path 6; for a duration of s;, mismanipulations
may occur in certain cases. For instance, a time delay in the operation or com-
ponent (subsystem) failures lead to displacement of switching paths, etc.

(2) At the concatenating instants f;, the next piece of switching path is wrongly
selected due to the imprecise measure of the current initial state.

In either case, due to the interaction between the continuous state and the switch-
ing signal, for the same initial state, any small perturbation may lead the perturbed
switching signal to totally deviated from the nominal switching signal. This in-
dicates that the distance between the perturbed switching signal and the nominal
switching signal should be formulated based on the following rules:

(1) The distance should be counted locally (piece by piece) rather than globally.

(2) Any mismanipulation should be counted only once in the sense that the future
effluence should not be taken into account to the distance.

(3) Once a mismanipulation occurs, the next current relay state should be taken as
the nominal initial state for future comparison between the switching signals.

In the light of the rules, we rewrite the nominal switching signal o,, as

+00
Z(x,‘,ji,ejt.,s.,‘,.): )Cl'_;,_l=¢(Sji;0,x,‘,9ji)€.9ji+]. (4.76)
i=0

Suppose that the perturbed switching signal o), can be expressed in a similar way as

+00
> Givkipint) Yie1 =6 (10,3, pi). Yo =Xo. (4.77)
—

where «; is the actually selected (perturbed) index of the switching path for the
current initial state y;, and p;, ., is the actual (perturbed) implementation of 6 i - It
can be seen that a deviation occurs when either y; & £2,, or p; #0 i -

Definition 4.43 For a pathwise state-feedback switching law /\f-‘:l Gigi ,let o, and
o, be the nominal switching signal and perturbed switching signal with initial
state x, respectively.

(1) For a natural number N, the N-distance between ;' and a;,‘ is

N-1

DY (0p.00) =Y d(pi.0;). (4.78)
i=0

where /; is the index that y; € §2, fori =0,..., N —1,and d(, -) is the distance
between two switching paths as defined in (4.75).
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(2) The relative distance between the nominal switching signal o, and the per-
turbed switching signal o7, is defined as

1
RDy (0, o) = limsup — DY (5, 0,). 4.79)
N—+o00 N

(3) The supremal relative distance between the nominal switching signal o, and the
perturbed switching signal o, is defined as

SRD(0p, 0,) =limsupRDy (0, 0y,). (4.80)

xeR"

Remark 4.44 The N -distance measures the absolute distance between the nominal
switching and the perturbed switching over the first N-concatenating periods. It is
the summation of the distances between the nominal and perturbed switching sig-
nals. The relative distance, on the other hand, measures the average distance in time
over an infinite horizon. It should be stressed that the relative distance is more subtle
than the (absolute) N-distance in characterizing the distance between two switching
signals. In fact, for any two switching signals defined on an infinite horizon, the ab-
solute co-distance must be infinite if the relative distance is positive, but the reverse
is not necessarily true.

4.5.2 Robustness Analysis

In this subsection, we establish that a well-designed pathwise state-feedback switch-
ing law is robust against various types of perturbations including structural pertur-
bations, unstructural perturbations, and switching perturbations.

Suppose that the pathwise state-feedback switching law o = /\5‘6:1 91.9 " is piece-
wise contractive for the switched linear system

xT () = Agryx (1), (4.81)
where Ay, ..., A, are known real matrices. Define
def .
pi = sup |pGsi;0.x,0)| <1, i=1,... k. (4.82)
xef2;NHy

According to the analysis in Sect. 4.4.1, we have
k
¢(t; 0, x, /\9?[) <Be™|x| VxeR" teT,
i=1

where « and B are positive real numbers that can be explicitly estimated.
The first property of the switching law is its robustness with respect to structural
perturbations.
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Theorem 4.45 There is a positive real number ¢ such that the switching law expo-
nentially stabilizes any switched linear system

() = Apx(0) (4.83)
with max™_| |A; — A;|| <e.

Proof The main idea is to prove that the switching law is still piecewise contrac-
tive w.r.t. the perturbed system when ¢ is sufficiently small. To see this, we ex-
amine the state transition matrices of the nominal and perturbed systems, respec-
tively. For switching path 6;, denote by 1, 11, ..., fy its switching time sequence.
Let @(s;, 0, 6;) and <1_5(s,~, 0, 6;) be the state transition matrices of the nominal sys-
tem and the perturbed system, respectively. It is obvious that

@ (s;,0,0;) = eAaok)(Si*lk) . er(tO)(tl_tO)’

B(s;,0,06;) = Ao Si=10) | pAcig) (11=10)
in continuous time and
D(5i,0,0;) = Ag(s;i—1) - - - Ao (0)» D(51,0,6) = Ag(s—1) - Ao (0)
in discrete time. Define the error
D =b(s;,0,6) — D(si,0,6).

It is clear that & is a continuous_function of the entries of matrices A; for i =
1,...,m. Note that ® =0 when A; = A; fori =1, ..., m. It follows from (4.82)
that

sup |¢_>(si,0,6’i)x] <1, i=1,...,m,
xef2;NHy

when max?" | |A; — A;|| is sufficiently small. This clearly leads to the conclusion. [J

Remark 4.46 The robustness against structural perturbations is sometimes termed as
structural stability. The property is important in that the system cannot work prop-
erly if it is not structurally stable. An interesting open problem is how to estimate
the margin ¢ explicitly.

Next, we turn to the robustness w.r.t. unstructural perturbations. We formulate
the problem by means of the framework of input-to-state stability (ISS).
For the perturbed system

xT () = Agyx (1) + w(t), (4.84)

where w(t) € R” is the unstructural system perturbation, we take the perturbation
as an uncontrolled input.
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Definition 4.47 For a switching law o, system (4.84) is said to be input-to-state
stable (ISS) w.r.t. the switching law, if there exist real-valued functions o € Ky, and
B € KL such that

| (25 x0, 0, w)| < max{B(xo, 1), e(|wle)}. Vo, w,t €Ty, (4.85)

where |w' |y = SUPse(ro.1) |lw(s)|, and ¢ (-; xg, o, w) denotes the solution of (4.84)
with initial condition x (0) = xg.

This notion degenerates into the standard ISS for nonswitched systems [211].
The second property of the switching law is that it steers the switched system
ISS.

Theorem 4.48 The switched system is input-to-state stable under the switching law
Nz 67
Proof For the perturbed system (4.84), its aggregated system is

u+1 =Gz +v, z1 €82, (4.86)
where

Si
w:f D(si, T,0)w(ty +1)dtr, leN
0

in continuous time, and

si—1

v=Y @@ j.0)wt+j). [eN
j=0

in discrete time, and 0, #1, 1, . .. is the switching time sequence. This implies that,
for any nonnegative integer /, we have

o L max{|vol, vil, ..., lul} < vsup{lw(@)|: ¢ € [10, 41}, (4.87)
where
v= max(e”Al”S, e, e”A'””S)
in continuous time, and
v=max(|A([°,.... |[Anl’)
in discrete time. Here s def max{sy, ..., Sk}.

In view of (4.82), let © = max{py, ..., pi}, and let i be a real number in (u, 1).
Fix a natural number j. For any I < j, if |7;] < %, then we have

R
lzi41l = 1Gizi +vi| < plzi| + @’ < .
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This means that the closed ball B is invariant in that the successor of any state

w-/
n—p

within the ball is still kept in the ball. On the other hand, if |z;| > % , then we have

J21+1] < plal + o < flzl.
The above facts clearly lead to

j
IZZISmaX{ﬁl|xo|,ﬁaiM} Vi=1,...,j. (4.88)

It is also clear that
|6 (15 x0, 0, w)| <vlzl Vee @ ug), 1=0,1,2,.... (4.89)

Combining (4.87), (4.88), and (4.89) yields

t

2
viw
| (t; x0, 0, w)| < {U[w_“’, - } vt € 7o,
i—

where o = ﬁ This clearly exhibits that the original system is input-to-state

stable under the switching law. 0

The next property is the robustness of the switching law against switching per-
turbations. In terms of the distance between switching signals defined in Defini-
tion 4.43, we have the following result.

Theorem 4.49 There is a positive real number y such that the switching law

/\f:1 Gigi exponentially stabilizes any switched linear system

xF(t) = As(x(t) (4.90)
with SRD(5, \*_, 6% < y.

To proceed with the proof of the theorem, we need the following technical
lemma.

Lemma 4.50 Suppose that py and pp are switching paths defined over in-
tervals [0, t1) and [0, 1p), respectively, and x is an arbitrarily given state. If
| (t1; 0, x, p1)| < V¥l|x| and d(p1, p2) = ¢, then, we have

|¢(22: 0, x, p2)| < (N TH1 e + )], (4.91)

def T . . def . .
where n = max" | el Al in continuous time, and n = max (1, max}’, | A;||) in dis-
crete time.
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Proof Here we only prove for the continuous time, and the discrete-time case can
be proceeded in a similar manner. Let € be an arbitrarily given positive real number.
By the definition of the distance between two switching paths, there is a common
parent path p over [0, 7) of p; and p, such that

lp=pil+Ip—p2=¢+e.
Denote ¢1 = |p — pi1| and {» = |p — p2|. Suppose, for instance, that
@(11,0, p1) = eAzhzeAlhl, d(7,0,p) = eA2h2 pAsha pALh A3hs
Other cases can be treated in exactly the same way. Simple computation yields

|¢(x:0,x, p)| < |¢(x:0.x, p) — P (x1; 0. x, p)| + ¢ (11: 0, x, p1)|
< |€A2h2€A4h4€AlhI€A3h3x _ eAZhZeAlhlx‘ + w|x|
< |eA2h2 (€A4h4 _ 1)6A1h16A3h3X|
T[22 (A5 x| 4+ x|

< ("o + 9,

where the relationships 71 = Ay + ha, {1 = h3 + hg and [|e4" — I]| < || Alle! A1z
have been used. Further calculation leads to

|¢(12: 0, x, p2)| < |¢(12: 0, x, p2) — ¢ (x: 0, x, p)| + |$(7: 0, x, p)|
<2 ety x|+ |¢(r; 0, x, p)
(e g 4y 4y x|

< (TN o) + ) Ix),

IA

where the relationship 1o < 71 + {1 was utilized. This completes the proof due to
the arbitrariness of €. Il

Proof of Theorem 4.49 Let xo be any given but fixed state, € be any given pos-
itive real number, and ¢*° and 6*° be the nominal switching signal and the per-
turbed switching signal generated by the switching law /\f=1 01.9" w.r.t. initial state
x(0) = xq for the nominal system and the perturbed system, respectively. Recall that
SRD(o, /\f.‘:1 91.9[ ) <y means that RDy, (6%, c) < y, which further means that
the N-distance between the perturbed switching and the nominal switching is upper
bounded by N (y + €) for sufficiently large N.
Rewrite the nominal switching law as in (4.76):

+00
o0 ZZ(xi,j,',jS,Sji) D Xitl =¢(sj~,.;0,x,-,9ji) € ‘jS-H'
i=0
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Similarly, rewrite the perturbed switching law as in (4.77):

+00
ot = Z()’i,/‘i, pi- %) Yie1 =¢(1i; 0, yi, pi), yo = Xo.
i=0

‘We are to prove that the state sequence yo, y1, . .. is exponentially convergent, which

implies the exponential stability of the perturbed system. For this, we only examine

the continuous time, and the discrete-time case can be proven in a similar manner.
In view of (4.82), let uw = max{p1, ..., pr}, and let & be a real number in (u, 1).

Fix an arbitrarily given natural number i. Let def max{sy, ..., s}, and let ¥ =
=Tt (i — w). It follows from Lemma 4.50 that

lyil < ialyi-1l ifd(pi,0j;) <. (4.92)

Applying Lemma 4.50 again gives
: u . .
il < <nf+dl“ + 5)d1~|yi_1| < Hidilyioal ifd(i 0;) >0, (4.93)

where L = 7 + 2 + max{0, Inu — In?¥)/Inn}, and d; def d(y;,0j;). Now choose
y =€ = w¥ where w is a positive real number to be determined later. Let [ be a
(sufficiently large) natural number such that, for any N > [, the N-distance between
the perturbed switching and the nominal switching is upper bounded by N (y + €).
Fix N > [ and define

Ni=#{i <N: |yi| > flyi-1l}, N»=N — Ny,
where # denotes the cardinality of a set. By the definition of N-distance, we have
Ni<[Nw], N> |N(-w)],

where [a] (la]) denotes the smallest (largest) integer equal to or greater (less)
than a. Based on the above facts, routine calculation gives

- . _ _ _ A—1
lywl < yolig™> [T n*tid < e "N A== DN U0 5

d,‘>l9

< ef(Nfl)veN(v+2+26)"l)w %o, (4.94)

where v & [, and the fact that maxx(f—c)x — e was used.
Finally, let @ = m, which is clearly independent of N. Then, it can be
seen from inequality (4.94) that the sequence yo, y1, ... is exponentially convergent

with rate v/2. This completes the proof. O

Remark 4.51 Theorem 4.49 reveals that the pathwise state-feedback switching law
is robust against perturbations from the switching law itself, which means that the
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switching law is fault tolerant—a very important property from the practical point of
view. Moreover, it can be seen from the proof that the allowable robustness margin
y can be explicitly estimated.

Finally, by combining Theorems 4.45, 4.48, and 4.49, we can prove the follow-
ing comprehensive robustness property of the switched system with the stabilizing
pathwise state-feedback switching law.

Theorem 4.52 Suppose that the switching law /\f: 1 Oigi exponentially stabilizes
the nominal system
xT (1) = Apryx(t).

Then, there are positive real numbers €1 and € such that the switching law makes
the perturbed system

xT(t) = Agpyx(t) + w(t)

input-to-state stable if

<.

1;1"55( | Ax — Agll < e, SRD(&, ei‘?") <e. (4.95)

1

1

4.5.3 Examples and Simulations

Example 4.53 Let us examine the discrete-time switched linear system

x(t4+1)=Asnx(), x(t)eR? o(t)e{l,2,3} (4.96)
with
A —[07113 05333 4, — | 00378 0.4588
=1 1.8498  0.0968 | 27| 24130 0.4437)
and

A [F07714 0.2266
371-0.8239 —1.4026|"

Simple computation exhibits that
A AN >1, i=1,2,3,

where {AI(A),AZ(A)} is the spectrum of matrix A € R2*Z, 1t follows from
Lemma 4.3 that the switched linear system is not consistently stabilizable. That
is, the system cannot be made stable via any single switching signal.
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To verify the stabilizability of the switched system, we conduct the computational
algorithm in Sect. 4.4.2, which yields

UYe, =Bl =[-1,1],
where
G| =4y, Gy = As, Gz = A3, G4=A%A3, Gs = AxA1 A3,
and the corresponding switching paths are
01 = (D), th =(2), 03 =(3), 04=3,1,1), 05 =(,1,2).

As a result, the algorithm terminates with k = 5, which exhibits that the switched
system is exponentially stabilizable. To further calculate a stabilizing pathwise state-
feedback switching law, we choose

Ay =[—0.0995,0.4540) C V5,

A =[—0.3895, —0.0995) C V5, .

Az =[—0.7100, —0.3895) C V5,.

Ay = [—1.0000, —0.9625) U [0.4540, 1.0000] C Vg,
As =[—0.9625, —0.7100) C V..

which generate the state space partitions
2 = {r’Pz_ly: reR, ye A},
Qi={rPy'y:r#0, ye A}, i=2... .k

Figure 4.11 shows the Vg, ’s, the A;’s, and £2;’s.
With the state partitions, the aggregated system is

2jr1=Gizj, zj €52

with zg = x(0). It is clear that the aggregated system is exponentially stable, and
the pathwise state-feedback switching law /\f=1 Qigi exponentially stabilizes the
original switched system.

Take the initial state to be

x(0) =[1.1908, —1.2025] .

In what follows, we present simulations for the nominal systems and its perturbed
systems, respectively.

Firstly, Fig. 4.12 shows sample state phase portraits for the original system and
the aggregated system. It can be seen that the aggregated state trajectory is always
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Fig. 4.11 State partitions (right) and their projections (left)

contractive relative to the norm | - |1, while the original state trajectory is not neces-
sarily contractive at the nonaggregated instants.

Secondly, to illustrate the robustness against structural perturbations, we assume
that the matrices A; are perturbed by the matrices A i, Where

i _[02117 —0.3501 i, _[0.1623 02620
'=10.1243  0.1395 |’ 27 10.1273  0.0654 |’

and

f._[0.1346 —0.4898
371-0.0299  0.0947 |-

Figure 4.13 depicts the state phase portrait for the perturbed system
Xt + 1D = (Aa) + Aon)x(1).

It is clear that the perturbed system is also exponentially convergent, though the
convergence rate is lower than that of the nominal system.

Thirdly, to illustrate the robustness of the switching law with respect to switch-
ing perturbations, we assume that the nominal switching signal is perturbed in the
following way: (i) a delay occurs at each time implementing the switching path
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° original state
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Fig. 4.13 State phase portraits of the structurally perturbed system
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Fig. 4.14 State phase portraits with perturbed switching

01 = (1), that is, the perturbed switching path is él = (1, 1); and (ii) the state mea-
surement is inexact in that the measured state is ¥ = [1.1x;, x2]7 for any state
x = [x1, x2]7, that is, there is a ten-percent overdue for the first state variable. Fig-
ure 4.14 shows the state phase portrait for the perturbed system. It is clear that the
state is still convergent. A routine calculation gives that the relative distance in the
simulated horizon is 0.0526. This means that over five percent length of the switch-
ing signal is wrongly implemented.

Fourthly, to illustrate the input-to-state stability, let us examine the perturbed
system

X1+ 1) = Agx(t) + w(t)

with w(t) = sgn(tan(¢)), and sgn(-) denotes the signum function. The state phase
portrait for the perturbed system is shown in Fig. 4.15. It can be seen that the system
is input-to-state stable with a reasonable bound.

Finally, by putting all the above perturbations together, we have the perturbed
system with three types of perturbations. Figure 4.16 depicts its state phase portrait,
which is still input-to-state stable with a bigger overshoot.

Example 4.54 For the continuous-time switched linear system

(1) = Agyx (1), x(1)eR>, a(t) e(l,2}, (4.97)
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Fig. 4.16 State phase portrait of the mixed perturbed system
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with

[—0.4203 1.4913  0.3085
A =|—1.4281 1.2367 -—-1.1178],
| —0.2091 0.7129 —0.7467

[ 0.1967 —0.5520 0.9880
A= 05359 —-0.7562 —1.0518 |,
| —1.0481 0.7114  0.3080

simple computation exhibits that

3
dorM@n=0, i=12
j=1

By Lemma 4.3, the switched linear system is not consistently stabilizable. In partic-
ular, the matrices A; and A; do not admit any stable convex combination, and the
system is not quadratically stabilizable [80].

Let the sampling period be 7 = 0.38, and B; = ¢4i” fori = 1, 2. For the sampled-
data switched system

x((j + D7) =Bo(jryx(jT), jEN,

we apply the computational algorithm in Sect. 4.4.2. This gives

UyG,- =B3,

where
G, = B, B? Gy = By B? Gy = B’B»B G4 = B BB
Gs=B3B), Ge¢=BjB:Bi, G7=Bj}BBBa,

Gs = B1BaB{By,  Go=B3BBB),  Gio= BB

As a result, the algorithm terminates with k = 10, which exhibits that the switched
system is exponentially stabilizable. The corresponding switching paths can be for-
mulated routinely as, for example,

b1(6) — {2 t €[0,27),

1 te]27,37),

1 te€][0,21),
(1) = 10, 20)

2 te2r,37),

and so forth. To determine the state partitions, let

Ay =Yg,
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-1
Aj=ij—UA,-, j=2,...,k,
i=1

which generate the state space partitions
21={rP;y'y:reR, ye A},
2 ={rPylyir #£0, ye qy), i=2.... k&
Hence, the aggregated system is
zjir1=Gizj, zj €8,

with zg = x(0).
From the above preparation, we are ready to implement the pathwise state-
feedback switching law /\f:l Gig !, Take the initial state to be

x(0) = [—0.6918, 0.8580, 1.2540] .

Figure 4.17 shows the original state and the aggregated state of the closed-loop
system. It can be seen that the systems converge exponentially with satisfactory
rate.

1.5

o
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|
o
(&=

original state

|
-

-15

2 I I I I I
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Time (Sec)

—05F LY - i

aggregated state

1k = 4

-15F . T

ol = I I I I I
0 10 20 30 40 50 60

Time (Sec)

Fig. 4.17 Original (upper) and aggregated (lower) state trajectories
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The next steps are to verify the robustness of the switching law w.r.t. various
types of perturbations. For this, we take the perturbed matrices to be

~ [0.3915 —0.0680  0.2380
A; =10.1009 —-0.2280 -0.2232 ],
10.3729 —-0.0422  0.1271

5 [—0.1203  0.0172  0.0924
A= 0.1102 —0.4009 —0.0642 |,
| —0.2200 —0.0986 0.2473

and the unstructural perturbation to be
w(t) =cos(sin(r)), € Tp.

As for the switching signal, we assume that the nominal switching signal is per-
turbed in the following way: (i) a delay of d = 0.1 sec occurs at each duration of the
second subsystem in a sample period. That is, the sampling period for the second
subsystem is T + d instead of 7; and (ii) the state measurement is inexact in that the
measured state is x = [x1, x2, O.9x3]T for any state x = [x1, x2, X3]T, that is, there is
a ten-percent error in measuring the third state variable. Let & denote the perturbed
switching signal for the initial state x¢o. Figures 4.18, 4.20, and 4.19 show the state
motions for the perturbed systems

X(1) = (Ag () + Ac()x (1),

state

L
0 10 20 30 40 50 60
Time (Sec)

Fig. 4.18 State trajectory of the structurally perturbed system
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state

0 10 20 30 40 50 60
Time (Sec)

Fig. 4.19 ISS stability of the unstructurally perturbed system

25

state

1
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Fig. 4.20 State trajectory with perturbed switching signal
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Fig. 4.21 State trajectory of the mixed-perturbed system

x(t) = Acnx (1) + w(),

and
x(t) =Asnx (),

respectively. It is clear that the state trajectories are still convergent and bounded,
respectively.

Finally, by putting all the above perturbations together, we have the perturbed
system with three types of perturbations given by

X(1) = (A1) + As ()X (1) + w(r).

Figure 4.21 depicts the state trajectories, which is still input-to-state stable with a
bigger overshoot.

4.6 Notes and References

When the switching signal is a design variable for the switched system, the primary
issues for stability and robustness include (1) establishing stabilizability criteria, or
equivalently, identifying the class of switched systems which could be made sta-
ble by means of suitable switching laws; and (2) stabilizing switching design, or
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equivalently, developing computational algorithms for finding switching laws that
achieve stability and robustness. For both issues, many works have been published
in the literature. The stabilizing switching design problem received a lot of attention
in the literature. In particular, it was found that, when there is a stable linear convex
combination of the subsystems, the switched systems are quadratically stabilizable
[15, 258, 259]. It was also proved that the converse is also true for switched linear
systems with two subsystems [80]. For the class of switched linear systems that ad-
mit stable convex combinations, quite a few stabilizing switching design procedures
have been reported, among which the most notable are the periodic switching design
based on the average approach [250, 257, 258, 267, 277], the state-feedback switch-
ing design based on the Lyapunov method [87, 217, 259], the passivity/dissipativity
approach [281, 282], and the combined switching design to reduce the switching fre-
quency [219, 263, 264]. However, it is well recognized that the existence of a stable
convex combination is too conservative for quadratic stabilizability, not to mention
the general stabilizability which is not necessarily quadratic or even convex [35, 36].
For the robust switching design problem, which is to find switching laws that steer
the switched systems stable and robust in the presence of perturbations and dis-
turbances, there were also some delightful developments. In particular, it has been
revealed that the class of consistently stabilizable switched linear systems is also
robust against small structural perturbations [213, 216], Lyapunov-like techniques
were also utilized to tackle the problem [276], and a comprehensive treatment can
be found in [150, 151].

This chapter presented the state-of-the-art development on stabilizing switching
design. We examined the problems of stabilization by means of time-driven switch-
ing, state-feedback switching, and mixed-driven switching, respectively. In particu-
lar, we show that asymptotic stabilizability is equivalent to the existence of a smooth
switched Lyapunov function, and furthermore, the set of min functions is proven to
be universal in providing switched Lyapunov functions for switched linear systems.
By proposing the pathwise state-feedback switching law, the stabilizing switching
design problem and the robust switching design problem were addressed in a uni-
fied and rigorous framework for both continuous-time and discrete-time switched
systems.

Section 4.2 presented several properties of consistent stabilizability, which is sta-
ble under a time-driven switching signal. The material was mostly taken from [216].
While the periodic switching is not able to generally address the problem of sta-
bilization, recent progress indicates that eventually periodic switching signals are
capable of fully characterizing the problem [16].

In Sect. 4.3, the switched Lyapunov function in Definition 4.8 is an autonomous
function of the state, and the word “switched” here reflects the fact that it needs only
to decrease along the most descendent switching signal. In the literature, the con-
cept of switched Lyapunov functions appeared in [60], which is switching-signal-
dependent and is with a different meaning. The converse Lyapunov theorem for
switched nonlinear system, Theorem 4.10, could be seen as a special case of the
converse Lyapunov theorems established in [58, 198] and [129] for more general
class of dynamical systems. The converse Lyapunov theorem for switched linear
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systems, Theorem 4.12, could be found in [222]. The two counterexamples, Exam-
ples 4.15 and 4.17, are owned to Blanchini and Savorgnan [35, 36]. The composite
quadratic Lyapunov functions have been investigated in [114, 115]. Theorem 4.19
and the supporting material were adopted from [279, 280] for discrete-time systems
and from [192] for continuous-time systems.

The main content of Sects. 4.4 and 4.5 was adopted from [225]. Example 4.27
was taken from [217]. Corollary 4.31 can be found in [218]. Section 4.5.1 and The-
orem 4.49 were adopted from [231, 235].



Chapter 5
Connections and Implications

A notable and attractive feature of a switched dynamical system is its wide con-
nections with many other known types of dynamical systems. As a result, stability
of switched systems has clear implications in stability and robustness analysis for
many well-known system frameworks. In particular, the guaranteed stability under
arbitrary switching can be seen as robustness against the switching signal, which
is an aggregation of the robustness for a nominal plant with structural/unstructural
linear/nonlinear time-invariant/time-variant uncertainties or disturbances. The au-
tonomous stability of piecewise linear systems is closely related to stability analy-
sis of highly nonlinear systems by means of piecewise linear approximation. The
stabilizing switching design methodology provides hybrid control approaches for
controlling and optimizing highly nonlinear systems with possibly unknown param-
cters.

In this chapter, we investigate several typical problems in systems and control
that are closely related with stability of switched linear systems. The problems in-
clude the absolute stability of Lur’e systems, stability of T-S fuzzy systems, con-
sensus of multiagent systems, supervisory adaptive control, and stabilization of con-
trollable systems. By establishing their connections with switching-oriented analy-
sis and design, the ideas and methods developed in the previous chapters can be
applied to the problems either directly or indirectly.

5.1 Absolute Stability for Planar Lur’e Systems

Lur’e systems are closed-loop systems consisting of linear plants and sector-
bounded uncertain output feedbacks. Absolute stability is a problem that looks for
the largest possible sector bounds within which the Lur’e system is globally asymp-
totically stable with respect to all the sector-bounded uncertainties. As a classic
topic of interest, the problem provides a most originating and stimulating source
of motivation for the development of the nonlinear control theory. In Sect. 2.5, we
discussed the connection between the absolute stability of a Lur’e system and the
guaranteed stability of a switched linear system. In this section, by taking advantage

Z. Sun, S.S. Ge, Stability Theory of Switched Dynamical Systems, 197
Communications and Control Engineering,
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of the connection, we present an algebraic criterion for the guaranteed stability of
planar switched systems and apply the criterion to the problem of absolute stability.

5.1.1 Guaranteed Stability in the Plane

Consider the planar continuous-time two-form switched linear system given by
X =Agx, 5.1

where x e R2, o € {1,2}, and A and A, are stable matrices in R2%2,
For a matrix A € R?*2, let detA and tr(A) be the determinant and the trace,
respectively. Furthermore, introduce the notation

disc(A) = tr(A)? — 4det A,
1
I'(Ap, Ay) = E(tr(m)tr(Az) —tr(A1A))),

— @) if disc(A;) #0,

|disc(A;)|
) ) e g N . ‘
= [disc(A )] if disc(4;) =0& dlSC(A]) #0,
tr(?i) if disc(A1) =disc(Az) =0,
2111

1
= et (44D — g oA w2 )

A=4(I'(A1, A2)* — T'(A1, AT (A2, Ad)),

% — arctan TADTADWTtT) e disc(4;) <0,

271 tz«/z
- 2110V A o . _
n; = { arctanh m if disc(A;) >0,
2VA if disc(A;) =0,

(tr(A1 A2)—tr(Ay) r(A2)/2D)T;

o2 ALA)+VA
© 2J/detA; detA,

where i = 1,2 and j € {1, 2} — {i}. Note that all the above constants are invariant
w.r.t. coordinate transformations. In particular, disc(A) is the discriminant of ma-
trix A, which is defined as the discriminant of its characteristic polynomial. For
matrix A € R¥*2, disc(A) > 0 (disc(A) < 0) means that the matrix admits real
(complex) eigenvalues. Observe that t; < 0, i = 1,2, due to the fact that both A;
are Hurwitz. As a result, we have sgn I" (A1, Ay) = sgn(t1t2 — ¥). Finally, observe
that ' (A, A) =det A and sgny = sgn(2tr(A1Az) — tr(Aq) tr(A2)).

TN +12n

Theorem 5.1 For planar switched linear system (5.1), we have the following state-
ments:
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(D) If I'(A1, Ay) < —+/det A det Ay, then the system is unstable.

) If I'(A1, Ay) = —+/det A det Ay, then the system is marginally stable.

(3) If I'(A1, Ay) > —+/detAjdet Ay and tr(A1Ay) > —24/det A| det Ay, then the
system is quadratically stable.

(4) Otherwise, the system is stable, marginally stable, and unstable if @ < 1,
@ =1, and @ > 1, respectively.

To prove the theorem, we need some preparations.

Lemma 5.2 [f switched linear system (5.1) is (marginally) stable, then, for any
positive real numbers k1 and k3, the rescaled switched system

)'CZAUX, AiZK,'A,', i=1,2,
is also (marginally) stable.

Proof As the system is (marginally) stable, it admits a common (weak) Lyapunov
function that decreases along any subsystems. It can be seen that the function is also
a common (weak) Lyapunov function for the rescaled switched system. As a result,
the rescaled system is (marginally) stable. 0

Based on the lemma, a normal form for the switched system can be described as
follows.

Lemma 5.3 Suppose that the commutator [A1, A2] is nonsingular. Then, up to a
linear coordinate transformation, exchanging of A1 and A,, and a rescaling ac-
cording to Lemma 5.2, A1 admits the normal form

_ Tl 1
A= [sgn(disc(Al)) 71 i|’ 5-2)

and

(1) when det[A1, Az] < O, there exists a real number F with |F| > 1 such that
F + sgn(dlsc(AIL) disc(Ap)) — Zw’ and

| .2 sgn(disc(A2))/F
Ay = |: F o :| 5.3)

(2) when det[A{, Az] > 0, we have Y € (—1, 1), and

_|n+V1-y? U4
Az—[ v —M] oY

Proof We proceed with the case where det[A, A3] < 0, and the other case can be
proven in a similar manner.
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Suppose first that both disc(A;) and disc(Aj) are negative. Let o; + +/—16;
be the eigenvalues of A; for i = 1,2, where o; <O and §; >0, i =1,2. By a
coordinate change, we can put A1 and A into normal forms as

ar P a  —p/F
A= , Ay = )
! |:—,31 a]} 2 |:/32F o
where F' is a real number. This corresponds to putting A; into the normal form and

then rotating the coordinates so that the integral curves of A, are elliptical spirals
with axes along the x| and x, directions. Simple calculation gives

[A1. Aol = 1 o(F — 1/F) [(1) _OJ .

It is clear that det[A1, A2] < O implies that ' — 1/F > 0. On the other hand, simple
computation yields F' + 1/F = 2. It is clear that we can choose F with |F| > 1.
Rescaling A; by A—f, i = 1,2, we obtain the normal forms as in (5.2) and (5.3).

Next, suppose that disc(A1)disc(Az) = 0. Up to exchanging A and A,, we as-
sume that disc(A1) = 0. By a suitable coordinate change, we have

o 1 _la b
A1_|:0 a11|’ A2_|:c d:|'

It is clear that det[A1, A>] = —c?, which implies that ¢ # 0. Taking the linear trans-

. 1 &=d
formation T = [0 2lc ] we have

a+d

disc(Az):|
2

a+d
T 'AT=A, T_1A2T=|: 2 dc
C

If disc(A2) =0, then 2y = ¢ and # = 13, and hence the transformed matrices are
exactly of the normal forms. Otherwise, by further implementing the linear trans-
formation

N2 0
T — |disc(Ar)|1/4
- 0 | disc(Ap)| /4
V2

and properly re-scaling, we can also obtain the normal forms.
Finally, suppose that max{disc(A), disc(A2)} > 0 and disc(A1) disc(A>) # 0.
Up to exchanging A1 and Aj, we assume that disc(A1) > 0. By a suitable coordinate

change, we have
a1 O _|a b
e R B P

where o) < . Simple computation gives det[A, A2] = be(ay — az)z, which im-
plies that bc < 0. By implementing the linear transformation
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we have
2 — Tl 1 :|

— = 717'AT=

Jdisc(A)) ! [ 1 o
and

2 .
' T_1A2T _|» sgn(disc(A2))/F ,
[ disc(A))] F 1)

where F satisfies F'+sgn(disc(A»))/F = 2. Note that this is exactly of the normal
form. The proof is completed. g

Remark 5.4 The lemma presents normal forms for the case that [Ay, A>] is nonsin-
gular. When the commutator [A, A;] is singular, it is not hard to see that A; and A;
are simultaneously triangularizable. As a result, the switched system is quadratically
stable when both A| and A, are stable (cf. Sect. 2.3.5).

Lemma 5.5 Switched linear system (5.1) is quadratically stable iff for any w €
[0, 1], we have

det(wA1 + (1 — w)A) > 0, det(wA; + (1 —w)A; ') >0.  (5.5)

Proof Suppose first that the switched linear system is quadratically stable, that is,
there is P > 0 such that AT P + PA; <0 for i = 1,2. It follows that A; " P +

PAl._1 < 0 [154]. As aresult, we have
(A1 + (1 —)A2)" P+ P(wA; + (1 — w)A3) <0,
(A1 + (1 —)A; ) P+ P(0A; + (1 —0)A7") <0

for any w € [0, 1], which implies (5.5).

When the switched system is not quadratically stable, then either Aj Ay or A1 A, !
admits (at least) one negative real eigenvalue [206]. We proceed with the case where
AlAy ! admits a negative real eigenvalue, and the other case can be addressed in a
similar way. It can be seen that there is a positive real number u such that

det(uh + AjA;') =0,
which implies that

det(nuAr + A1) =0.
This violates the first inequality of (5.5). g

Proof of Theorem 5.1 First, assume that I"'(A, Ay) < —+/det Ajdet A,. Taking
¢(w) =det(wA1 + (1 —w)A3) as a function of w in [0, 1], we have

@(w) =w?detA] +20(1 — )T (A1, A2) + (1 — w)* det A,.
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Straightforward calculation demonstrates that the minimum of the function is
achieved at
detAy — I'(Ay, Ao)

= e (0,1
“0= GetA; +detAy — 2T (A Ay) 0D

with
—A
<0
4(detA; +detAy — (A1, A2)) —

In particular, when " (A1, Az) < —+/det Ajdet Ay, we have ¢(wp) < 0, which im-
plies that the matrix wgAj + (1 — wp)A> admits a positive real eigenvalue, and the
switched system admits an unstable convex combination. As a result, the switched
system is unstable. On the other hand, when A = 0, we have ¢(wp) = 0. Similar
analysis leads to the conclusion that the switched system is not (asymptotically) sta-
ble. However, it is marginally stable since it admits the following common weak
quadratic Lyapunov function:

@(wo) =

5, (sgn(disc(A})) sgn(disc(A2)) — F2)?
V) =X = 0 F — oy sen(dise (A2 2

This proves Statements (1) and (2).
Next, assume that

[(A1, Ay) > —/detA detAs,  tr(A1Az) > —2/det A; det As.

It is clear that I'(A1, A2) > —+/det Ajdet A, is equivalent to ¥ (w) > O for any
w € [0, 1]. Similar analysis shows that tr(A1Ay) > —2./det A det A> is equivalent
to det(wA; + (1 — a))A;]) > 0 for any w € [0, 1]. It follows from Lemma 5.5 that
the switched system is quadratically stable. This proves Statement (3).

Finally, we proceed with the case where I'(A1, A2) > —+/detAjdetAs; and

tr(A1 Ap) < —24/det A det A,. Note that
tr(A1Az) < —2+/det Aj det A,

which implies that

I'(Ar, Ay) = %(tr(Al)tr(Az) —tr(A1A42)) > /det A det Ay
Therefore, we only need to consider the case where
[(A1, Ay) > /detAdetAs,  tr(AjA;) < —2y/det A det Ay.
From the normal form we compute that
tr(A1A) =2v + 21110,

which implies that ¥ < 0 and further F < —1. Denote Q(x) = det[A|x, Axx] for
x € R?, and it is clear that the discriminant of Q is exactly A. Define 2 = {x € R*:
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Q(x) = 0}. It follows from the fact A > O that £2 = D U D;, where D and D,
are (noncoinciding) lines passing through the origin. For an x € £2 — {0}, we say
that £2 is direct (inverse, respectively) at x if Aox = A 1x for some > 0 (n <0,
respectively). It is clear that there are real constants p; and wo such that

A2A1_1A1x=A2X=MiA1x VxeD;, i=1,2.

It follows that both 11 and u, are eigenvalues of matrix AzAfl .Asaresult, Ly =

det(AzAfl) =det Ap/det A1 > 0. On the other hand, it follows from the fact Afl =
(2t1I, — Ay)/det Ay that

1+ o = tr(A2AT!) = tr2Ti Ay — ArA1)/ det A,
=T (A1, Ar)/detA; >0,

which implies that both 11 and 5 are positive, i.e., §2 is always direct. Furthermore,
we can establish that

det[Ajx, x] >0, det[Arx,x] >0 Vxe £2—{0},

which implies that both A; and A; rotate clockwise at £2.

It is clear that Dy and D; divide the state space into four cones, and within
a cone the sign of Q(x) keeps unchanged. Note that, from an initial state, the
most stabilizing/destabilizing phase portrait (along all possible switching signals)
is achieved when switches occur at £2. To be more precise, from a nonzero ini-
tial state xo, the most destabilizing state trajectory, denoted by ¢*(z, xp), is that
d*(t, x0) = A;*(t, xo) forms the smaller angle with the exiting radial direction
than the other at any nonswitching time 7. Note that the most destabilizing trajectory
rotates clockwise in the phase plane, and the switched system is stable iff the trajec-
tory is convergent (to the origin). Now take an initial state xo € D1, and let * be the
least (positive) time that x; = ¢*(t*, xg) € D;. Denote the ratio R = % Then the
switched system is stable (marginal stable, unstable) iff R <1 (R=1, R > 1, re-
spectively). Tedious but straightforward analysis based on the normal forms shows
that R is exactly @, and the conclusion follows. O

5.1.2 Application to Absolute Stability of Planar Lur’e Systems

A typical Lur’e system consists of a linear plant with an output feedback whose
gain is sector-bounded. Suppose that the planar linear plant is both controllable and
stable and is described by

SRC A [
-] —07 X2 1

(5.6)
y=cx=[c1 c3] [2} ,
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where a1 and o are positive real numbers. For a positive real number k&, the system
is said to be [0, k)-absolutely stable if the system is globally asymptotically stable
under any (continuous) time-varying nonlinear output feedback law u = « (y, t) with
0 < k(y,1)y < ky®. The problem of absolute stability is to determine the largest
possible number £* such that the system is [0, k)-absolutely stable for any k < k*.
If the system is [0, k)-absolutely stable for any k, then let k* = +o00.

Note that the absolute stability implies that, for any k € [0, k*), the switched
system with subsystems A; = A and Ay = A + kbc is guaranteed asymptotically
stable. The converse is also true. Therefore, the stability criterion presented in the
previous subsection applies. To this end, observe that

0 1
A+ bke= |:—011 +kci —ap —l—kczi| ’

which is also of the companion form. Let kj = supg{kc; < a1, kca < an}. It
is clear that k* < k7. Another observation is that, for any k < kf, we have
I'(A, A+ kbc) > 0. According to Theorem 5.1, if k* < +00, it should satisfy the
relationships

tr(A(A + k*bc)) < —2\/detAdet(A + k*bc), @ =1. 5.7
Take the equation

tr(A(A + kbe))® = 4det A det(A + kb), (5.8)

where k is a variable to be determined. A solution of the equation is a root of a
second-order polynomial, and it admits an analytical expression. Denote the two
solutions to be k% and k%, If the numbers are real, then there is at most one ki2
satisfying

ki € (0,k71,  tr(A(A+kfbc)) <O.

In this case, let k5 = kl2 Otherwise, let k5 = kj. It follows from Theorem 5.1 that
the Lur’e system is [0, k3)-absolutely stable. As a result, k* > k7. In the case where
kT = k;‘, we have k* = k’f, and the problem is solved.

When kT > k3, we are to determine the k* such that the corresponding = is equal
to one. As @ relies on k in a highly nonlinear manner, we propose a computational
searching procedure for finding k*. As an initiation, substitute k] into a very large
number (in the computational sense) when k7 = +oo and verify whether or not k7,
i € {1, 2}, corresponds to unit z . If so, set k* := k;", and the procedure is terminated.
Otherwise, set k; := kl.* , i =1,2, and go to the recursive steps described in the
following.

Set k := /k1ky and compute the corresponding @ . If @ = 1, then set k* :=k
and terminate. Else if @ < 1, then set k1 := k. Otherwise, set kp := k. Repeat the
process.

Note that in the above procedure, r = 1 should be understood to be @ € (1 — ¢,
ﬁ), where € > 0 is a small number fixed in advance.
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1.5
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Fig. 5.1 Most destabilizing phase portrait

Example 5.6 Assume that
O{1=Ol2=1, C1=—3, C2=—l.

It is clear that A + kbc is stable for any k > 0, and we have kf = +00. Solving
equation (5.8) gives k = 14 +/7/2. Further verification shows that ky =1+ V)2~
2.3229. Applying the above computational procedure (with kj = le + 10 and € =
le — 8), we obtain k* = 36.5031. Figure 5.1 depicts the most destabilizing phase
trajectory of the switched system with A and A + k*bc being the subsystems. It is
clear that the trajectory is periodic. The switching surfaces (the dashed lines) are
also depicted in the figure.

5.2 Adaptive Control via Supervisory Switching

For a control system with relatively small uncertainties or disturbances, it is possible
to design a robust (single) controller that renders the uncertain system working well.
However, when the uncertainties are of large scale, a robust controller might not ex-
ist, and usually the methodology of adaptive control has to be sought. By the well-
known Astrom—Wittenmark textbook [12], an adaptive controller is “a controller
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that can modify its behavior in response to changes in the dynamics of the plant
and the character of the disturbances”. The classical adaptive control theory seeks a
parameterized controller where the parameter is taking value over a continuum, and
a controller is chosen based on the online estimate of the parameter and the princi-
ple of certainty equivalence. While effective when the parameter enters linearly and
the parameter set is convex, the classical approach faces severe limitations when the
unknown parameter enters the plant in nonlinear/nonconvex ways. To overcome the
inherent difficulties, an alternative approach known as supervisory adaptive control
appeared since the 1980s. A primary difference between this approach and the clas-
sical approach lies in the mechanism of controller selection, which is logic-based
switching in the supervisory control rather than continuous tuning in the classical
approach. The key idea behind the approach is to incorporate, besides the plant and
the parameterized controller, a “high-level” supervisor that coordinates the switch-
ing among the candidate controllers in the way that an optimal controller is finally
switched on so that a satisfactory performance is achieved. For this, a monitoring
signal is designed based on the measured input/output data, and the switching sig-
nal is chosen to minimize the monitoring signal. In this way, suitable design of the
monitoring signal is a crucial step toward the supervisory switching adaptive control
diagram.

5.2.1 Preliminaries

Consider a single-input single-output plant with an unknown (but fixed) parameter
described by

Y(s) =g, s)i(s), (5.9)

where A € A, which is a compact subset of an Euclidean space, g(A,s) =
a,(s)/B.(s) is a strictly proper transfer function for each X, g, is monic, «; and
B,. are coprime, and g(X, s) depends continuously on A in the sense that the coeffi-
cients of polynomials «; and 8, depend continuously on A. The plant with transfer
function g(%, s) is denoted by P;. We denote by A* the (unknown) true parameter,
and P** (or P in short) the true plant.

We are to address the problem of adaptive stabilization within the supervisory
adaptive control scheme. To this end, we need a feasibility assumption as follows.

Assumption 5.1 For each A € A, a stabilizing controller C, exists for process P;.

Note that, when controller C;, stabilizes plant Py, it also stabilizes any plant P,
when u is sufficiently close to A. This, together with the facts of continuous de-
pendence of A in P, and compactness of A, implies the existence of a finite set of
parameters {\A1, ..., Ax} and a related set of stabilizing controllers {Cy, ..., Ct} such
that Uf-;l Al = A, where A’ = {A € A : C; stabilizes Py }.
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Next, we present a constructive way of determining a finite set of stabilizing con-
trollers. For a plant P and a controller C, let T(P, C) be the closed-loop generalized
sensitivity transfer function matrix defined by [254],

T(P,C) = —PC P} )

T—cp [ —C 1

For each A € A, we can find a stabilizing controller C,, for plant P, such that
__

JioeR

where || - || oo denotes the Hs norm, and || - |g the Hankel norm. On the other hand,
controller C,, stabilizes any plant with transfer function «(s)/B(s) when

IT®s.Co| = (5.10)

o) — o

Bi—B

Fix sufficiently small positive real numbers € and §.

IT®..C, <1
oo

Procedure for Calculating a Finite Set of Stabilizing Controllers

(1) Grid the parametric set A into 7 = {Aq, ..., A} uniformly distributed with ra-
dius §.
(2) For each A € T, calculate controller C, that satisfies (5.10) and estimate the
parametric subset
2
g

(3) Verify the coverage A C [,y A*. If yes, go to Step (4). Otherwise, set
8 :=4/2, and go back to Step (1).
(4) Prune 7 as long as coverage is kept.

oy,

B

ay — o)

Y i

]

Alg{ueRP:

In the above procedure, the major computational load is the estimate of the para-
metric subset in Step (2) and the coverage verification in Step (3). Due to the con-
tinuous dependence of the process on the parameter, the parametric subset admits
nonempty interior; hence it is possible to approximate the set by means of a (con-
vex) polyhedron. In this case, the coverage verification can be made by means of
numerical softwares such as MATLAB GBT Toolbox [252].

In the sequel, we assume that the procedure is carried out successfully,
which returns a finite parametric set {Aj,..., A}, the corresponding controller
set {Cy,, ..., Cy,}, and stabilizing region set {A*!, ..., A*} with A C Ule AN
Each process P;, is said to be a nominal model that represents a family of systems
P, : . € A* . The stabilizing controller set {C;, ..., Cy, } is said to be the candidate
controllers for the plant. For notational convenience, redenote P,, by P;, Ak by Al
and Gy, by C; fori =1,... k.
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Fig. 5.2 Supervisory switching diagram

5.2.2 Estimator-based Supervisory Switching

As we are to find a supervisor that coordinates the switching among the candidate
controllers such that the closed-loop system is stable, we need to design a switch-
ing law based on measured input/output data. Heuristically, if the plant parameter
A* is known to belong to a parametric subset AT, setting the switching signal to
constant i * could achieve the desired performance. However, as the plant parameter
is unknown, we have to introduce a “monitoring signal” based on measured data
and then design a monitoring-signal-driven switching law. For this, we incorporate
a multiestimator whose outputs are signals y;, i € {1, ..., k}. When the right (i*th)
controller is switched into the loop y;+ would asymptotically converge to y, the plant
output. The estimation errors e; = y; — y are a key in producing the monitoring sig-
nal in a suitable manner.

To summarize, the supervisory switching scheme consists of (1) a multiestimator
E with input (u, y) and outputs y;, i € {1, ..., k}; (2) a monitoring signal generator
M with inputs e; and outputs u; called monitoring signals; and (3) a switching logic
S with inputs u; and output o. The system diagram is shown in Fig. 5.2.

First, forevery i € {1, ..., k}, let

tc=A{xc +bfy, G5.11)
u=hixc+riy .
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be a realization of controller C;, all sharing the same state xc, where Aic is stable,
and
g =Afxp +bFy +dfu,
(5.12)

Vi =CiXE
be a realization of the estimators, all sharing the same state xg. Note that AE bE,
and d can be chosen to be parameter-independent with A% stable. By defining the
composite state x = [ ;* |, we have the system equations
X=Asx +dsey,
y = lcix OJx — ejx, (5.13)
U= foXx + goeix,

where o € {1, ..., k} is the switching signal, e, = y, — y is the estimation error,
and

A — |:AE + (bE +dEr,~)c,- dEhi:|
i = )

c c
b; ¢ A;
bE +dEr

di = — |: b[C s

fi =lrici hil,

g =-ri, i=1, Jk
As C; stabilizes P; foreachi =1, ..., k, there exists a positive real number Ao such
that all eigenvalues of A;’s are on the left of the vertical line s = —A( on the complex

plane. On the other hand, as C;« robustly stabilizes the plant set {P, : A € A}, the
error e;= converges exponentially when the “right” controller is switched onto the
loop. This means the existence of a positive real number A such that

e ()| < Pe ™ (5.14)

for any A < A, where ¥ is a constant relying on the initial condition. This further
implies that

t
/ el (1) dT <9y (5.15)
0
for any A < A1, where 9, is a constant relying on the initial condition. Fix a A < Ag

such that both (5.14) and (5.15) hold.
Then, define the monitoring signal to be

t
ui(t):/ e(r)dr + e, (5.16)
0
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where €;,i =1, ..., k are positive real numbers. Note that the monitoring signal is
a solution of the differential equation

i)y =eXn), i) =e.

It is clear that the monitoring signal is the £ performance w.r.t. the (virtue) out-
put error and is strictly increasing and positively lower bounded. Constants ¢;,
i=1,...,k, are decided by the designer according to the prior experience which
measure the possibility that the ith controller stabilizes the true plant, or otherwise
arbitrarily chosen.

Next, fix a hysteresis factor # > 0 and define the switching signal recursively by

tiyl = min{t >ti:(1+h) min{,u](t), e /,Lk(t)} < /ia(zj)(l)}, .17
o (t741) = argmin{ (t41), - (1)) '

for j =0,1,2,..., where initially 7o = 0 and o (tp) = argmin{ey, ..., €x}. When
there are two or more indices achieving the minimum, just choose one arbitrarily.
It is clear that the switching law is scale-independent in the sense that, when the
monitoring signal is scaled by ® () with ® a positive function, the switching signal
will keep unchanged.

Finally, we briefly analyze the system performance for the supervised uncertain
system. For this, we need a technical lemma as follows.

Lemma 5.7 Foranyt > 0, the number of switches Ny within [0, t) is upper bounded

by
k wix (1)
Ne<1+k 1 . 5.18
r=1t +ln(1—|—h) n(minjej ( )
Proof Let (ty,ip),...,(tn,,in,) be the switching sequence in [0,7). Denote

ty,+1 =t. From the switching law we have
wi () < (T +mpje) VI=0,....Ny, j=1,....k, t €l f+1],  (5.19)

and
wi () <pj(t) VYI=0,...,N;.
In particular, it follows from (5.19) that
wi(tie1) < L+ iy, (41) VI=0,..., N, — 1.

Let s be the most frequently appeared index in the set {ip, ..., iy,}. It is clear that
there exist a natural number v > [(N; — 1)/k] and integers 0 < k| <kp < --- <
Ky < Ng such thati,; =sfor j=1,...,v. When v < 1, inequality (5.18) is trivially
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true. Suppose that v > 2; then we have
(1 Mgty = (L () < A+ DG, )
= Ms(t/c_/+1) = Hx(tkjﬂ) Vi=1,...,v—1,

where the relationship 7, SRR and the monotonicity of 1 ;’s have been utilized.
As a result, we have

i (£) = i (te,) > s (te,) = (1 + 1) s (b))
> (141" s(t9) = (1 4+ m)'~ ' mine;,
J

which implies that

1 i (1
v<1+ In M,l @) .
In(1 + A1) min; €;
As N; < kv + 1, inequality (5.18) follows. O

It follows from the lemma and inequality (5.15) that

9y + €
N <1+k+ 2+6’)

In(l + /) n( min; &;

which is a finite number independent of 7. As a result, there exist an index j* and a
time 7 such that o (f) = j* for t > T*. By the switching law, we have

pjs () = (L +h)pi= (1) = (1 + h) (D2 + €+),

which means that e« € L2, As A jx is stable and e;+ € £2, it follows from relation-
ship (5.13) that y — 0, and all other signals are bounded.
To summarize, we have the following conclusion.

Theorem 5.8 All the signals in the closed-loop system remain bounded for any
initial conditions, and y(t) — 0 as t — +o00.

Remark 5.9 As in the traditional adaptive scheme, the identified parameter j* is not
necessarily the “true parameter” i*. In general, as we do not exclude the possibil-
ity that more than one candidate controller stabilizes the true plant, the identified
parameter may be initial-condition dependent. Another observation is that, though
the supervisor can coordinate the switching to a final (stabilizing) controller in a
finite time, it cannot prevent a destabilizing controller from connecting to the loop
more than one time. This means that the switching frequency may be high during
the identifying process, which may worsen the transient performance as switching
itself is usually undesirable.
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5.2.3 An Example

Let the set of plants be

As — 1)

P, gh,s)= GG -2)

Ae A=[1,40]. (5.20)

It is clear that all the plants are unstable and nonminimum phase systems. The large
parameter uncertainty excludes the possibility to design a single, fixed-parameter
linear controller that regulates the system in a satisfactory way.

It follows from the standard frequency domain theory that, for any fixed A € A,
a stabilizing controller can be chosen to be

! 448s% + 4505 — 18
R 31s(s — 9)

C

As the unknown parameter is a scalar multiplicative gain in the system, we take
Aj = yf’l for j =1,...,k, where y > 1 should be chosen such that A*i covers

the interval [%, ﬁkj] forany j =1,..., k, which is confirmative if

ay —aj

,By_ﬂl

IT®.Ccf,, <1
oo

Simple calculation shows that y = 1.2 satisfies the requirement. As a result, we can
choose k =21 and

Aj=1270 =1,k
This corresponds to 21 candidate controllers C; with C; = 1.2 %%{18,
Jj=1,...,21. Forany j =1,...,2l, the controller C; stabilizes the set of plants

i Y .
P, Wlth)\e[mk/, 1.2)»,].. . o .
Next, we construct a supervisor that coordinates the switching among the candi-
date controllers. For this, note that the jth estimator can be chosen as

e [0 17 g 1 3
X _[_1 _2:|x +[_3}y+[_3}u,
yi =[x OlE,

and the jth controller can be realized by

0 1 144.5806

.C _ c Aj

= |:() 0] XU oss0e |V
Aj

u=[1 0]xC +14.4516y.
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Fig. 5.5 The switching signal

To proceed with simulation, assume that the true parameter is 4 and that the true
plant can be realized by

ool L)

y=[4 0xF.

In addition, the factor % in the switching law (5.17) is set to be 7 = 0.1.

Let the initial state of the true plant be xP 0 =11, — 117, and both the candidate
controller and the estimator be initially at the origin. Suppose that the first candidate
controller is connected into the loop initially, that is, o (0) = 1. Figures 5.3 and 5.4
depict the closed-loop state and input—output trajectories, respectively. These exhibit
satisfactory closed-loop performance, though the convergence rate is quite low due
to the fact that A;+ has an eigenvalue at —0.0825, which is very close to the imag-
inary axis. The switching signal is shown in Fig. 5.5, which identifies the “right”
controllers via 5 switches in 1sec. It is interesting to note that, before the final
identification of the right controller, the controller had been connected to the loop
but disconnected after a while. This indicates that the switching mechanism fails
to identify the right controller even if it is connected to the loop. Furthermore, we
set the right controller initially, i.e., 0(0) =i* = 9, and carry out the simulation
again. The switching signal in Fig. 5.6 exhibits that the finally identified controller
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Fig. 5.6 The input—output and switching signals

is not the “right” controller. This is not surprising due to the fact that the identified
controller is a stabilizing controller for the true plant.

5.3 Stability Analysis of Fuzzy Systems via Piecewise Switching

Fuzzy systems and fuzzy logic control have gained much attention due to their
wide applications to many areas including machine intelligence, signal processing,
and management, to list a few. As an alternative of the conventional control de-
sign methodologies, fuzzy control is powerful in dealing with nonlinear dynamical
systems. However, the development of systematic methods for analysis and con-
trol of fuzzy systems has proven to be very hard. In particular, quadratic stability
analysis leads usually to conservativeness, and nonquadratic analysis may result in
intractable computational burden.

In this section, we examine a special yet typical class of fuzzy systems, which
was known to be linear Takagi—Sugeno systems or the T-S fuzzy model in short.
A forced-free T-S system is described by a set of rules in the form

R’ :1F z; is F/ AND --- AND z; is F!,
THEN x(t + 1) = Ajx(t) +ay, (5.21)
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where R! denotes the /th fuzzy inference rule, [ € M = {1,...,m}, Fil , I =
1,....m,i=1,...,s, are fuzzy sets, x(t) € R” is the state, z;, i = 1,...,s, are
measurable variables of the system, and (A, a;) is the /th local model. By the stan-
dard fuzzy inference, the inferred system can be written as

x(t+1)=A(p@)x@) +a(px)), (5.22)
where
m m
AW =) wA,  aw =Y wa
=1 =1
. [, 7! .
with p; = m It is clear that y; > 0 for [ € M and that ) ,_,, u; = 1.
j=11li=1 1
Therefore, A(u) is always a convex combination of the matrices Ay, ..., A;. When
the affine term vanishes, and Ay, ..., A, admit a common quadratic Lyapunov func-

tion, the fuzzy system is globally exponentially stable. While simple, the idea may
lead to very conservative criteria. Indeed, as the membership functions are state
dependent, the common Lyapunov function approach does not utilize this useful in-
formation. To tackle this problem, we introduce a general framework of piecewise
switched linear systems and conduct stability analysis for the systems. The approach
is then applied to stability of T-S systems.

5.3.1 Piecewise Switched Linear Systems

Piecewise switched linear systems are piecewise dynamical systems with switched
linear systems as local dynamics. Such a system may represent, for instance, a non-
linear process where approximate linearization is taken at different operating points,
and the approximate error and other perturbations are taken into account as pa-
rameter/structural uncertainties. From a system framework’s perspective, piecewise
switched linear systems extend both switched linear systems and piecewise linear
systems.
A discrete-time piecewise switched linear system can be described by

x(t+1)=Ajgx(t) +aio forx(t) e i, (5.23)

where x(¢) € R” is the state, £21, ..., £2; are convex polyhedra with the union be-
ing the state space, o; € {1,...,m;},i=1,...,k,and A; ; e R"" and q; ; € R",
j=1,...,m;, i =1,..., k,arereal constant matrices and vectors, respectively. For
treatment convenience, the system can be restated to be

X@+1)=A;5x() forx(t)e 2,

where A; ; = [Agf “ilj=1omi i=1,.. kand X =[]].
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We assume that the system is well defined in the sense that a unique solution
exists and extends to infinity in time for any initial condition and switching signal.

While several stabilities can be defined for the system under various switching
mechanisms, here we focus on the (guaranteed) global exponential stability which
means that any state trajectory exponentially converges to the origin under arbitrary
switching.

Take the Lyapunov candidate as

V(x)=xT Pi(x)x +2¢i (x)x +ri(x) =X Pi(x)X, x €82, (5.24)

where P; = [{’; i ZtT] When 0 € £2;, we require that ¢; = 0 and r; = 0, which means

that V (x) = x” P; (x)x for x € £2;. Assume that V (x) is continuous in each §2;, i =
1,..., k. Note that we do not impose the continuity of V (x) over the cell boundaries.

Proposition 5.10 The piecewise switched linear system is globally exponentially
stable if there is a Lyapunov candidate V as in (5.24) satisfying

(1) foranyi=1,...,k, there exist positive real numbers o; and B; such that
aixTx <Vkx) =< ﬂixTx Vx € £2; (5.25)
2) foranyi =1,...,k, there exists a positive real number y; such that

AL P(AL 0 AR — 5T P ()X < —yix " x
Vxe$2, j=1,....,m, (5.26)
where | = arg{u : A; jx € 2}
Proof The proof is straightforward. Indeed, let

o =miny;, B =maxp;, y =miny;.
14 L 1

Taking an arbitrarily given state trajectory x(¢), t =0, 1,2, ..., it can be seen from
Item (2) that

V(x(t+ D) < (1 - %)V(x(t)) vi=0,1,2,...,

which, together with Item (1), implies that

B, v\
|x(t)|§\/;<l—g> |x(0)| vr=0,1,2,.... 0

Remark 5.11 Note that X7 P;(x)X is a common Lyapunov function for A;. jJ=
1,...,m; over the cell £2;. When P;(x) = P; is a constant matrix, the subsystems of
the ith local model admit a common quadratic Lyapunov function. When the sub-
systems do not admit such a common Lyapunov function, we could seek piecewise
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quadratic ones instead. To verify the proposition, we need to examine one-step cell
transitions of the state, that is, to determine the indices of the cells that A; ;jx belong
toforanyx € £2;, j=1,....m;, i=1,...,k.

To search a qualified Lyapunov candidate that satisfies inequality (5.25), we take
the parameterization in terms of polyhedral cell bounding, as presented in Sect. 3.3.

Proposition 5.12 Suppose that Ei = [Ei,eil, i = 1,...,k, are polyhedral cell
bounding matrices. The piecewise switched linear system is globally exponentially

stable if there exist symmetric matrices Py, ..., Py satisfying

(1) foranyi=1,...,k,there exists a matrix W; with positive real entries such that
Pi— EI'W,E; >0 (5.27)

(2) foranyi =1, ...k, there exists a positive real number y; such that

)ETAiT’jﬁIAiVj)E —)ET]_),')E < —y,-xTx
Vxe$2, j=1,...,m;, (5.28)

where | = arg{j : A; jx € £2,,}

The proposition could be proven by simply combining Proposition 5.10 with
Theorem 3.23. The details are omitted.

Remark 5.13 The above criteria are much less conservative than the existence of a
common quadratic Lyapunov function, and they could be verified by means of linear
matrix inequalities. However, to find qualified piecewise quadratic Lyapunov func-
tions, we usually need to further partition the cells, which makes the computation
inefficient for higher-dimensional systems.

5.3.2 Stability Analysis of T-S Fuzzy Systems

A T-S fuzzy system (5.22) can be aggregated into a piecewise switched linear sys-
tem in a clear manner. Indeed, suppose that £21, ..., £2; partition the state space.
Define

g‘i:{j:Elxe.Qis.t.,uj(x)>O}, i=1,...,k,

that is, ¢; is the set of indices of the normalized membership functions that do not
vanish in the region £2;. Let m; be the cardinality of the set ¢;, and denote the
corresponding set of subsystem matrices by A;1,..., A;,; and the affine terms
by a; 1, ..., a;m,, respectively. The corresponding piecewise switched linear sys-
tem (5.23) is said to be the aggregated system w.r.t. partition {£21, ..., £2¢}.
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Lemma 5.14 Suppose that $21, ..., 2y partition the state space. T-S fuzzy sys-
tem (5.22) is globally exponentially stable if its aggregated system is globally expo-
nentially stable.

While simple and straightforward, the lemma provides a general approach for
verifying the stability of a T-S fuzzy system. By appropriately choosing the state
partition, the approach may lead to less conservative stability criteria. For this, we
need to find a minimum partition {£2}, ..., £2/.} in the sense that, for any / and j,
either u;(x) #0 Vx € .{27 or u;(x) =0 in .{27 A minimum partition can be cal-
culated from the supporting sets of the normalized membership functions. In fact,
denote 1; = {x : u;(x) > 0} for i =1,...,m and by T the complement to 7;.
Then, each .Ql.* is exactly an intersection of some 7;’s and Tf’s. In particular, in the
regions where ; = 1 for some /, all other membership functions are equal to zero.
We will call such a region an operating regime. In between operating regimes, there
are regions where 0 < y; < 1, and these regions are called interpolation regimes.

Example 5.15 Suppose that a T-S fuzzy system is with local modes

4, [-0.9425 0.4308 _[-04111
1= 02132 02615]" 17| 0.6656 |

4 — [0:2821 —0.6661 _[o

27 07458 09664 |° T o]

A [0-1133 09112 _[-11257
37102925 —15132] BT 09847 |

and normalized membership functions are scheduled by variable x| as

1 if x; < -5,
wi(x) =4 (x1+3)/2 if —5<x; <=3,
0 otherwise,
0 if x; < -5,
(5+x1)/2 if —5<x <-3,
m2(x1) =11 it —3<x; <1,
2 —x1 if 1 <x; <2,
0 otherwise,
0 ifx <1,
m3x) =qx1—1 ifl<x; <2,
1 otherwise.

By partitioning the state space into five regions as shown in Fig. 5.7, the fuzzy
systems can be aggregated into a piecewise switched linear system, where £21, §23,
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Fig. 5.7 The membership functions and state partitions

§25 are related to single local modes (A1, ay), Az, and (A3, a3), respectively, while
£25 and £24 are related to mode pairs {(A1, a1), A2} and {A2, (A3, a3)}, respectively.

By searching piecewise quadratic Lyapunov functions in form (5.24) that verify
Proposition 5.10, we obtain

1.0934  0.0216
PI_PZ_[0.0216 0.8491

ri=rp =1.3152,

3.4437  1.3694
b= [1.3694 2.3554] o »=0.0 =0,

], g1 = q» = [0.6570, 0.7234],

5.9608 2.4491
Fa=Fs= [2.4491 1.8491

rq =r5 = 3.7524.

}, ga = g5 = [—1.7496, 0.5635],

By Lemma 5.14, the fuzzy system is globally asymptotically stable. The level sets
of the Lyapunov functions and the sample phase portrait are depicted in Fig. 5.8. It
is clear that the Lyapunov function is not continuous over the region boundaries.
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Fig. 5.8 A sample phase portrait with level sets

5.4 Consensus of Multiagent Systems with Proximity Graphs

5.4.1 Introduction

A multiagent system is a collection of physical or virtual entities, each with the
abilities of acting and perceiving the environment (possibly in a partial manner) and
communicating with others. A typical example is a school of migrating birds that
stay together, coordinate turns, and avoid collision with obstacles. A bird is capable
of adjusting its speed and flying toward the center of the flock within its sight. The
motion of an individual bird can be mathematically described by

D= ) (5@ —x),
JeN: @)

where i is the bird’s label, x; is the physical state (w.r.t. a fixed coordinate), and N;
is a neighbor set of the bird, i.e., the set of birds within its sight. Let r; be the sight
radius of the bird. Then, the neighbor set is

Ni={j#i:lxj —xil <ri}.
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Suppose that there are m agents in the flocking system and that the agents are
with a uniform radius of perception, i.e., r; =r foralli =1, ..., m. The multiagent
system is thus represented by

= > (0 -x@). i=1...m, (5.29)

[x; () —x; ()| =r

where x; € R", i = 1,...,m. Note that the system is exactly a piecewise linear
system where the switching surfaces are the hyperplanes

Hiyj:{[xlT,...,xrz]TeRm”:|x,-—xj|:r}, l?é‘]

and their intersections. For any fixed x = [xlT e, x,ﬁ]T € R™, there corresponds
a sequence of neighbor sets N, ..., N} with

NE={j#i:lxj—xil<r}, i=1....m.

Define
Qu)={yeR"™: N =N i=1.....m]
and
An(x) ... A (x)
Alx) = ,
Ap1(x) .. Apm(x)
where
I, if j e N,
Aij(x) = =INIL, if j=i,
Onxn otherwise,

and |N}'| is the cardinality of the set \V;*. It is clear that we can reexpress the system
equations as

X=A)x=(Ax) ® Iy)x, (5.30)
where
Anx) .. A () 1 if j e N7,
Alx) = . Aij(x) = —INF|ifj =i,
A1 (x) ... Apm(x) 0 otherwise.

Note the following equivalencies:
NN =N NG) = 20)=2(0) = AKX) =A®).

As /\/l-x c{l,...,m}foranyi =1,...,m and x € R™" the value space of sequence
N, ..., N;) admits a finite number of elements (up to ]—[:"z_ol 2! elements). As a
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result, there exist a finite number of polyhedra £21, ..., 2y that partition the state
space in the sense that Uj-vzl £2; =R"" and £2; N .Q;’ = () for all k # j and that any

£2(x) belongs to the partitioned polyhedra set, i.e., £2(x) € {£21,..., 2x}. Let A
be the matrix A(x) corresponding to £2;. The multiagent system can be rewritten as

X=(AT®L)x, xe, (5.31)

which is exactly a piecewise linear system.

5.4.2 A Consensus Criterion

For multiagent system (5.31), an interesting problem is to find conditions under
which the agreement can be achieved in a certain sense. More precisely, for a system
motion x(-), let V; = (G, 7;*) be the dynamic graph, where G = {1, ..., m} is the
set of nodes, and 7;* € G x G is the set of edges at 7,

T ={G DAl O - x@[=r}.

For a node i, the set of neighbors at 7 is
Nioy={ji#i:Gper)={i#i:|x0O)—x@®)|=<r}

Nodes i and j are said to be agree at time t if x; (t) = x;(t). The motion is said to be
in consensus at t if any two nodes agree at t. The motion is said to be in asymptotic
consensus if consensus is achieved asymptotically, i.e., lim; , 1 oo (x; (1) —x;(#)) =0
for all i, j € G. In particular, when the limit lim,_, o x; (¢) exists, the consensus
limit is said to be the group decision value. If it happens that the limit is equal to the
algebraic average of the initial state, i.e., lim;_, o X; (t) = % Y xi(fo), then the
average consensus is achieved.

The multiagent system (5.30) is equivalently represented by its dynamic
graph in the following sense. Let B(t) = [b;;j(t)]mxm be the adjacency matrix
of graph V;, that is, b;j(t) =1 if (i, j) € 13, and b;j(t) = O otherwise. Let
C(t) = diag(cy(t),...,cn(t)) be the valency matrix with ¢;(t) = Z'}':lbij(t),
i = 1,...,m. Furthermore, define the graph’s dynamic Laplacian matrix to be
L(t) = C(t) — B(t). Note that V; is an undirected graph for any ¢ and that the ad-
jacency matrix is a symmetric matrix, so is the Laplacian matrix. Correspondingly,
a motion x(-) of the multiagent system satisfies

(1) =—(L@) ® I)x(1). (5.32)

The system is a piecewise linear system with the system matrices all being graph
Laplacian matrices. As a result, the properties of the Laplacian matrices play an
important role in analyzing the system behavior. Fortunately, the well-developed
algebraic graph theory (see, e.g, [28, 89]) provides a rigorous tool for this.
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Fix a (undirected) graph V = (G, 7"), and suppose that its Laplacian matrix is L.
It is clear that L is symmetric; hence all its eigenvalues are real. We denote the
spectra to be

AM =A< ZAn.

An observation is that the matrix is row-stochastic, that is, the sum of elements in
each row is zero. As an implication, zero is an eigenvalue with eigenvector 1 =
[1,...,1]7. This further implies that lTx(t) is a constant independent of the time.
As the matrix is row-dominated by its diagonal entries, it is in fact semi-definite
positive. Combining the above analysis gives A1 = 0. Ay is called the algebraic
connectivity, and the smallest nontrivial eigenvalue is called the spectral gap.

Lemma 5.16 (See [28]) The multiplicity of zero as an eigenvalue of L is exactly the
number of largest connected components of the graph.

As a corollary, the algebraic connectivity is the spectral gap if and only if the
graph is connected. In this case, rank L =m — 1.

With the above preparations, we are ready to prove the main result of this sub-
section.

Theorem 5.17 Multiagent system (5.30) achieves asymptotic average consensus if
the associated dynamic graph is always connected.

Proof Note that, without loss of generality, we can assume that the system is one-
dimensional. In fact, by denoting y/ = [x{,...,x1", j =1,...,n, with x/ being
the jth entry of vector x;, we can rewrite system (5.32) into

yi=—Lt)y, j=1,...,n.

The consensus of the multidimensional system is thus converted to that of a set of
one-dimensional systems.

Let = Z;’Ll x;(0)/m be the average of the initial states, and § = [x; — a,
..., xm — a]T be the group disagreement vector. It follows from L(t)1 = 0 that
§ = —L(t)8. Define the Lyapunov-like function

V() =6Ts.
Simple calculation gives

dv
— = —28TL(1)8 < =21 (L(1))V < 223V,

where the fact that 871 = 0 has been used, and A; is the smallest algebraic con-
nectivity of the Laplacian matrices L(¢). Note that this number is positive since
L(t)e{—Ay,...,—A,}. Asaresult, § — 0 as r — +00, and the consensus is thus
established. O
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Remark 5.18 The theorem provides an elegant criterion on consensus of the multi-
agent system (5.30) in terms of connectivity of the associated dynamic graph. This
exhibits the power of the algebraic graph theory in the analysis of multiagent con-
sensus. In particular, for one-dimensional systems, the sufficient condition is also
necessary due to the fact that any disconnected agent at a time will be isolated for
any forward time. However, graph connectivity is not necessary for two- or higher-
dimensional systems.

5.4.3 A Verifiable Criterion

The criterion in Theorem 5.17 is not verifiable since it requires graph connectiv-
ity at all times. As multiagent system (5.30) is piecewise linear with autonomous
switching, the connectivity relies totally on the initial agent locations. By applying
the idea of graph transition analysis introduced in Sect. 3.3.4, we present here a
verifiable consensus criterion in terms of initial network connectivity.

Let ; (¢) denote the degree of node i at time ¢, i.e., k; (£) = |V; (t)|. The dynamic
network is said to be initially connected if the static graph (G, 7°(0)) is connected,
and throughout connected if the graph (G, T (t)) is connected for any time ¢ € 7.

Define the Lyapunov-like function

”
V(x) =ijr_tnla/x Rc —x )T —x)): i —xjl <r), (5.33)

which is the largest square distance of the connected edges. When no edge exists
in the graph, let V (x) = 4o0. It is clear that V (x) is always positive unless all x;’s
coincide with each other. The function is continuous as long as the interconnection
relationship keeps unchanged, that is, when neither new edge is added nor old edge
is disconnected.

Let x(¢) be the motion of the multiagent system.

The following lemma states a monotone condition for V (x(¢)) that will be used
later.

Lemma 5.19 Suppose that

(xi(t)_xj(t))T< 3 () —xm) - Y. (xk(t)—x,-(t)))fo

keNi () keN(t)

V@i, j) st |xi () — xj(0)] = max{|xi (1) — x; ()| : (k, 1) € Y (1)}
vt e Ty. (5.34)

Then, V (x(t)) is nonincreasing as long as the interconnection relationship keeps
unchanged.
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Proof Under condition (5.34), function V is nonincreasing as its derivative is non-
positive. As a result, the maximum edge length does not increase when no new edge
is added. This leads directly to the conclusion. U

Remark 5.20 The monotonicity of V (x(¢)) means that, while a connected edge can
generally become longer in length, the maximum edge length is always decreasing.
A simple yet useful observation is that, if V (x(¢)) is nonincreasing as long as the
interconnection relationship keeps unchanged, it is possible that one or more new
edges will appear, but no existing edge will be disconnected. In this case, V (x(¢))
is always right-continuous, and the number of discontinuities is finite (in fact, upper
bounded by m (m — 2)). Therefore, if V (x(¢)) is always nonincreasing except at the
discontinuous instants, then any initially connected network will keep connected for
all the forward time.

Next, with the aid of Lemma 5.19 and Remark 5.20, we are able to establish the
main result of this subsection as follows.

Theorem 5.21 Suppose that the multiagent system is initially connected and satis-

fies
3 .
K[+Kj25m—2 V(i,j)eT (5.35)
and
3 . .,
Ktz Im—4 VG ET. i# ) (5.36)

at the initial time. Then, the network is throughout connected, and the asymptotic
average consensus is achieved.

Proof First, pick up any node pair (7, j) with i # j, let vij be the number of nodes

(excluding i and j) that connect to both i and j, and L{ be the number of nodes
(excluding i and j) that connect to i but disconnect to j. It is clear that, among the
m — 2 nodes except for i and j, there are x; — 1 that connect to i, and there are
kj — 1 that connect with j. According to the Pigeonhole Principle, the number of

common neighbors of i and j, vi] , satisfies the inequality
vij >k =D+ —1)—(m—-2)=x; +kj —m.
Similarly, we have
d=(g—1)—v/ <m—«;—1
and

Lfi:(Kj—l)—vl.ng—Ki—l.
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Second, observe that, under the conditions of the theorem, we have
vi]—}—m >Kki+k;>3m— (ki +kj)—4 VG jeT (5.37)

when the network has the same connectivity as in the initial time. Note that inequal-
ity (5.37) further implies that

vij+222m—(Ki+Kj)—2
=m—ki—D+m—k;—1)
>+ Vi jer (5.38)
Third, pick any two connected nodes i and j with
lxi — x;] =max{|xy —x/|: (k,]) € T}.

It can be seen that

Z(xk—xi)_ Z (xx —x;)

keN; keN;

=2+ vl.j)(x./ —x;i) + Z Xk — x;) — Z (xk — xj),

key! key!

where wij is the set of nodes (excluding i and j) that connect to i but disconnect
to j. It follows that

(x; —xj)T(Z ok —xi)— Y (% _xj))

keN; keN;
<—@+m] =i =) xi —x;2 <0 (5.39)

when the network has the same connectivity as that in the initial time.

Finally, suppose that the multiagent system is initially connected and relationship
(5.35) initially holds. Then, it follows from (5.39) and Lemma 5.19 that each edge
will keep connected until new edges add into the network graph. A further implica-
tion is that each node degree is nondecreasing and inequality (5.35) still holds for old
edges. On the other hand, inequality (5.36) guarantees that each newly added edge
also satisfies (5.35). The above reasonale shows that relationships between (5.35)
and (5.36) hold for all forward time, which further implies throughout connectivity
under the assumption of initial network connectivity. It follows from Theorem 5.17
that the system achieves asymptotic average consensus. O

Remark 5.22 The theorem presents an easily verifiable sufficient condition, which
only relies on initial network graph, for consensus of the multiagent system under
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the linear feedback protocol. It is interesting to note that the set of initial configu-
rations under the theorem condition is in fact invariant and attractive. To be more
precise, define the region

{x:Vi;éj, #lk g (i, ) |xi —xxl <r}

3
+#{k g G, j):lxj—xl <r} > 5m—4},

where #{-} denotes the cardinality of a set. The region is attractive in that, once the
multiagent system state enters into the region, it will never leave the region for any
future time. Moreover, any consensus state trajectory must enter into and stay inside
the region due to the fact that the consensus equilibrium is an interior point of the
region.

Corollary 5.23 A sufficient condition for throughout connectivity is the initial con-
nectivity and that each initial node degree is not less than %m — 1.

The corollary reveals an important fact: if the node degree exceeds a certain
threshold (three fourth of the graph order), no edge will be disconnected, and the
throughout connectivity reduces to initial connectivity. While conservative, this re-
sult is simple and verifiable, and it readily applies to a phase of any consensus pro-
cess.

Next, we apply the approach to the multiagent networks with five or less nodes.

The case of two-node networks is trivial, and consensus is equivalent to initial
connectedness. For three-node networks, if the network is initially connected, then
the consensus follows from Theorem 5.21. Otherwise, reaching consensus is equiv-
alent to the existence of an initial edge, and the (least) distance between the initially
isolated state to the edge is equal to or less than r.

The case of four-node networks is more interesting, to which the proposed ap-
proach applies either directly or indirectly. Figure 5.9 demonstrates the types of
connected networks, where (a)—(e) verifies Theorem 5.21. For a system with initial
interaction (f), it is clear that the sum of any two node degrees is less than or equal
to four, which verifies inequality (5.38). This means that the connection will keep
unchanged unless a new edge appears. On the other hand, the appearance of any
new edge leads the network to satisfy (5.35) and (5.36). Therefore, any multiagent
system with network (f) reaches consensus under the linear control protocol.

The above analysis is summarized into the following proposition.

Proposition 5.24 For a multiagent network with four or less nodes, initial connect-
edness is equivalent to throughout connectedness.

Finally, let us examine the multiagent networks with five nodes, which exhibit
more diverse and complex dynamics. When the size of initial graph is fourteen or
more, the network is always initially connected. In particular, if the size is sixteen or
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Fig. 5.9 Four-node connected networks

Fig. 5.10 Connection modes 4
for five-node networks

(c) (d)

more, then Theorem 5.21 applies, and the network is throughout connected. When
the size is exactly fourteen, there are four connection types, which are depicted in
Fig. 5.10. It can be easily verified that Theorem 5.21 applies to case (a).
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Fig. 5.11 Initial connectivity with no consensus

For case (b), the theorem is not applicable, but an analysis can be conducted
based on Lemma 5.19. In fact, by (5.38), any edge other than (2, 3) and (3, 4) will
keep connected if the interconnection keep unchanged. For edge (2, 3), calculate

d 2 T
EIJ@ — x| =2(x3 —x2)" [(x4 — x3) + (x2 — x3)

+ (x2 = x1) + (x2 — x3) + (x2 — x5)]
= —6|(x3 —x2)|* +2(x3 — x2) T [(x2 — x1) + (x4 — x5)],

which means that the length of edge (2,3) will strictly decrease when the edge
length is the largest among all the edges, and the edge will keep connected if the
interconnection keep unchanged. The same property holds for edge (3, 4). On the
other hand, the introduction of any new edge leads the network to verify Theo-
rem 5.21. As a result, the network is throughout connected in this case.

System with initial network (c) is throughout connected due to the facts that
inequality (5.38) holds for each edge and Theorem 5.21 applies when new edges
appear.

Network (d) is most interesting as disconnectedness does might happen. To see
this, we take a one-dimensional system with
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x10)=—1,  x(0)=-095  x3(0)=-0.9,
x4(0)=0,  x5(0)=0.95  r=1.

It can be verified that the system admits network (d) as initial graph. Figure 5.11
shows the state trajectory, where node 5 becomes isolated at time 0.083 sec. It can be
seen that, as neighbors of x4, x5 imposes x4 going up, but x1, x2, and x3 impose x4
going down. As a result of the “competition”, x4 goes down and becomes invisible
from xs5. This makes x5 isolated.

5.5 Stabilizing Design of Controllable Switched Linear Systems

5.5.1 Problem Formulation

A practical motivation for studying hybrid dynamical systems stems from the fact
that the hybrid control scheme provides an effective approach for controlling highly
nonlinear complex dynamical systems. Indeed, while linear design techniques are
widely used in control system synthesis, as far as nonlinear dynamics are concerned,
in practice a linear controller is only valid around a specific operating point. It is
thus a common practice to design more than one linear controller, each at a different
operating region and a switching mechanism that coordinates the switching among
them.
Consider the switched linear control system given by

X(1) = Ag()x (1) + Bo(rylto (1) (1), (5.40)
where x(¢) € R” is the continuous state, o (¢) € {1, ..., m} is the switching signal,
u;(t) € RP is the control input, A; € R"*" and B; e R"™*Pi i € {1, ..., m}, are real

constant matrices. Denote the continuous state by ¢ (¢; 0, x, u, o).

Suppose that the system is completely controllable, that is, for any state x € R”,
there exist a time t¢ > 0, a switching law o : [0,77] = {1, ..., m}, and inputs u; :
[0,27]— RPi, i e{l,..., m}, such that solution of the continuous state at ¢ is the
origin, i.e., ¢(t7;0,x,u,0) =0.

The problem of exponential stabilization is to find a control law and a switching
law such that the switched system is exponentially stable. To be more precise, find
a pathwise state-feedback switching law and a state-feedback control law that steer
the controllable switched system exponentially stable.

5.5.2 Multilinear Feedback Design

In this subsection, we investigate the possibility of solving the stabilization problem
with a feedback control scheme. The main idea is to associate with each subsystem
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a set of candidate linear controllers such that the extended switched system is stabi-
lizable. We thus can apply the design approach presented in Sect. 4.4 for calculating
a pathwise state-feedback switching law for the extended system.

Suppose that Fi] , j=1,...,k;, are linear gain matrices associated with the ith
subsystem. Then, with the linear controller

ui=Fx, Fre|F', ... Fl},
the switched system is extended to
x=Cex, (5.41)
where ¢ € {1,..., Y™  ki}, Ci=A; + BiF/ fori=1,...,m, j=1,...,k;, and
I=3 k-

Definition 5.25 Switched system (5.40) is multifeedback exponentially stabiliz-

able if there exist natural numbers ki, ..., k;, and gain matrices Fl.] ,i=1,...,m,
j =1,...,k;, such that the extended forced-free switphed system (5.41) is exponen-
tially stabilizable. In this case, the gain matrix set {F,.] i=1,...,m, j=1,...,ki}

is a solution of the exponential stabilization problem.
To proceed, we introduce the concept of unit sphere switched contractility.

Definition 5.26 Switched system (5.40) is unit sphere switched contractive, if for
any state x with unit norm, there exist a time 7" > 0, an input u, and a switching
signal o such that |¢(T;0,x,u,0)| < 1.

Lemma 5.27 The switched linear system is multifeedback exponentially stabiliz-
able iff it is unit sphere switched contractive w.r.t. any given norm.

Proof 1t is clear that multifeedback exponential stabilizability implies unit sphere
switched contractility. Thus, we need only to prove the converse.

For any arbitrarily given but fixed state x with unit norm, let 7, u, and o be such
that |¢(Ty; 0, x,u,0)| = py < 1. Without loss of generality, we assume that state
curve {y(t) = ¢(t;0,x,u,0) : t € [0, Ty]} does not pass by the origin, otherwise
redefine T, to be

min{t o0, x,u,0)| = ,ox}.

Let i; = arg max;’.=1 |yj(®)|. It can be seen that i, is piecewise constant and y;, is
nonzero and piecewise continuous w.r.t. f. For any ¢ € [0, 7], denote z = y(¢), and
define a p; x n matrix F* by

(uow)(®))j/2k k=i,

F(j, k)=
.k 0 otherwise.
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It is clear that F? is well defined and piecewise continuous w.r.t. z. In addition,
Ug(r)(t) = F*x(t). Therefore, we have

3(t) = (Ao) + Boy F¥@) y(1).

According to the continuous dependence of initial state, there exist a natural num-
ber N, a time sequence 0 =1ty <t] <t <--- <ty < Ty, and a constant matrix
sequence Fy, F', ..., Fy such that solution of the linear time-varying system

wZ(AO’(Z)—i_BU(Z)F]f)w(I)’ te[tk5tk+l)’ k=09 17"'7N7
wO) =x, tny1=Tk,
satisfies |w(7Ty) — y(Ty)| < 1_2”" . Assume without loss of generality that the switch-

ing times of ¢ in [0, Ty] are in the set {z{, ..., fy}, otherwise just incorporate the
times into the set. As

w(Ty) = exp((Ac () + Boro) F§ ) (11 — 10)) -+

x exp((As(y) + Bouy) Fy) N1 — IN))x &« D, x,

we have |®@, x| < H% < 1.
To summarize, for any state on the unit sphere, there exist a finite number of gain
matrices such that the associated state trajectory is norm contractive. By the standard
arguments as in [234, Theorem 3.9], there exist multilinear feedback controllers
for each input channel such that the extended forced-free switched linear system is
exponentially stable. This completes the proof. g

It is clear that complete controllability implies unit sphere switched contractil-
ity. According to Lemma 5.27, any controllable switched system is multifeedback
exponentially stabilizable.

Next, we develop a design procedure to compute a set of multifeedback gains
such that the extended switched system is exponentially stabilizable.

Sample the switched system into a discrete-time switched linear system

Zk+1 = Cpx + Dgu, (5.42)

where v > 0 is the sampling period, ¢ € {1,...,m} is the switching signal, and
Cit = AT, Dl.r = for exp(A;t)dtB;, i =1,...,m. It has been known that the sam-
pled system is controllable under almost all period 7 (see, e.g., [234, Lemma 4.53]).
Pick up such a 7. From the controllability of the sampled system, we can find a
natural number k and an index sequence iy, ..., iy such that

rank[Df ,C} D} _,...,C} ---C{. D ]=n. (5.43)
Fix a Schur stable matrix E. By perturbation analysis, for almost all matrices ET,
the equation

E+ ET = (CL + DLFf) -+ (C}, + D} FY)
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admits at least one solution (F7f, ..., F, kt ) which satisfies the relationships
E+E -C}---Cl =[D{,C{D}_,....C} ---CL.Df] : (5.44)
Fy
and
Fr =FF,

F3 = F5(Ci, + D}, FY),
(5.45)

Ff =F(C] + D; ]F,;l) . (C}I + D] F}).

lk—1

On the other hand, the nonsingularity of E implies the nonsingularity of (CT

Dr F ), which in turn implies the solvability of F; 7 by means of F ¥in (5.45). A use-
ful observatlon here is that, even when k > n, it 1s always p0551b1e to solve (5.44)
with at most n nonzero F]f’ .

Proposition 5.28 Suppose that lim;_.o E* = 0. For sufficiently small T, any solu-
tion (F[,..., F{) of (5.44) and (5.45) is a solution of multifeedback stabilization
problem of the continuous-time switched linear system.

The proof is simply based on the observation that, as T — 0+, we have

S B DT | (A +By FDT |

As a result, the switched system with the multifeedback controllers is stabilizable
by means of periodic switching signals (see, e.g., [234, Corollary 3.12]).

While the extended switched system is consistently stabilizable by a periodic
switching signal, the periodic switching may not be practically applaudable. In-
deed, the switched system with such a switching is possibly with poor transient
performance and small stability margin. For this, we use the state-feedback path-
wise switching mechanism instead. The computational procedure for finding the
state-feedback pathwise switching law can be found in Sect. 4.4.2.

To summarize, to achieve stability within the multilinear feedback control
scheme, we need to implement the following steps.

(1) Compute a set of multilinear feedback control gain matrices.
(1.1) Sample the switched system as in (5.42).
(1.2) Solve (5.44) and (5.45).

(2) Compute a state-feedback pathwise switching law.
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Example 5.29 Consider system (5.40) withn =3, m =2, and

0 00 1
Ar=|1 1 , Bi=|0],
0 0 1 0
- _ _ (5.46)
0 00 0
A,=10 1 0], B,=|0
|1 0 1] i

It can be verified that the system is completely controllable. However, it has been
shown that the system cannot be stabilized by means of (single) linear feedback
controllers [234, Example 5.23].

We are to design a multilinear feedback control law and a state-feedback path-
wise switching law that achieve exponential stability. For this, the first step is to
sample the continuous-time system into a discrete-time controllable switched sys-
tem. Choose the sampling rate to be T = 0.2 sec, and let

01 0 0 )
E=| 0 01 —0.1| and E =03y3.
—02 0 0.1

By solving (5.44) and (5.45) for the sampled-data system, we obtain the feedback
gain matrices

F1 =[-8.0276, 0, —32.1765],
F> =[-7.3529, —35.5013, 1.8918],
F3 =[-2.6700, 21.9002, —4.0833].

The extended forced-free system has four subsystems with matrices C; = A1 +
B1F;, i=1,2,3,and C4 = Ay, respectively.

The next step is to compute a state-feedback pathwise switching law. For this,
apply the computational algorithm for stabilizing switching design presented in
Sect. 4.4.2. Choose 7 = 0.3 sec (note that this sampling rate is not equal to that
of multilinear feedback design). It can be verified that the four switching paths

Uy = (D), U2 =(2), U3=(3,2,4,1), U4=(3,2,4,1,3,2,4,1)

are piecewise contractive w.r.t. the £1-norm. By implementing the multilinear feed-
back control law and the state-feedback pathwise switching law, we obtain an
extended switched system that is exponentially stable. Figure 5.12 depicts sam-
ple state/input/switching trajectories of the switched system with initial state xo =
[—1 1.5 1]7. The switching signal is taken from the extended system to accommo-
date the multilinear feedbacks (for instance, when the first subsystem is activated
with the third linear feedback controller, the switching signal is equal to 3).
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Fig. 5.12 State/input/switching trajectories

5.6 Notes and References

Absolute stability of Lur’e systems has long been a stimulating motivation for non-
linear control theory. The problem is notoriously difficult, and it is still among
the most famous open problems in the control society. Nevertheless, remarkable
progress has been made so far, especially for lower-dimensional systems. In par-
ticular, Pyatnitskiy and Rapoport presented a necessary and sufficient condition
for absolute stability of second- and third-order systems [194, 196]. Technically,
they characterized the “most destabilizing” phase portrait using variational calcu-
lus, and this amounts to solving a nonlinear equation with three unknowns that no
efficient numerical verification is available in general. The idea of constructing the
so-called most destabilizing nonlinearity is clearly related to finding a worst pos-
sible switching strategy that makes the extreme switched linear system diverging
with a largest rate. Along this line, several new characterizations were carried out
[44, 112, 162, 163] that solve the problem of absolute stability for planar Lur’e sys-
tems in a computational point of view. Other related and interesting progress can be
found in [165, 207].

The algebraic criterion, Theorem 5.1 in Sect. 5.1.1, was borrowed from
[17, 18, 44]. The application to the problem of absolute stability in Sect. 5.1.2 is
straightforward.
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Switching-based adaptive control can be traced back to the pioneering work by
Fu and Barmish [84], who proposed an adaptive control scheme with multiple con-
trollers and a sequential switching logic that disconnects the “wrong” controllers by
evaluating the performance index. Since the 1990s, the adaptive stabilization via hy-
brid control has witnessed a great progress, mostly in the framework of “logic-based
supervisory control” developed by Morse and his coworkers [107, 177, 178]. While
the design of candidate controllers/estimators is somewhat standard [6], the design
of switching logics could be quite involved [109, 111, 178, 183]. It has been shown
that a properly designed switching logic can not only stabilize a system with large-
scale unknown parameters, but also improve the performances, for instance, tran-
sient response [182] and robustness [9, 179]. For more recent progress, the reader is
referred to [19, 214] and the references therein.

The switching adaptive scheme presented in Sect. 5.2 is a simplified and com-
bined version taken from [6, 109]. In particular, Sect. 5.2.1 was adopted from [6],
and Sect. 5.2.2 was adopted from [109]. Lemma 5.18 was taken from [108], and the
numerical example in Sect. 5.2.3 was taken from [6].

A fuzzy system is a dynamical system based on fuzzy logic, which was first initi-
ated by Zadeh in the 1960s [272, 273]. Several types of fuzzy models have been pro-
posed, among which the T=S fuzzy systems (known also as Type-3 fuzzy systems)
have gained more and more attention and recognition [215, 244]. A T-S fuzzy sys-
tem uses fuzzy rules to describe the global nonlinear dynamics by means of a set of
local linear modes that are smoothly connected by fuzzy membership functions. The
clear two-level “execution-supervisor” structure makes it powerful in approximat-
ing general nonlinear systems and flexible in high-level design [51, 248]. Note that if
we take the IF-THEN fuzzy logic as a switching logic, then a T-S system is closely
related to the corresponding switched system. Therefore, stability analysis for fuzzy
systems can be benefited from stability analysis for switched systems. Much ear-
lier effort has been paid to present stability criteria based on common quadratic
Lyapunov functions [247], and later it was extended to the piecewise quadratic Lya-
punov approach that may lead to less conservative criteria [76, 127]. Most criteria
can be expressed in terms of linear matrix inequalities (LMIs), which permits effi-
cient numerical solvers [46]. Despite a remarkable progress made so far, stability
analysis is still a challenging problem to be solved. The reader is referred to the
surveys [77, 248] and the references therein for more details.

The framework and stability criteria in Sect. 5.3 were mainly adopted from
[76, 127]. The piecewise switched linear system is a straightforward extension of
a piecewise system with a set of switched linear systems as subsystems. Propo-
sition 5.12 simply combines the piecewise quadratic Lyapunov function approach
with transition analysis among the partitions.

The consensus or agreement problem for multiagent systems is a typical prob-
lem in distributed computational intelligence, which is to achieve a common value
asymptotically by means of proper cooperative control among the agents in a dis-
tributed manner. Numerous linear/nonlinear protocols have been proposed to solve
the problem in the literature. In particular, with the aid of the Laplacian matrix the-
ory, the problem was tackled in an elegant manner by means of linear protocols for
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multiagent systems with either static or dynamic connections [75, 153, 187]. A mul-
tiagent system with a linear protocol is exactly a piecewise linear system, and the
consensus analysis can be conducted based on stability of piecewise linear systems.
It was established that, under the linear feedback protocol and the assumption that
the network is always connected, the system admits a common quadratic Lyapunov
function, and asymptotic consensus is achieved. This was summarized in Sect. 5.4.2,
where a first-order differential equation was used for simplification.

While the connectedness assumption in Theorem 5.17 can be further relaxed
in various manners (see, e.g., [113, 120, 175]), the verification of the connectivity
assumptions are not tractable for dynamic network interconnections. To tackle this
issue, one way is to seek for nonlinear protocols as in [121, 275]. Alternatively, by
combining the transition analysis presented in Sect. 3.3.4 and a novel Lyapunov-
like function method, we can estimate a set of initial configurations that is in fact
invariant and attractive, and hence the requirement of throughout connectivity can
be removed. This was first presented in [237], from which Sect. 5.4.3 was adopted.

For switched linear control systems, the problem of stabilization by means of si-
multaneous switching/control design is both important and challenging. A primary
reason for this lies in the fact that a nontrivial gap exists between controllability
and feedback stabilizability. To be more precise, it was revealed that controllability
does not imply feedback stabilizability if one linear feedback controller is attached
to a subsystem [234]. However, when more than one controller is allowed to con-
nect with a subsystem, controllability does imply stabilizability [242, 268, 269].
Therefore, a natural way to address the problem of stabilization, as adopted here in
Sect. 5.5.2, is first to introduce multiple controllers that not necessarily connect with
the subsystems in a one-to-one manner and then to design a state-feedback path-
wise switching law for the (extended) switched system. The notion of unit sphere
switched contractility given in Definition 5.26 and its connection with stabilizabil-
ity were borrowed from [228]. The design procedure of calculating multifeedback
gains was a combination of that presented in [242, 268]. For more recent progress
on the problem of stabilization, the reader is referred to [238, 243, 279].
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