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Abstract

Hybrid linear systems are a class of hybrid systems where the continuous time evolu-
tion is governed by a set of first order linear ordinary differential equations and the jump
dynamics are described by a set of first order linear difference equations. Switched linear
systems are a subclass of hybrid linear systems with a continuous evolution of the system
states. Due to the large number of physical applications, control of hybrid and switched
linear systems has received considerable attention over the past years. This dissertation
provides novel contributions to the control of such systems and extends some existing
results in this area. This work focuses on different problems regarding stability and
stabilization of switched linear systems and optimal control of hybrid linear systems.

The major part of this thesis concerns stability and stabilization of switched linear
systems. The results are primarily presented in terms of conditions for stability of
autonomous switched systems. Then, stabilization methods aim at designing a local
state feedback for each mode of a controlled switched system to satisfy the stability
criteria for the closed loop system modes. Parts of these results rely on the concept
of common left eigenvectors and left eigenstructure assignment. To this end, several
techniques for eigenstructure assignment in the context of linear systems are developed.
Afterwards, these techniques are employed for characterizing exponential stability and
for stabilization of a class of switched linear systems with state dependent switching and
certain restrictions on the switching manifolds. In addition, they are used for quadratic
stabilization of a class of controlled switched linear systems with arbitrary switching
signals where the open loop constituent matrices share an invariant subspace to which
a common quadratic Lyapunov function can be associated. Another stability approach
makes use of the Kalman-Yakubovic-Popov lemma to demonstrate quadratic stability
of a class of switched linear systems. This class is characterized by arbitrary switching
between two modes, where the difference of the constitute matrices is of rank m > 1, and
to which a symmetric transfer function matrix can be associated. These results extend
existing results in quadratic stability of rank-1 difference switched linear systems.

The thesis also addresses problems in linear quadratic control of hybrid linear systems.
In these problems, cost functions are quadratic, the final time and the number and
sequence of switches are given. Constraints are specified by linear (in-)equalities in the
state space. Switching between different dynamics may either occur at fixed or free
time instances. A parameterization method with respect to initial and end points of
each interval in a generalized time domain is employed. Numerical solutions for such
problems are suggested.
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Zusammenfassung

Hybride lineare Systeme sind eine Klasse von hybriden Systemen, bei denen die kontinu-
ierliche Zeitentwicklung durch einen Satz von linearen Differentialgleichungen erster Ordnung,
und die Sprungdynamik durch einen Satz von linearen Differenzengleichungen erster Ordnung
beschrieben werden. Geschaltete lineare Systeme sind eine Unterklasse von hybriden linea-
ren Systemen mit einer stetigen Zeitentwicklung der Systemzustinde. Aufgrund der grofien
Anzahl physikalischer Anwendungen erfuhr die Regelung von hybriden und geschalteten linea-
ren Systemen in den letzten Jahren betrichtliche Aufmerksamkeit. Diese Dissertation stellt
neue Beitrdage zur Regelung solcher Systeme vor und erweitert einige vorhandene Ergebnisse
in diesem Bereich. Diese Arbeit konzentriert sich auf verschiedene Aspekte der Stabilitéit und
Stabilisierung geschalteter linearer Systeme sowie der optimalen Regelung hybrider linearer
Systeme.

Der grofite Teil dieser Arbeit betrifft die Stabilitdt und Stabilisierung von geschalteten li-
nearen Systemen. Die Darstellung der Ergebnisse bezieht sich in erster Linie auf Bedingungen
fiir die Stabilitét autonomer geschalteter linearer Systeme. Stabilisierungsverfahren zielen dann
auf den Entwurf einer lokalen Zustandsriickfithrung fiir jeden Modus eines geregelten geschal-
teten linearen Systems, um die Stabilitatskriterien fiir die Modi des geschlossenen Regelkreises
zu befriedigen. Teile dieser Ergebnisse beruhen auf dem Konzept gemeinsamer linker Eigen-
vektoren und der Zuweisung linker Eigenstruktur. Zu diesem Zweck werden mehrere Verfahren
zur Zuweisung der Eigenstruktur von linearen Systemen entwickelt. Anschlieend werden diese
Techniken zur Charakterisierung exponentieller Stabilitéit und zur Stabilisierung einer Klasse
von geschalteten linearen Systemen mit zustandsabhéngigem Schalten unter bestimmten Ein-
schriankungen beziiglich der Schaltmannigfaltigkeiten eingesetzt. Dariiber hinaus werden sie
zur quadratischen Stabilisierung einer Klasse von beliebig schaltenden linearen Systemen ein-
gesetzt, in der die Dynamikmatrizen des offenen Kreises einen invarianten Untervektorraum
gemeinsam haben, der mit einer gemeinsamen quadratischen Lyapunov-Funktion assoziiert
werden kann. Ein weiterer Stabilitdtsansatz nutzt das Kalman-Yakubovic-Popov-Lemma, um
quadratische Stabilitit einer Klasse von geschalteten linearen Systemen zu zeigen. Diese Klas-
se wird von beliebigem Schalten zwischen zwei Modi gekennzeichnet, fiir welche die Differenz
der Dynamikmatrizen von Rang m > 1 ist, und mit denen eine symmetrische Ubertragungs-
funktionsmatrix assoziiert werden kann. Diese Ergebnisse erweitern vorhandene Ergebnisse zur
quadratischen Stabilitdt geschalteter linearer Systeme, bei denen die Differenz der Dynamik-
matrizen Rang 1 aufweist.

Die Dissertation befasst sich auch mit der linear quadratischen Regelung von hybriden
linearen Systemen. Hierbei sind die Kostenfunktionen quadratisch, der Zeithorizont und die
Anzahl und Reihenfolge des Schaltens gegeben. Einschréinkungen sind durch lineare (Un-)
Gleichungen im Zustandsraum gegeben. Die Zeitpunkte des Schaltens zwischen unterschiedli-
chen Dynamiken kénnen entweder vorgegeben oder frei sein. Ein Parametrierungsverfahren in
Bezug auf Ausgangs- und Endpunkte der einzelnen Intervalle eines generalisierten Zeitbereichs
wird verwendet. Numerische Losungen werden fiir solche Aufgaben vorgeschlagen.
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 1

Chapter 1

Introduction and literature review

1.1 Hybrid and switched linear systems

After over two decades of research, many problems concerning control of hybrid
and switched systems still remain unsolved. These problems are important as many
physical systems have hybrid features. Examples can be found in mechanical, chemical,
biological, network systems, etc. Hybrid systems combine multiple dynamics. Typically,
such systems involve switches between different flows, between flows and jumps, or only
switches between different discrete dynamics. The switching rule is often governed by
an external signal or characterized by state space constraints. The external signal can
be caused by different sources. The most common type of this signal depends on time
or states. When the dynamics of a hybrid system is linear, we call the system a hybrid
linear system.

Control of hybrid and switched linear systems are particularly interesting from two
points of view. First, these systems inherit some properties of standard linear systems.
Second, the switching nature of these systems gives rise to nonlinear behaviors. Thus,
the control approaches developed for these systems borrow concepts from both linear and
nonlinear control theory. Numerous examples of these systems can be found in physical
systems. To gain more intuition about the models of switched and hybrid linear systems,
we now illustrate some applications.

(i) Boost converter: Each electrical circuit may have switching nature due to exis-
tence of electrical switches, diodes, transistors, or capacitors; see Julius and Van der
Schaft (2002), Heemels et al. (2009), Sira-Ramirez (1989), and Schiffer et al. (2012).
The following example has been selected from Heemels et al. (2009).

An established example in power systems which behaves as a hybrid system is
a DC-DC boost converter. Power converters are widely used in variable speed DC
motor drives, computer power supplies, cell phones, and cameras (Heemels et al.,
2009). The boost converter can generate an output voltage which is greater than
the input voltage. The circuit of a DC-DC converter is depicted in Figure1.1.1.
This model consists of a load R, a capacitor C, an inductor L, a flyback diode D,
and a switch S. The input voltage is denoted by u := F and the voltage of two
sides of the capacitor C' is denoted by v.(t). R. and Ry, are the series resistors for
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the capacitor and the inductor, respectively. The switching period T} for the switch
S is given. The duty cycle a(t) € [0, 1], that is, the ratio of the activation duration
of on mode for switch S to the period Tj, is considered as the external input. When
the switch S is open, depending on the voltage of two sides of the flyback diode D,
this diode may function in on or off modes. Now, assuming () = [ir(t) v.(t)]" as
the state variables of the boost converter, depending on the status of the diode D
and the switch S, three operation modes for this system can be investigated. This
model can be written in the form of

x(t) = Aa(tvz)x(t) + Byt ,2)u o(t,x) € L:={1,2,3}, (1.1)
where A; and B; for ¢ € L are specified as follows:

1) In the first mode the switch S is closed and the entire current i, passes through
the switch S, thus i, > 0 or [I 0] x > 0. In this case, the matrix A; and the
vector B; are given by

_RL O l
L L
Al == 5 Bl - . (12)
—1
0 (R+R:)C 0

The system works in this mode until time reaches to t = (n — 1 4 a)T}, where
n € N. Then the system switches to mode 2).

2) In this mode the switch S is open and the flyback diode is on. Then, i;, > 0
or [l O]z > 0, and the data are computed to be

—1 R.R -1 _R
T (RL + R+Rc> "L R+R. %
Ay = , By = . (1.3)
___R__ e 0
C(R+R.) C(R+R.)

The system can have two transitions from this mode. If i, =0 or [1 Olz =0
holds, then the system switches to mode 3). Otherwise, after spending time
up to t = nTy the system switches to mode 1).

3) In this mode the switch S is open and the flyback diode is off. It implies that
ir =0or [l Olz =0, and

0 0 0
Ay = Bs=| | (1.4)
—1
0 wxroc 0

The system stays in this mode until the time instance ¢t = nT,. Afterwards,
the system switches to mode 1).

As will be explained in Section 1.2, the model of the boost converter (1.1) is in the
form of a controlled switched linear system. The switching rules depend on both
the states and time.
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D
A — >
ir(t) L vc(t)+==c
. <+> a(t) = S \, -
R [ (&

Figure 1.1.1: A DC-DC boost converter (Heemels et al., 2009).

(ii) Mobile multi-agent systems with switching topology: This example has
been selected from Olfati-Saber and Murray (2004). In multi-agent systems, each
agent exchanges information with some other agents called its “neighbors”. This
communication defines a network topology. The network topology is often repre-
sented by a directed graph G = (V, E, A), where V' = {vy,...,v,} denotes the set
of nodes associated to the n agents, £ C V x V is the set of edges which cor-
responds to the communication between agents, and A = [a;;] with non-negative
entries is the n xn adjacency matrix (Ren and Beard, 2007). The network may have
a switching topology perhaps due to the agents’ changing positions or existence
of obstacles between the agents. In this case, one can associate a directed graph
Gk C I corresponding to each new topology, where I" is a set of finite collections
of digraphs with n nodes and k belongs to an index set £ := {1,...,¢} C N with
¢ := |I'|. Then, the states of the network evolve with different dynamics, which
can be expressed by a switched linear system in the form of

o (1.5)

where 0 : R x R” — £ is a switching signal which specifies the active network
topology. The matrix Ly = [lgijlnxn With & € L is called the Laplacian of the
graph Gy, which is defined by

n
E Q. ip .7 = ia

lk,ij = p=L1, p#i
—Qh,ijs J # i
Note that for two different agents i, j € {1,...,n} which are not neighbors in Gy,
we have ay;; = 0 for each k € £. The aim of the consensus algorithm consists in

characterizing a communication routine such that all states exponentially converge
to the same variable, namely

21(00) = 22(00) = + -+ = mn(00) = %in(O). (1.6)
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01 (%] g ?é 2

0 d*

o O

Figure 1.1.2: Schematic of the moving objects before, during, and after collision (Goebel

et al.

(iii)

, 2009).

Now, note that (1.5) defines a switched linear system, where switching signal de-
pends on time and state variables.

Collisions: The system dynamics of two moving particles may change instantly
when a collision between them occurs. More precisely, the collision may lead to
sudden changes on the velocities of the mobile objects. Examples of such collisions
are billiard balls and bouncing balls (Goebel et al. (2009), Lygeros (2004) and
Brogliato (1999)). We now illustrate the following example taken from Goebel
et al. (2009).

Consider two particles which are moving towards each other with constant speeds
vy and vy; see Figure 1.1.2. For simplicity, let’s assume that the diameters of both
particles are zero. The states of this system can be considered as z = [d" v']T,
where d = [d; dy]" and v = [v; v5]" represent the positions and the velocity of the
two particles, respectively. The system dynamics are specified by Newton’s second
law as

[ d, | 0010 d
d 0001 d
T = 2 = ? :AJJ (17)
in 000 0 vy
i 000 0 Vo

Note that the system dynamics evolves in accordance with (1.7) whenever x €
C:={x:dy <ds}. A collision occurs when the positions of the particles are the
same and v; > vy. In a collision time instance, positions of the particles remain
the same, that is, d* = d, while the velocities can be derived by the momentum
equation

mlvf + mgv; = myv; + moVay, (18)
and the energy dissipation equation
v — vy = —p(vy — vy), (1.9)

where m; and msy are the masses of the particles and the constant 0 < p < 1
is called restitution coefficient. Thus, the model of this system for the points
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V1:.on/off

T1

O1,max 1 V2:on/off

U1,min {i}

‘ T2

U2,max
(%) .
02,min W downstream processing

<7

Figure 1.1.3: Schematic of the chemical process plant (Simeonova et al., 2006).

belonging to the collision set specified by D = {x : d; = dy, vy > v} reads

FdF ] 1 0 007rd-
dy 0 1 0 0 ds
= B . = Gr. (1.10)
Uf_ 7773111 +m22p mzl(Jlr;?FfQ) 00 1
+ mi(l+p) ma—m
L V2 L m11+m2 77121+77112p 00 4" vz

Consequently, we observe that the model of this system can be represented in the
form of

r =Azx x e,
- (1.11)

v =Gz x € D.

We talk extensively about stability and optimal control of hybrid systems of this
form in Chapter 6.

Chemical process systems: Many chemical process plants can include hybrid
or switching effects. For example, opening and closing of valves in a plant may
suddenly change inputs, outputs, or states of the system. Different scenarios of
interconnection of tank systems are introduced in the literature; see Raisch et al.
(1999) or Simeonova et al. (2006). The following example has been selected from
Simeonova et al. (2006).

The chemical plant depicted in Figure 1.1.3 is a simplified version of the bench-
mark chemical plant (Simeonova, 2008). The tank T1 is a batch chemical reactor
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which is followed by the buffer tank T2. This system operates automatically and
includes four successive operation modes: filling with the raw material, production
by the chemical reaction, discharging (i.e., harvesting of the final product),
cleaning and waiting for the next operation. Although the control reacts in a
discontinuous way, the final product must be delivered in a continuous way to
the downstream processing stage. To this end, there is an intermediate buffer
tank T2 between the batch reactor and the downstream processing plant, which
is discontinuously fed from the reactor, but continuously withdrawn. The states
of the system are vy, the volume of T1, and v,, the volume of T2. Four operation
modes for this system can be investigated as follows:

1) This mode refers to the condition that the valve V1 is closed (off) and V2 is
considered to be open. The initial volume of V1 equals v max and the initial
volume of T2 equals v 1,in. The material in T1 is discharging with the output
flow rate r[m?/h], and T2 is being fed with the input flow rate r[m?/h], and
is discharging with the output flow rate w[m?/h]. Defining x = [v; v5]", the
dynamics can be written as follows:

iy 1 00 "
o | = L —1 0 w | := Byu. (1.12)
q

This mode lasts until the volume of the tank T1 reaches to a minimum value
U1 min- Then, the plant switches to mode 2).

2) This mode refers to the condition that the valves V1 and V2 are both closed
(off). Thus, V1 is in standby. The material in T2 is discharging with the
output flow rate w[m?3/h]. Then, the dynamics is written as follows:

iy 0 0 0 "
w = 1o —1 0 w | := Bau. (1.13)
q

Mode 2) lasts for a certain amount of time py[h], decided by the operator.
Then, the plant operates in mode 3).

3) This mode refers to the case that the valve V1 is open (on), and V2 is closed
(off). Then, T1 is filled with the raw material with the flow rate g[m?/h],
and T2 is discharging with the output flow rate w[m?/h]. The dynamics then

reads
i 0 0 1 "
o= 1o —1 0 w | = Bsu. (1.14)
q

This mode lasts until the volume of T1 reaches the maximum value v; max-
Then, the plant switches to mode 4).
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4) This mode refers to the case that both V1 and V2 are closed (off). Only T2
is discharging with the output flow rate w[m3/h]. Then, the system dynamics
can be written as follows:

i o oo]|"
o =10 -1 0 w | = Byu. (1.15)
q

Mode 4) lasts for certain amount of time p4[h]. Then, the plant goes again
to mode 1), and the cycle continues.

Now, consider that the dynamics of the overall system can be represented as a
switched linear system of the form

& = Bo(t)u o(t,z) € L:=1{1,2,3,4}, (1.16)

where o(t,z) : R x R? — L represents the switching signal which depends on time
and the states of the system.

1.2 Model of hybrid and switched linear systems

As the previous physical applications suggest, a hybrid linear system can be represented
by the following general model:

T = Ag(tw) T+ Bg(t@) U x el
H: (1.17)
et = Goa) T+ Hotz) v x € D,
where
o(t,z) e L:={1,...,(}, (1.18)

indicates the switching signal between different dynamics (A;, B;, G;, H;) for i € £. In
this model, C C R™ and D C R" denote the flow and jump sets, respectively. Note
that from the model (1.17), different models of switched linear systems can be derived
by restricting the parameters, as will be stated in the following.

(i) If D = () and C = R", then (1.17) is converted to a continuous switched linear
system. If o(t,z) = o(t), that is, the switching signal is only a function of time,
then a switched linear system with arbitrary time-dependent switching signal
results. If o(t,z) = o(x), that is, the switching signal is only a function of the
states, then a switched linear system with state dependent switching results. If
the control input is not identically equal to zero, that is, B; # 0 for some i € L,
then we refer to the system as a controlled switched linear system. Otherwise, we
refer to the system simply as a switched linear system. Note that throughout this
thesis, we do not consider the switching signal as a control input.
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(i)

If C =0 and D = R", then we will arrive at a discrete time controlled switched
linear system. Again, if the switching signal o is only a function of time, a discrete
time controlled switched linear system with arbitrary switching signal results, and
if it is only a function of the states, a discrete time controlled switched linear
system is obtained. If the control input is identically zero for all modes, then we
simply refer to the system as a discrete switched linear system.

From the above statements, we can argue that switched linear systems form a subclass
of hybrid linear systems. In this dissertation we discuss different problems associated
with stability of continuous switched linear systems and optimal control of hybrid linear
systems. Then, depending on the class of switched and hybrid systems, we study the
following solutions of these systems.

a)

For a (controlled) switched linear system with arbitrary switching signal, we
assume a finite number of switching within a finite time interval occurs. Therefore,
solutions of such systems are unique for each initial condition and are always ab-
solutely continuous, implying that such solutions are continuous and differentiable
almost everywhere. Moreover, these solutions follow the direction of vector field
almost everywhere. Thus, for switched linear systems with arbitrary switching
signals we consider the Caratheodory solutions. For illustration of Caratheodory
solutions, see Appendix A.6.2.1 and Cortes (2008).

Solutions of a (controlled) switched linear system with state dependent switching
are always absolutely continuous. However, in this case a trajectory of the
switched system can slide on switching manifolds, and thus may not follow the
direction of vector field almost everywhere. For this reason, for switched linear
systems with state space constraints, we consider the Filippov solutions. For the
definition of the Filippov solutions, see Appendix A.6.2.2, Filippov (1988), and
Cortes (2008). It is worth mentioning that Filippov solutions may not be unique
for switched linear systems with state dependent switching; see Cortes (2008).

Solutions of a hybrid linear system can exhibit jumps. Therefore, such solutions
are absolutely continuous within flow evolutions, while they are not necessarily
continuous during jumps; see Goebel et al. (2012). Thus, for a hybrid linear system
due to the discontinuity of its solutions and the different nature of flow and jump
dynamics, we investigate the notion of generalized time domain for the domain of
state variables in the hybrid system (1.17). The generalized time domain consists
of two elements as a subset of R>g x Ny, where Ng = N U {0}. The first element
in the product indicates the actual time, whereas the second ingredient in the
product counts the jump events. For system modelling and general solutions in a
generalized time domain, see Goebel et al. (2012). Similar to itemb), solutions of
a hybrid linear system may not necessarily be unique.

In this dissertation, we tackle three different problems regarding control of hybrid and
switched linear systems: stability and stabilization of switched linear systems, and opti-
mal control of hybrid linear systems. We now briefly elaborate these problems and point
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out some of the previous results related to these topics. For different stability and stabi-
lization problems in the contexts of discrete time linear time varying and switched linear
systems one can refer to, for example, Lin and Antsaklis (2009); Ahmadi et al. (2014);
Daafouz et al. (2002); Barabanov (2005); Wirth (2005b) and the references therein.

1.3 Stability of switched linear systems

The stability problem for switched linear systems is perhaps the most well studied topic
in the context of switched linear systems. The primary motivation for studying the sta-
bility problem for a switched linear system perhaps stems from the fact that Hurwitz
stability of constituent matrices is not sufficient for stability of the associated switched
linear system; see Example 3.2.1 and the references therein. On the other hand, it has
also been found that even if all matrices of a switched linear system are unstable, one
might be able to construct a routine of switching, such that some or all trajectories
of the switched linear system exponentially converge to zero (Wicks et al., 1998). Re-
search on the stability problem has given rise to many notions such as common quadratic
Lyapunov function (Shorten and Narendra, 2003; Wulff, 2005), single Lyapunov func-
tion (De Schutter and Heemels, 2004), multiple Lyapunov functions (Branicky, 1998),
converse Lyapunov theorem (Wirth, 2005a), average dwell time (Hespanha and Morse,
1999), common piecewise linear Lyapunov functions (Molchanov and Pyatnitskiy, 1989),
copositive Lyapunov functions for a class of rank-1 difference positive switched systems
with arbitrary number of subsystems (Fornasini and Valcher, 2010), etc. In the follow-
ing, we briefly represent those approaches which are most closely related to the results
in this thesis.

1.3.1 Common Quadratic Lyapunov function (CQLF)

The existence of a common quadratic Lyapunov function guarantees exponential stability
of a switched linear system both under arbitrary and state dependent switching; see,
e.g., Griggs et al. (2010). Moreover, it is known that quadratic stability exhibit robust
properties in terms of perturbations of constituent matrices and discretization of switched
linear systems; see Rossi et al. (2011) and Shorten et al. (2007). The quadratic stability
problem for a switched system with arbitrary switching signal can be stated as follows:

Problem 1.3.1. Consider the switched linear system
:)L":Ag(t)x(t) o(t)ye L:={1,...,(}, (1.19)

where all matrices A; for ¢ € £ are Hurwitz and o is the switching signal between the
A;’s. Find conditions on the real matrices A; € A := {4, ..., A} such that the switched
system (1.19) is quadratically stable, that is, there exists a common quadratic Lyapunov
function V(z) = 2" Px with P = P" > 0 such that

A/P+PA; <0 Yie{l,....0}. O (1.20)
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Note that (1.20) is a linear matrix inequality (LMI) and a common Lyapunov solution
P can be computed numerically. It is known that a set of Hurwitz matrices similar to

1) set of upper (lower) triangular matrices (Shorten and Narendra, 1998),

2) set of pairwise commuting matrices (Narendra and Balakrishnan, 1994),

3) set of matrices which belong to solvable Lie Algebraic conditions (Liberzon et al.,

1999; Agrachev and Liberzon, 2001),

4) set of real diagonalizable matrices which any pair of them share at least (n — 1)

right eigenvectors (Shorten and Cairbre, 2001),

are classes of matrices that a common quadratic Lyapunov function for the associated
switched linear system exists. Now, we point out two other important results which are
related to the stability concepts introduced in Chapters 4 and 5 of this thesis.

1) Rank-1 difference switched systems: One of the well-known results in the

context of quadratic stability is expressed by the next theorem.

Theorem 1.3.1. (See Shorten and Narendra (2003)) Consider the switched linear
system

T = (A — O'(t)%c) x o(t) € {0,1}, (1.21)

where A € R™™ 4s Hurwitz, b € R", ¢ € R", and d > 0 is a scalar. Then, the
following statements are equivalent:

a) The switched system (1.21) is quadratically stable,
b) The transfer function g(s) = c(sI — A)~'b + d is strictly positive real,

c) The matriz A (A — %3) has no real negative eigenvalue. O

The proof of this theorem uses the Kalman-Yakubovic-Popov lemma proposed
for strictly positive real systems to guarantee the existence of a CQLF (Shorten
and Narendra, 2003). This result has been proven and extended to the class of
complex matrices separately by Laffey (2009) and King and Nathanson (2006).

Two dimensional switched systems: For a pair of two dimensional matrices,
existence of a CQLF is expressed by the following result:

Theorem 1.3.2. (See Shorten and Narendra (2002)) Suppose in Problem 1.3.1( =
2, and Ay, Ay € R**? are Hurwitz. Then the switched system (1.19) is quadratically
stable if and only if the matrices A;Ay and AyA;Y do not have any real negative
ergenvalue. [

Stability of second order switched systems including two subsystems under singular
perturbations has been considered by El Hachemi et al. (2011).

Despite much effort similar results for matrices with higher dimensions have only
been derived recently (Kouhi et al., 2013a).
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1.4 Stabilization of switched linear systems

The stabilization problem for switched linear systems has been studied from diverse
points of view. Some research considers stabilization of the switched system (1.19)
with Hurwitz constituent matrices, by restricting the rate of the switching signal. More
precisely, when all matrix constituents are Hurwitz, it is shown that if the switching
events are sufficiently far apart in time, then the switched linear system will be stable.
This concept is well-known as stability with average dwell time. Finding a reasonable
upper bound for the average dwell time has been investigated in Hespanha and Morse
(1999), Solo (1994), Geromel and Colaneri (2006), and Chesi et al. (2012). Some other
research assumes that the matrices A; for all i € £ in (1.19) are not necessarily stable,
and they look for a switching law that makes the switched system exponentially stable
(Wicks et al., 1998; Feron, 1996). In this dissertation, however, we follow a standard
approach for quadratic stabilization of a controlled switched linear system using local
state feedback for each mode, similar to Cheng (2004) and De Schutter and Heemels
(2004). This problem for a controlled switched system with arbitrary switching signal
can be stated as follows:

Problem 1.4.1. Consider the controlled switched system
= Aoy 2(t) + Boy u(t) o(t)e L:={1,...,(}. (1.22)

Find a local state feedback u = K,z such that the resulting closed loop switched
system

T = (Ao(t) + Bg(t)Ko(t)) X, (1.23)

is quadratically stable, that is, there exists a common quadratic Lyapunov function
V(z) = 2" Px with P = PT > 0 such that

(A + BiK))"P+ P(A; + BiK;) <0  Vie £ O (1.24)

Note that (1.24) is not an LMI due to the existence of the coefficient PB;K; in the
inequality, where both P and K; are unknown parameters. Nevertheless, one can convert
this inequality to the LMI form as follows; see De Schutter and Heemels (2004). First
by pre-multiplying by P~! and post-multiplying by P~!, we get

(P'A] + P'K B/ )+ (AP + BK;P™') <0 VieL. (1.25)
Thus with the assumptions X := P! and Y; := K; P!, we can rewrite (1.25) as
XA +AX+Y,'B +BY,<0 VieL. (1.26)

Now, it is evident that (1.26) is an LMI and can be solved numerically. However,
numerical methods do not provide any insight into the feasibility of such LMI’s. For
this reason, finding sufficient conditions on A; and B; for all ¢ € £ under which the
solvability of these LMI’s is guaranteed, is a crucial problem. Several articles dealing
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with this problem have been published, e.g., Cheng (2004); Sun and Zheng (2001). For
example, in Cheng (2004) a necessary and sufficient condition for stabilization of second
order controlled switched linear systems with single input has been explored.

In this dissertation, we consider stabilization of a class of controlled switched linear
systems where all open loop matrices A;’s, i € L, share a right invariant subspace
with appropriate dimension to which a common quadratic Lyapunov function can be
associated. Satisfying some rank conditions with respect to B;’s, for this class we
show that quadratic stabilization can be achieved if sufficient number of input channels
are available. Moreover, we demonstrate that this approach can be employed for
stabilization of a class of controlled switched systems, where their open loop matrices
have invariant subspaces which have sufficiently small distances, and a certain form of
Riccati inequalities for the matrices associated with these invariant subspaces hold.

The concept of common controlled invariant subspaces has been previously considered
in the context of linear parameter varying and switched linear systems, often for stability
of a system in a subspace of the state space or for mode decoupling; see, e.g., Balas et al.
(2003), Yurtseven et al. (2010), Haimovich and Braslavsky (2010), and Blanchini (1999).
Furthermore, it has also been used for determining a sequence of stabilizable controlled
switched linear systems (Sun and Zheng, 2001). For these purposes, algorithms have
been developed to compute a largest common controlled invariant subspace of a switched
system for a subspace of € X C R" and v € U. The largest common invariant subspace
for such a switched linear system can be computed by an iterative algorithm using fixed
point theory; see, e.g., Tsatsomeros (2001) and Julius and Van der Schaft (2002).

1.5 Optimal control of hybrid linear systems

Optimal control problems for hybrid systems are recognized as challenging mathematical
problems. In such problems, one often associates several cost values each of which
corresponds to a part of a trajectory evolving with a given dynamics. Then, the objective
is to minimize the sum of these costs over a fixed or free time interval, and fixed or free
switching time instances. For such optimal control problems, the maximum principle
for hybrid systems holds; see Sussmann (1999); Caines et al. (2006); Azhmyakov et al.
(2007); Liberzon (2011); Passenberg et al. (2011). In one of the early works by Sussmann
(1999), a general condition for the maximum principle for hybrid systems including fixed
switching sequences and free switching time instances has been proposed. In Caines
et al. (2006) the concept is generalized to a setting with guard conditions. Typically,
such algorithms extend the classical maximum principle by additional requirements on
the switching manifolds known as transversality conditions. Despite the sound theory,
computational difficulties arise even in a setting with quadratic costs for hybrid linear
systems (Riedinger et al., 1999; Azhmyakov et al., 2009; Xu and Antsaklis, 2004).

Linear quadratic regulator (LQR) problems for hybrid and switched linear systems,
similar to optimal control problems for the general form of hybrid systems, may have
fixed or free switching times, and fixed or free switching sequences; see, for instance,
Problem 6.5.1 as a possible scenario. Several results dealing with these problems exist
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in the literature (Xu and Antsaklis, 2004; Azhmyakov et al., 2009). For instance, in Xu
and Antsaklis (2004), an efficient numerical algorithm for the LQR problem with free
switching times is obtained by introducing a parameterization in terms of switching
times.

Some other research provides numerical solutions for optimal control of systems
which are closely related to hybrid linear systems. For example, in the context of
piecewise linear systems, Rantzer and Johansson (2000) suggests lower and upper
bounds to the optimal cost by formulating a semi-definite and a convex programming
problem. Analytic expressions for sub-optimal solutions to an LQR problem for LTI sys-
tems with state space and input constraints have been reported in Johansen et al. (2002).

1.6 Organization of the thesis

In Chapter2, we study different approaches concerning left eigenstructure assignment
for multi-input systems, pole placement for single input systems, and partial pole
placement for single- and multi-input systems. This chapter can be viewed as the basis
for the upcoming results on the stability and stabilization of switched linear systems
in Chapter3 and Chapter4. Moreover, this chapter extends the result by Kouhi and
Bajcinca (2011a) on left eigenstructure assignment.

In Chapter3, we study exponential stability and stabilization of switched linear
systems with state dependent switching signals. In these problem settings, we assume
certain restrictions on the geometry of switching manifolds. This chapter extends parts
of the results by Kouhi and Bajcinca (2011b) on exponential stability and stabilization
of switched linear systems. Our techniques use the concept of common left eigenvectors
and left eigenstructure assignment introduced in Chapter 2.

In Chapter4, we apply the concept of common eigenvectors and left eigenstructure
assignment for stability and stabilization of switched linear systems under arbitrary
switching. Our approach for stabilization investigates a local state feedback design
for each subsystem of a controlled switched system. The main result in this chapter
discusses stabilization of a controlled switched system whose open loop constituent
matrices share an invariant subspace to which a common quadratic Lyapunov function
can be associated. We then use the left eigenstructure assignment technique for
imposing a number of desired left eigenvectors that are perpendicular to the common
invariant subspace, thereby guaranteeing quadratic stability of the closed loop matrices
of subsystems. Moreover, we discuss robust stability of a switched linear system when
its Hurwitz matrices share (n — 1) real left eigenvectors. This chapter extends the result
by Kouhi and Bajcinca (2011c) on quadratic stability and stabilization of switched
linear systems.

In Chapter 5, we extend the results by Shorten and Narendra (2003) on quadratic
stability, and Shorten et al. (2009) concerning weak quadratic stability of switching
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systems with two modes and rank-1 difference matrices. We show that their results
can be extended to switched systems with rank m > 1 difference matrices, provided
that a symmetric transfer function matrix can be associated with the pair of matrices.
Moreover, we use this approach for computing a set of control inputs which stabilize a
class of controlled switched linear systems. Parts of these results have been published
in Kouhi et al. (2013a) and Kouhi et al. (2014).

In Chapter 6, we briefly study the stability problem for hybrid linear systems. We
show that their stability is equivalent to stability of switched linear systems, if bilinear
transformations for converting discrete evolutions to continuous dynamics are used.
The main results of this chapter, however, are related to the optimal control of hybrid
linear systems. We investigate two problem configurations. In the first scenario, the
class of hybrid linear systems is specified by a single flow and a single jump dynamics,
and state space constraints are represented by polyhedral sets. For this system, we
consider an optimal control problem with a fixed sequence of switching occurring
at fixed time instances. Our solution algorithm determines upper and lower bounds
for the overall cost function of this problem. In the next scenario, we consider an
optimal control problem for hybrid linear systems including multiple flow dynamics
with fixed sequence of switching, such that switches can take place at free time
instances. This result solves a problem related to maximum principle for hybrid linear
systems. Parts of the results in this chapter have been published by Kouhi et al. (2013b).

In Chapter 7, we provide the conclusions.

In Appendix A, some necessary definitions and existing concepts are given to make
this dissertation necessarily self-contained.
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Chapter 2

Left eigenstructure assignment

2.1 Introduction

Eigenstructure assignment for multi-input systems and pole placement for single-input
systems using static state feedback are old topics in the control systems theory. From a
classical point of view, pole placement for a single input system is often used to assign
some or all eigenvalues of a linear system to stabilize the closed loop system, and/or to
improve the rate of convergence of system solutions (Kailath, 1980; Saad, 1986). For
multi-input systems, due to more freedom on control inputs, eigenstructure assignment
has given rise to different problem formulations. For example, right eigenstructure
assignment is used to shape the solutions of a linear system (Wonham, 1967; Liu
and Patton, 1998), and left eigenstructure is used for disturbance attenuation (Choi,
1998a,b). In this chapter, however, our motivation is not to provide new results in this
sense, nor to be involved fundamentally in different eigenstructure assignment methods
for LTT systems. Although some of the techniques introduced in this chapter can be
used for control of a linear system, some others essentially may not make sense for this
purpose. In fact, the current chapter should be viewed as an introduction for the results
of the upcoming chapters on stabilization of controlled switched linear systems.

Our main interest in this chapter is how to exploit the potential of control inputs for
assigning as many desired left eigenvectors as possible using state feedback, such that
the closed loop system is stable. It should be mentioned that this aim is different from
conventional left eigenstructure assignment proposed in the literature, including Choi
(1998a,b) and the references therein.

2.2 Left eigenvector assignment

First, we present left eigenstructure assignment for single input systems. Then, in the
next part we extend this to multi-input systems.
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2.2.1 Single-input systems

Consider a single input controllable LTI system given by the state space representation
& = Az + bu, (2.1)

where x € R™ and u € R are the state vector and the control input, respectively. Suppose
we aim at designing a state feedback u = kx, where k is a row vector, for assigning a
desired left eigenvector w € C" and its corresponding eigenvalue A\; € C_g to the closed
loop system, where C_( denotes the open left half plane. Then, by a simple computation
we have

(A= M1
w(A+bk) = w" =k = —w(—bl) for w*b # 0. (2.2)
w*

The left eigenvector w appears nonlinearly in the closed loop system matrix Agq = A+ bk

as
bw* bw*

Ag=1(1 - A+ N—. 2.3

a= (-2 ) aenle 2.3

Note that the matrix I —bw*/w*b in (2.3) has one eigenvalue equal to 0 with correspond-

ing left eigenvector ¢; := w, and n — 1 eigenvalues equal to 1 with corresponding left

eigenvectors ¢; such that ¢/ b= 0fori € {2,...,n}. Now, a natural problem arising from

the gain (2.2) and the closed loop description (2.3) is to explore the proper selection of
w and \; such that k7 € R™ and A is a Hurwitz matrix (Kouhi and Bajcinca, 2011a).

Lemma 2.2.1. (Simon and Mitter, 1968) The characteristic polynomial of the closed
loop system (2.3) is given by
*adj( N — A
det(\ — Ag) = (A — \) 2 “d](A*b )b
w
= A=A BN L B, (2.4)
where the coefficients B; for i € {1,...,n — 1} are in the form of

“(ail +ai-1A+a; 2 A%+ -+ A)b
Bi:w(a + a; +Ci2 + -+ )’ (2.5)
w*b
and a; fori € {1,2,...,n} are the coefficients of the characteristic polynomial of A,
ie., p(A) = detN — A) = A"+ a; A"+ -+ a, A+ ay,.

Proof: The characteristic polynomial of the closed loop system matrix A, is computed
as follows:

det [I — (A — A)~'bk]
[1— k(A — A)""b]

B W (A — MI)(M — A)~'b
=p(A [1 + b ]
B w*(M — A= M\I+ AN — A)~"b

w*adj(AM — A)b
=(A=A .
( ) w*b
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([lll + A)b

J/

Figure 2.2.1: The interior of the colored region, denoted by €2, is the proper region for
selection of a desired left eigenvector w, when n = 2.

Note that in deriving the last line we used the fact
pANM — A) !t =det(M — A). (M — A)~! = adj(M — A);

see also Appendix A.2 and Kailath (1980). On the other hand, the Resolvent formula
(Kailath, 1980) for the adjoint matrix is given by

adj(AM — A) = A"+ A+ a))A" 2+ -+
A a4 ta, )]
=N AN (@l + A+ o+ (apa ]+ AV AT (2.6)

Pre-multiplying equation (2.6) by w* and post-multiplying by b, and dividing it by w*b
leads to the formulation (2.5). O

Now, consider that deriving a simple statement for stability of A, from the polyno-
mial (2.4) based on the Routh-Hurwitz stability criteria is not straightforward. There-
fore, we will study this problem in more detail in the sequel. However, in the cases when
n = 2orn = 3, and \; and consequently w are real, we can get particularly simple
illustrative results. For instance, with n = 2, \; € R_g, and w € R?, stability of Ay is
equivalent to have

w' (ar ] + A)b
This inequality holds if the inner-products of w with b, and w with (a;I + A)b share the
same sign. Hence, the set of all desired left eigenvectors w that makes f; > 0 can be
specified geometrically, as illustrated by the shaded area 2 in Figure 2.2.1. If n = 3,
A € R, and w € R3, then in addition to (2.7), we require

U)T<(l2] + CllA + AZ)b

By = e > 0. (2.8)

Again, the two expressions f; > 0 and [y > 0 with respect to the parameter w
characterize a region in the three dimensional state space. This region can be computed
geometrically (Kouhi and Bajcinca, 2011b).
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2.2.1.1 Closed loop stability

To solve the problem of selecting a suitable w which stabilizes the closed loop matrix
Aq for the general case, we use the linear transformation z = T'z. Then, the closed loop
system & = (A + bk)x is converted to the form

= (A.+bcke)z, A.=T AT, b.=T'b, and k. = kT. (2.9)
Consider now the particular case where A, and b, are in controllable canonical form
0 1 0 N [0 ]
0 0 1 .. .0 0
A, = . . . . . s be=1| . | (2.10)
0 0 0 R | 0
| —an —Qp1 —Gp2 . . . —ap | | 1]

Note that for any controllable pair (A,b) this transformation matrix 7" exists, and is
given by

T =®.(A,b)®, " (A.,b.), (2.11)
where ®.(A,b) and (A, b.) are the controllability matrices of the original and of the

transformed systems, respectively. Now, referring to (2.4), the closed loop characteristic
polynomial for the closed loop matrix A, = A. + b.k. reads

wradj( A — A,)b.
Wb,

det(M —Aca) = (A —\p) ,
where w, = [wey ... qu]T is the left eigenvector for the matrix A.. corresponding to
the eigenvalue \;. On the other hand, one can observe that the closed loop matrix A,
is also in canonical form

0 1 0
0 0 0
Ac,cl =
0 0 . 1
Awg g —wg AW o . —wZ,(n_UleZ,n
U’é,n wé,n wz,n ]

As b, in (2.10) has only one non-zero element, for computing wadj(Al — A.)b. we only
require to compute the n’th column of adj(A — A.). Note that w}b. = w},, # 0 indicates
that w}, # 0. Thus, the characteristic polynomial of A.q equals

det()\I — Ac,cl) =

1
= N (Wi = MwE) N = A
1 ’ )
= — (A=) (W, A"k, g AT i A w)y) (2.12)

S

cn
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The last equation reveals the fact that the characteristic polynomial of A, does not de-
pend on the variables ay, as, . . ., a,, but it is determined by the parameters w1, ..., Wen,
and A;. Therefore, a left eigenvector w, which stabilizes A. can be characterized by
the coefficients of the following stable polynomial

he(N) = wi A" + wzj(nfl))\"’l o wi A Wy (2.13)

On the other hand, from the transformation A,y =T “LA4T, it is simple to show that
w = (T*)"! w,.. Thus, after finding an appropriate w, from (2.13), we can compute a
vector w which stabilizes A = A + bk (Kouhi and Bajcinca, 2011a). In the case, when
A1 is not real, for having a real feedback gain & the eigenvalues of the closed loop matrix
A must come in complex conjugate pairs. This implies that h.(\) must have the form
of he(A) = W}, (A — A])he1(N), where h.1(A) is a polynomial with real coefficients.

When A; and w,. are restricted to be real, several contributions in the literature
are available that specify simple sufficient conditions for stability of polynomials in the
form of (2.13); for example, the results by Craven and Csordas (1998) and Dimitrov
and Penia (2005). Now, we stress one of these results in the next lemma.

Lemma 2.2.2. (See Dimitrov and Pena (2005)). Let 7 be the unique real root of the
polynomial v3 —5v2+4y—1 = 0, namely v = 4.0796. If the coefficients of the polynomial
he(N) defined by (2.13) are all positive real and the following conditions hold

We;Wei+1 Z YWe,i—1Wei+2 Vi € {2, Lo, — 2}, (214)

then he(\) is Hurwitz. O

For other results on stability of polynomials, see Katkova and Vishnyakova (2008)
and the references therein.

2.2.1.2 Pole placement

In this section, we show that (2.11) and (2.12) can be additionally used for pole place-
ment; see Kouhi and Bajcinca (2011a). To this end, consider a controllable linear system
(2.1), and let {Aq,...,\,} be a set of numbers including complex conjugate pairs. We
wish to design a state feedback law u = kz, with kT € R", which assigns the desired
eigenvalues \; for all i € {1,...,n} to the closed loop matrix A, = A + bk. We perform
the following algorithm for achieving this goal.

a) Obtain an appropriate canonical left eigenvector w, corresponding to A; from the
following relationship

—_

—— (Wl Nl N h ) = (A= A) (A= M), (215)

c,n

b) Obtain the transformation matrix 7" defined in accordance with (2.11).
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c) Obtain the desired feedback gain from

L wiTT (A= M)

k pumy
Wb,

(2.16)

Note that (2.16) results by inserting the equation w = (T*)~! w, into (2.2).

2.2.1.3 Single shift eigenvalue

Consider again the (not necessarily controllable) linear system (2.1). Suppose the aim is
to design a state feedback v = kx that only shifts the real eigenvalue p; of the open loop
matrix A and replaces it by a real desired number \;, while the other eigenvalues of A
remain unchanged. To this end, we choose the open loop left eigenvector w corresponding
to the eigenvalue ju, that is, w'A = pw’, to be the desired left eigenvector for Aq
corresponding to the desired eigenvalue A;. Then, referring to the computation (2.2),
the formula for the appropriate feedback gain reads
T T
po W AZMD =Ty g, (2.17)

w'd w'd

The closed loop characteristic polynomial then will be computed by (2.4). On the other
hand, by following the same procedure on derivation of (2.4), one can argue that the
open loop characteristic polynomial p(\) equals

w'adj(A — A)b
w'b

p(N) = (A — ) . (2.18)
Comparing (2.4) and (2.18), we conclude that except one eigenvalue, all other eigenval-
ues of the closed loop and open loop matrices are the same.

The single shift eigenvalue technique has been introduced by Simon and Mitter
(1968).

2.2.1.4 Partial pole placement

Consider now the linear system (2.1), with controllability of the system to be discussed
in the sequel. We want to study the problem of designing a state feedback u = kx that
only shifts the eigenvalues piq, ..., tt,, of the open loop matrix A, and replaces them by
the desired numbers Ay, ..., A, for some 1 < m < n, while keeping the other eigenvalues
of A, namely fi,11, ..., tn, unchanged. To this end, we follow an algorithm introduced
by Saad (1986). Let us denote the real Schur decomposition of AT as

. o[l
= 1 2 , 2.19
{QQ]IOL;”@;] .

where columns of 7' = [ Q2] € R™™ consist of orthonormal vectors, L; € R™*™, and
Ly € RO=m)x(n=m). gee (Stewart, 2001) and Appendix A.2.9. As T is orthonormal, that
is, T~ =TT, (2.19) reveals that eigenvalues of L, are equal to m eigenvalues of A, and
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eigenvalues of L, are the same as other n—m eigenvalues of A. Without loss of generality,
let us assume that the set of eigenvalues of Ly and Lo are given by {u,. .., tm} and
{fm+1,- -, n}, respectively. Note that (2.19) implies the following relationships hold:

QiA=LQ] and Q3 AQs = Lo. (2.20)

Further, introducing the parametrization k& = nQ{, where n' € R™, we use the trans-
formation x = Tz and (2.20) to get the similarity condition

L, + ben 0

Ag =A+bk~T AT N Ly (2.21)
This is an indication that the set of eigenvalues {111, - - ., fin} In Ag remain unchanged,
as the eigenvalues of Ly are fi,41, ..., ,. However, the eigenvalues p1, ..., u,, can be

changed by means of the parameter 7 in the term L; + Q] bn. Now, we can employ
our pole placement technique elaborated in Section 2.2.1.2 in the upper left block for
assigning the desired eigenvalues Aq,..., \,,. To this end, define L.; and b. 1, to be the
canonical controllable form of L; and Q/ b, respectively. Then, we adopt the formula
(2.16) for computing 7 as

wip T (Ly — M)

*
wC,Ll bC,Ll

n=— , (2.22)
where Tr, = ®.(L1,Q{ b)®. (L1, ber,), and w.r, is the left eigenvector of the matrix
L. corresponding to the eigenvalue \;. Note that 1 in (2.22) exists if the pair (L, Q] b)
is controllable, or the controllability matrix ®.(L;, Q{b) has full rank. In fact, by the
definition of the controllability matrix, we have

Oc(L1,Q{0) = [Q]b LiQ{b ... (L))" 'Q Y]
=Q/[bAb ... A1 (2.23)

Therefore, if
rank (Qf [b Ab ... A™7'b]) = m,

then partial pole placement is possible.

2.2.2 Multi-input systems

In this section, we generalize the results of single input systems to multi-input systems
in the form of

& = Az + Bu, (2.24)

where z € R™ and u € R™ are again the state and the control input vectors, respectively.
Let w; € C" for ¢« € {1,...,m} be m linearly independent vectors including complex
conjugate pairs, and let \; € C_o for ¢ € {1,...,m} be numbers coming in complex
conjugate pairs. Define W = [w; ... w,,] and A = diag([Ay, ..., An]). Suppose we aim at
computing a state feedback u = Kz with K € R™*", such that the closed loop matrix
Aaq = A+ BK has m assigned left eigenvectors given by the columns of W corresponding
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to m desired eigenvalues given by the diagonal entries of A. It is simple to show that
such feedback gain has the form

K=—-(W*B) Y (W*A — AW™) for det(W*B) # 0. (2.25)
This design leads to the closed loop system matrix
Ag= (I - BW*B)"'W*) A+ B(W*B) " AW*. (2.26)

Note that the columns of —(W*B)~! and the rows of W*A — AW* consist of conjugate
pairs of complex vectors and thus their multiplication, K defined by (2.25), is a real
matrix. The matrix I — B(W*B)~'W* in (2.26) has m eigenvalues equal to 0 with
corresponding left eigenvectors ¢; ;== w; for i € {1,...,m}, and (n—m) eigenvalues equal
to 1 with corresponding left eigenvectors ¢; such that ¢; B = 0 for i € {m +1,...,n}
(Kouhi and Bajcinca, 2011a). Now, we explore under which conditions the closed loop
description A given by (2.26) is Hurwitz.

Lemma 2.2.3. (See Kouhi and Bajcinca (2011a)). The characteristic polynomial of the

closed loop system matriz (2.26) is given by

W*adj(AN — A)B
det(W*DB)

det (A — Ay) = det( AN — A" det(\ — A) (2.27)

Proof: Defining p(\) = det(A — A), the characteristic polynomial of the closed loop
system is computed as follows:

det(\] —A —BK) = det()\l — A)det[I — (AT — A)"'BK]

(A) det [I — (M — A)~'BK]
()\) det [I — K(M\ — A) 'B]
= p(X) det [ + WA — AW*) (M — A)7'B]
= p(\) det ((W* [W*B + (W*A — AW*)(MI — A)~'B])
= p(A) det ((W ) det ([W*(M — A) + W*A — AW*|(M — A)~'B)
det(A — A).det (W*(A — A)~'B)
=N det(W*B)
det (W*adj(A — A)B)

= p(A\)'" det(\ — A)

det(W*B) ’
where in deriving the third line of the proof, we used the general identity
det(l, — XY) =det (I, — Y X),

for any two matrices X € C"*™ and Y € C™*"; see Appendix A.2.3. n

Therefore, for closed loop stability, we propose the following corollary.

Corollary 2.2.1. Assume \; € C.o for all i € {1,...,m}, det(W*B) # 0, and
(A, B) is controllable.  The closed loop matriz (2.26) is Hurwitz if and only if
det (W*adj(A\ — A)B) has no zero in the closed right half plane.
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2.2.2.1 Closed loop stability having (n — 1) inputs

Although designing a convenient W which stabilizes the closed loop system matrix (2.26)
for a general m is not straightforward, we introduce a method for the case m =n — 1
and W € R™ (™D based on the results by Kouhi and Bajcinca (2011c). Suppose
the controller gain K € R(™D*" in the form of (2.25) imposes a pre-specified set of
(n — 1) linearly independent common real left eigenvectors given by the columns of
W = [w; ... w,_1] and the corresponding negative real eigenvalues given by the diagonal
entries of A = diag([A\1,...,A\_1]) to the closed loop system matrix Ay = A + BK.
For the closed loop stability, we need to ensure that the last eigenvalue ), is negative
real. Note that )\, must be real because a real matrix cannot have only one complex
eigenvalue with non-zero imaginary part. Now, let the characteristic polynomials of the
open and closed loop system (2.24) be denoted by p(\) and g()), respectively, that is,

pA) = A"+ A"t ay, (2.28)
qA) =N+ N 4 (2.29)

It is a known fact that —ay in (2.29) is equal to the sum of the closed loop eigenvalues,
and simultaneously is equal to the trace of A, that is,

tI‘(ACl) = Z )\1 = —Qq,

i=1

see Appendix A.2.6 and Kailath (1980). Hence, A, can now be computed as
n—1
Ao =—ar = YN = tr(Ag) — tr (4). (2.30)
i=1

Further, we compute tr(A.) from (2.26)

tr(Aq) =tr(({ —BW'B)"'WT) A+ BW'B)'AWT)
= tr(4) —tr (B(W ' 'B)"'WTA) +tr (BW'B)"'AW ).

Using the identity tr(EF) = tr(FE) for general matrices E and F, as well as the fact
that tr(4) = —a; = —tr (a1 /(n — 1) I,_1) = —tr (a1/(n — 1) (W' B)"'W'B), we have

tr(Ag) = —a; — tr (W AB(WTB)™") + tr (W B(W'B)™'A)
=—tr (W' (ar/(n—1) I, + A) BWTB)™") + tr(A).

Consequently, recalling (2.30), we can derive a simple expression for A,
Ay = —tr (WT(ar/(n—1) I, + A)BWTB)™"). (2.31)

In the sequel we provide an algorithm for designing a matrix W which satisfies A\, < 0.
To this end, let # € R" be a vector belonging to ker(B "), that is,

0"B =0, (2.32)
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and consider the parametrization
WT=WT" 4+ .07, (2.33)

where W is an arbitrary matrix in R”*®~Y and x € R*"! is an unknown vector which
must be determined. From the definition of 6, it is obvious that

W'B)t=wW'B)™.
Defining the matrix X € R™ (=1 and the vector Y € R* ! as
X = (al/(n ) I+ A)B(WTB)’l,
YT =47 <a1/(n ) I+ A>B(WTB)*1, (2.34)
and substituting W from (2.33) into (2.31), we get
Ay =—tr (W' +p0") (a1/(n—1) I, + A) BOW'B)™")
= —tr W' X) —tr(uY").
As 0, i, and Y are vectors, we can write
tr(pY ") = (Y ') =Yy,
which leads to
A= —trW'X) —Y (2.35)
Thus, the last equation indicates that the requirement A\, < 0 is equivalent to have
Y > —tr(WTX). (2.36)

Note that if we fix W, then X and Y will be known variables. Then, (2.36) represents
an inequality with p as an unknown variable. This inequality indicates that the
inner-product of the known vector Y and the unknown vector p must be greater
than the known scalar —tr (WTX). The set of vectors p fulfilling such charac-
teristics indeed identifies a geometric cone in the space R™!. Now, sweeping over
all possible W € R™* (=1 would yield the region Q C R™* (=1 of all desired matrices W.

In the following example, we explain how we can compute an appropriate W based
on the proposed algorithm.

Example 2.2.1. Consider the controlled linear system (2.24) with

3 -3 —7 11
A=|0 -4 o|,B=|10 (2.37)
1 3 -5 2 2

A has eigenvalues at 2, —4, —4, and thus is not Hurwitz. Suppose we want to determine
a state feedback gain K € R?**3 which assigns two eigenvalues at —2, —3, and makes
the closed loop matrix Aq = A+ BK Hurwitz. To this end, we assume that the left
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eigenvectors corresponding to these two eigenvalues are columns of the matrix W =
[wy ws], where wy, wy € R? are unknown. Now, we use the parameterization (2.33). The
vector § coming from (2.32) and an arbitrary vector W are given by:

WT:“ é H,ez[—2 0 1)".

Then, from (2.34) the matrix X and the vector Y are computed as

-3 0.333
X=|-1 1 |, Yy=[9 —4667] .
3 —4

As —tr(WT X) = 6.6667, we can select ' = [2 1] to satisfy the condition of inequality
(2.36). This leads to

T I IR
W' =W +p0—{_102],

8 -7 -9
K:{—6.667 4 8}

The closed loop matrix then equals

4333 —6 -8
Ag=1| 8 —11 -9 |,
3.667 -3 -7

which has the eigenvalues —2, —3, and —8.667.

2.3 Left eigenstructure assignment

In Section2.2.2.1 we have discovered that finding a set of m desired left eigenvectors
which can stabilize the closed loop system matrix (2.26) under the feedback gain (2.25),
in general, is challenging. Therefore, we leave out this problem and slightly change our
strategy. In the new scheme, we reduce the number of desired left eigenvectors to m — 1
and increase the number of desired eigenvalues to n. Hence, we expect to establish both
left eigenvectors assignment and closed loop stability.

Consider again the linear system (2.24) with controllability to be discussed in the se-
quel. Imagine that the controller gain K is supposed to impose a prespecified set of m—1
linearly independent left eigenvectors with complex conjugate pairs given by the columns
of W = [wy ... wy,_1] corresponding to m — 1 eigenvalues coming in complex conjugate
pairs given by the diagonal elements of A = diag([\1, ..., Am—1]), and to assign all other
eigenvalues to be equal to n —m + 1 numbers A,,, ..., A\, with complex conjugate pairs.
As we intend to accomplish left eigenvectors assignment and complete pole placement
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tasks, we combine the concepts elaborated in Section 2.2.2.1 and Section 2.2.1.4. To this
end, let B = [by...b;j...b,] consists of columns b; corresponding to the channel u; in
the control input " = [uy...u;...uy] for all i € {1,...,m}. We withdraw an input
channel b; from B, and define the new matrices B € R™* (™Y and @ € R™! as

B B [bl'“bj—l bj+1 bm], U= [ul'“uj—l U]’+1...Um]T. (238)
We then reformulate (2.24) in the form of:
& = Az + Bu + bju;. (2.39)

We now consider the structure & = Kz and u; = k;x for the control inputs. Specifically,
we use the state feedback gain K € R~ for assigning m — 1 desired left eigenvectors
given by the columns of W and their corresponding eigenvalues A1, ..., Ap—1, and use
k; for assigning the remaining eigenvalues A, ..., \,. Thus, if det(W* ) # 0, then
referring to (2.25) the controller gain K can be computed as

K=—W*B)"" (W*(A+bjk;) — AW*) (2.40)
yielding to the closed loop matrix
Ag=[(I-BW*B)"'"W*)A+ BW*B)""AW*] + (I — BW*B)"'"W*) bjk;. (2.41)

Defining

A

A=[(I-BW*B)"'"W*A+ BW*B)"'AW"],

b= (I — B(W*B)"'W*)b,, (2.42)
the closed loop matrix in (2.41) can be described by
Aq = A + bk;. (2.43)

Now, the problem of determining &; can be solved by the partial pole placement algorithm
for single input systems presented in Section2.2.1.4. The real Schur decomposition
of AT defines the transformation matrix 7' = [Q1 Q2], where Q; € R™(=m+1) and
Qy € Rx(m- 1), as well as matrices L, 6 R-mADx(m=—m+1) anq [, € Rm-Dx(m-1)
satisfying: Q A= LlQlT and Q) AQ, = L,. We assume in this description L, has the
eigenvalues A1, ..., A\,_1. The appropriate feedback gain k; then has the structure

where 7 € R+ is an unknown parameter. Let (L1,b, 1,) be the controllable

canonical form of the pair ([:1, QlTl;) Then, computation of  can be achieved by adopting
(2.22). This leads to

wcL TL (Ll )\1[)

n=— : (2.45)

w

C’lec,Ll
where T; = @C(ﬁl,Qfg)q)c_l(f}c,l,l;cil) and w, ; tefers to the left eigenvector of Leq
corresponding to the eigenvalue A;. This is of course possible if @C(El, QITB) has full

rank, or

rank <Q1T[B Ab ... A”_ml;]> =n—-—m+L



CHAPTER 2. LEFT EIGENSTRUCTURE ASSIGNMENT 27

For notational simplicity, we define the matrix
II=1-BW*B)'w (2.46)

Obviously 7% = IT for all k € N and W*II = 0. Therefore, recalling A and b from
(2.42), we have

AFb = IT(AINFb;, Y ke{l,...,n—m},
and
QI b Ab ... A»™b] = Q] [IIb; IT(AIT)b; ... II(AII)"""b;]

= Q| I®.(AIL ;) { I"—(’)““ } : (2.47)

In (2.47), ®.(AII, b;) is the controllability matrix of the pair (A1, b;). Now, for simplicity
assume that the matrix /7 A has a full set of (left) eigenvectors. We can therefore choose
a set of (n —m + 1) right eigenvectors of ITA, collected in the columns of the matrix
V', which are orthogonal to the left eigenvectors given by the columns of W, that is,
W*V = 0. It is simple to check that the columns of V' are also right eigenvectors of A.
Note that the columns of (; and V' form bases for the left and right A invariant subspaces
corresponding to the same eigenvalues, respectively. This implies that rank(Q{ V) =
n—m-+1. Furthermore, having the identities Q| ITV = Q V and rank(Q{ V) = n—m-+1,
we can argue that rank (Q]II) = n —m + 1. Therefore, we reach to the following
statement.

Lemma 2.3.1. Left eigenstructure assignment can be achieved whenever IT A has a full

set of eigenvectors, det(W*B) # 0, and the pair (AIl, b;) is controllable, that is,

rank ®.(AILb;) =n. O (2.48)

After designing the vector k;, the controller gain K can be designed in accordance
with (2.40), leading to the design of a proper controller gain K.

As a result, the algorithm for left eigenstructure assignment reads as follows:

1) extract the channels b; and B, such that ITA has full set of eigenvectors, the

condition (2.48), and det(W*B) # 0 are fulfilled.
2) compute the matrix A and the vector b from (2.42).

3) derive the transformation matrix 7' = [Q1 Q2] Ly, and L, from the real Schur
decomposition of AT.

4) compute k; from (2.44) and (2.45).

5) compute K from (2.40), and re-order the inputs @ = Kz and u; = k;z in (2.39)
to find the control u = K.
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Now, we give an example to illustrate this algorithm.

Example 2.3.1. Consider the multi-input system (2.24) with

3 =3 =7 11
A=|0 -4 0|, B=|1 0]. (2.49)

1 3 =5 2 2
The eigenvalues of A are located at 2, —4, —4. Suppose we want to assign the desired
left eigenvector W = [—1 1 1] and its eigenvalue at A := \; = —2, as well as the
desired eigenvalues Ay = —5 and A3 = —6 to the closed loop matrix. We choose the
first control input corresponding to the first column of B, namely B = [1 1 2|7, for
assigning W and its corresponding eigenvalue A = —2 as W' B # 0. Then, the second
input channel corresponding to the second column of B, namely b, = [1 0 2|7, is

responsible for partial pole placement. As rank ®.(AII,by) = 3 and [T A has full set of
eigenvectors, Lemma2.3.1 implies that left eigenstructure assignment is possible. Based
on this knowledge, we compute the matrix A and the vector b as

o [5 -5 =97 0.5
A=1]2 =6 —2 |, b= —05
5 —1 —9 1

Now, real Schur factorization of AT gives us

or = 0.4082 0.8165 —0.4082
L1 0.7071 0 0.7071

and the matrices
R —4 0 .
Ll - |: :| 5 L2 = —2

], Qy = [0.5774 0.5774 0.5774],

4.6188 —4

One can now compute the feedback gain ky = [3 5 — 2] through equations (2.44)
and (2.45). Finally, we can use (2.40) to compute K with A = —2, yielding the result
K=1[05 —45 —1]and

6.5 —2.5 —10
Aa=1] 05 -85 -1
8 4 —11

2.4 Conclusions

In this chapter, we have discussed:
a) pole placement and partial pole placement for linear single input systems,
b) left eigenvector assignment for single- and multi-input systems,

c) left eigenstructure assignment for multi-input systems in the sense that all eigen-
values and a number of left eigenvectors are assigned to the closed loop systems.

We also spoke about stability of closed loop systems, and explored the required control-
lability conditions for accomplishing the tasks in items (a-c). In the next chapters, we
utilize the benefits of these techniques for control of switched linear systems.
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Chapter 3

Switched linear systems with state
dependent switching

3.1 Introduction

Switched linear systems are a class of differential equations
T = f(z) = Asa)r o(t,x) e L={1,...,(}, (3.1)

which feature discontinuous right hand side. Although in this equation the vector field
consists of a set of linear functions, the discontinuity on f makes the study of such
systems interesting. One of the challenges associated with switched linear systems is
indeed stability. It is known that Hurwitz stability of A; for ¢ € L is not sufficient
for stability of the switched system (3.1), since nonlinear behaviors such as sliding
mode (Khalil, 2002) or fast switching phenomenon may cause instability. Therefore,
for gaining better insight into this problem, one can restrict the switching rules to two
scenarios, namely to state dependent switching and time dependent switching behaviors.
In the former problem setting the switching rule is specified by some switching manifolds
in the state space, while in the latter problem, in the most general case, the switched
system is allowed to arbitrarily switch between different modes over time.

In this chapter, we study a class of switched linear systems whose switching law is
governed by a given manifold in the state space. This class of systems can be viewed as
a particular class of hybrid linear systems with multiple linear vector fields, and state
dependent switching. Thus, due to the existence of different directions of the vector
field in different regions of the state space, Filippov solutions (see Appendix A.6.2.2 and
Cortes (2008); Filippov (1988)) are particularly of interest. We intend to study under
which conditions on switching matrices and switching constraints, Filippov solutions
exponentially converge to zero. Our approach in this chapter relies on the concept of
common left eigenvectors. The basic idea in our approach stems from the fact that if
all matrices in a switched system share a number of real left eigenvectors corresponding
to negative real eigenvalues, then Filippov solutions of the switched system converge
exponentially to an invariant subspace which is orthogonal to the common left eigenvec-
tors. Hence, if the switching manifold has a restrictive topology in the sense that it is
disjoint with that invariant subspace, then after passing some certain amount of time,
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Figure 3.2.1: Sliding mode on the switching surface.

no switching is expected to happen. Thus, the overall switched system is reduced to a
single linear LTI system after lasting finite time. Consequently, stability of the switched
system is guaranteed by Hurwitz stability of the subsystem matrices. We then combine
this concept and the left eigenstructure assignment techniques introduced in Chapter 2
for stabilization of controlled switched linear systems.

3.2 Exponential stability of switched linear systems

In this section, we consider the stability problem for switched linear systems with state
dependent switching laws. Our stability result is based on the concept of common left
eigenvectors. We first express our stability theory, and then discuss our stabilization
approach in the next section.

Consider the switched linear system
T = Ay x(t) o(x)e L:={1,...,1}, (3.2)

where o : R” — L represents the switching signal between the constituent matrices
A ={A;,..., As}. Further, assume that switching to a new dynamics can occur when
a trajectory of the switched system hits a given manifold (not necessarily consisting of
one part) in the state space defined by

M={z eR": M(z) =0}. (3.3)

Our goal is to study exponential stability of such switched linear systems. We say the
switched linear system is exponentially stable if there exist numbers « > 1 and g > 0
such that ||z(t)]| < ae™P||zo|| for any zo := z(0) € R"; see, e.g. , Shorten et al. (2007).
Note that even when all matrices A; for i € £ are Hurwitz, the switched system (3.2)
might be unstable. Figure 3.2.1 illustrates one possibility how instability may arise due
to the directions of the vector fields on the switching manifold in the boundaries of D,
and D,; see also Cortes (2008). In words, if the vector fields given by f; := Az and
fo := Asx are pointing towards different regions in the neighborhood of the switching
manifold, then the Filippov set valued map, constructed by the convex hull of the vector
fields around the switching manifold, includes the switching manifold itself. This implies
that the trajectory slides on the surface of this manifold. Now, suppose that the switch-
ing manifold is stretched to infinity, and the vector fields are still pointing outwards with
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Figure 3.2.2: A trajectory of the switched system in Example 3.2.1.

respect to the switching manifold. Then, evidently some trajectories of the switched sys-
tem move along the manifold and diverge to infinity. Thus, the system becomes unstable.

Sliding on the switching manifold is not the only reason that may cause instability of
the switched system defined by (3.2). There are some other possibilities regarding this
issue. For instance, it is evident that existence of complex eigenvalues with non-zero
imaginary parts in linear systems leads to trajectories that “circle” around the origin.
Then, one can piece together several such systems, and construct some switching rule
which provides an unstable switched linear system even if the constituent systems are
stable. Here, we present such an example taken from De Schutter and Heemels (2004);
Branicky (1998).

Example 3.2.1. (See Branicky (1998)) Consider a switched linear system under state
dependent switching in the form of

T = Ax T179 <0,
>

T = AQ.CE T1To > 0,

where x = [z 25]" and

-1 10 —1 100
Al_{—lOO —1}’ A2—{—10 —1}'

Aj and A, have eigenvalues at —1 F 31.62¢, and thus both are Hurwitz. Furthermore,
on the switching manifold the vector fields of the two subsystems point in the same
direction, implying that no sliding mode behavior takes place. However, this switched
system is not stable. A trajectory of this system emerging from the initial condition
1o = [1 1] is depicted in Figure3.2.2. The picture reveals that the trajectory goes
beyond all bounds.

For such reasons stability of switched linear systems has been considered as a non-
trivial problem for many years. In this chapter, we aim at establishing a new approach to
this problem based on the concept of common left eigenvectors. Our basic idea is inspired
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by the following simple fact. As a special case, suppose all matrices in A = {A;,..., A}
are Hurwitz and share a set of m real left eigenvectors given by the columns of the
matrix W = [w;...w,]. We will show that all solutions of such switched systems
converge exponentially to an invariant set defined by

Xy ={z € R": W'z =0}. (3.4)

Motivated by this fact, we consider the case where the switching manifold has a
restricted topology, that is, the invariant subspace X,,_,, and the switching manifold are
disjoint, as illustrated by Figure 3.2.3. Then, we can intuitively deduce that the switched
system (3.2) is exponentially stable. This argument is stated and proved by the following
theorem.

Theorem 3.2.1. Consider the switched system (3.2) with the switching manifold defined
by (3.3). Assume that the matrices A; for all i € L are Hurwitz. Furthermore, suppose
the sets X, and M defined by (3.4) and (3.3), respectively, are disjoint in the sense
that (X,_m +€B)NM =0, for some € > 0 and with B being a closed unit ball. Then, if
all matrices A; for i € L share a set of real left eigenvectors given by the columns of W,
the system (3.2) and (3.3) is exponentially stable.

Proof: Note that the following property
TE€EX m=Wii=W'Az=AW'z=0 Viel

indicates that the set X,,_,, is invariant for the switched system (3.2). Now, we demon-
strate that starting from each initial condition xg, the trajectory of the switching system
(3.2) reaches to the interior of the set (X,,_,, + €B) in finite time. To this end, we need
to show that the distance between the trajectory and the invariant set decreases over
time. Let’s denote the distance between each point x and the invariant set X,,_,, by
dist(x, X, ). As X,_,, represents a linear subspace of the state space, the projection
of a point x onto &,_.,, denoted by Proj, _ (x), equals

Projy (z)=xz—WW' W) (W a); (3.5)

switching
manifold

\

Figure 3.2.3: The geometry of the invariant subspace &),_,, and the switching manifold.
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see Appendix A.8.1 and Boyd and Vandenberghe (2004). Notice the distance from a
point x to the subspace X,,_,, is equal to the norm of the difference between the vector
x and its projection onto the subspace &,,_,,. Thus, this distance is bounded by:

dist(z, X,—m) = Hx — Pronnfm(x)H = ‘

W(WTW)‘I(WTx)’

1/2

= (" WWTW) W T2)2 < Ao (W))W T2l (3.6)

We show that ||W x| is always decreasing over time. Consider a time instance where
mode 7 is active. Since the columns of W consist of the set of left eigenvectors of A;,
it follows that WTA; = A;WT, where the diagonal elements of A; = diag ([Ai1, ..., Xim))
are the corresponding eigenvalues of A;. Then, one can write

d d
- [([WTz|* ] = a[xTWWTx] = AT WW Tz + 2 "TWW T Ajr = 20T WAW T,

Now, defining M = {1,...,m}, we have

d
—[e"TWW '] = 22" WAW 2 <2 (max N\ ) 2 WIW z.
dt jem Y
€L
Let’s take \g = max Aij, then the last inequality indicates
j€

i€L
W < e W | = [Whal| < e[ W o]
Consequently, the following bound for dist(z, X,,_,,) in (3.6) is attained
dist (2, Xy ) < Aama (W) 7)Z 200 [0 T . (3.7)

As the inequality (3.7) is valid for all modes i € L, it is also valid for the points
belonging to the switching manifold, where the vector fields in these points are obtained
by constructing the convex hull of the vector fields around them. Therefore, the
trajectory reaches the interior of the set A,,_,, + €B in finite time, say t;. On the
other hand, as the vector field of the switched linear system is globally Lipschitz, z(t)
cannot have finite escape time. Now, as (X,_,, + €B) N M = (), no switching takes
places after ¢;, and consequently the switched system (3.2) reduces to a linear system
z = A;x, for some A; € A. By assumption each subsystem is exponentially stable, and
its convergence rate to the origin is not slower than —\q. Hence, we can argue that the
overall switched system is exponentially stable. O

In some situations, Theorem 3.2.1 can be used for testing stability of switched linear
systems for which no common quadratic Lyapunov function (see Problem1.3.1 for a
definition) exists, as illustrated by the next example.

Example 3.2.2. (See also Kouhi and Bajcinca (2011b)) It is well known that no common
quadratic Lyapunov function for the switched system (3.2) exists, if there exist positive
definite matrices R; = R, i € L, satisfying

4
> (Al R+ RiA;) > 0; (3.8)

i=1
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see Boyd et al. (1994). Consider now an example adopted from De Schutter and
Heemels (2004) with matrices A; and R;, ¢ € {1,2}, as follows:

—-0.001 0 O —-0.01 0 O
A= 03 -1 —-11|, Ay=1| 005 -1 -10 |,
0 1 -1 0 0.1 -1
0.02 001 -0.1 0.08  0.025 0
Ry =1 001 0299 0704 |, Re =] 0.025 0.212 —0.553
—0.1 0.704 2.470 0 —0.553 1.971

The matrices A, Az, Ry > 0, and Ry > 0 satisfy inequality (3.8), as the eigenvalues of
Zle(AiTRi + R;A;) equal 0.002, 0.2735, 0.7768. Thus, no statement about the stability
of the switched system (3.2) based on the concept of a common quadratic Lyapunov
function is possible. However, by defining x = [x; x5 x3]" and the switching manifold as

M={reR® 2)+1;—ari=-1, 0<a<10, a € N},
the switched system (3.2) satisfies the following conditions:

(i) w=1[1 0 0] is a left eigenvector for both A; and A,
(ii) A; and Ay are Hurwitz,

(iii) the switching manifold M and the space Xy 4+ ¢B do not intersect with € = 0.02
and
Xy={zcR®: w'zx=0}

Then, referring to Theorem 3.2.1, the switched system defined by (3.2) and (3.3) is
exponentially stable.

Example 3.2.3. (See Kouhi and Bajcinca (2011a)) Consider the case that n = 2 in
(3.2). Assume all matrices are Hurwitz and share a real left eigenvector w corresponding
to the eigenvalues \y; for all ¢ € £. Then, exponential stability of the switched system
(3.2) is equivalent to quadratic stability of this system (for the definition of quadratic
stability, see Problem 1.3.1) and no restriction on the switching manifold is required. To
clarify this fact, it is evident that A;’s share a real right eigenvector v corresponding to
the eigenvalue \o; for i € L, satisfying w'v = 0. Now, employing common quadratic
Lyapunov function as V(x) = 2" Pz with P = ww' + evv' and a scalar € > 0, we have

1 1
5 (A;I—P + PAl) = )\M‘U)U)T + §€<AIUUT + UUTAZ‘). (39)

Without loss of generality, assume w and v are normal. This implies that the transfor-
mation matrix T = [w v] is orthonormal, i.e., TT = T~1. As eigenvalues of a matrix
are not affected by exploiting a linear transformation, the matrix A, P+ PA; is negative
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definite if and only if T-1(A] P + PA;)T is negative definite. On the other hand, we
have

1 )\11‘ %GUTA{U)
“T AP+ PA)T = (3.10)
2 ‘ 1

QEUTAZ‘U) )\21'6

Having in mind that
1
trace (§T_1(A1TP + PAZ')T) = A1 +edg; <0,

the matrix 37 (A] P+ PA;)T is negative definite if only if if its determinant is positive,
or

1 1
det (ETl(AiTP + PAi)T) = Ao — ZeQ(UTAiw)? > 0. (3.11)
Notice Aj;Ag; = det(A;); see Appendix A.2.6. Thus, for (3.11) to hold we require
e < mlnm Vi c L. (312)

We generalize the result of Example 3.2.3 to the class of switched systems including
(n — 1) common real left eigenvectors in the next chapter.

3.3 Exponential stabilization of controlled switched
systems

In this section, we combine the left eigenstructure assignment techniques presented in
Chapter 2 and the proposed idea on stability of switched linear systems in this chapter,
for stabilization of controlled switched linear systems. For this purpose, we use local
state feedbacks to impose common left eigenvectors to all constituent matrices of a
switched linear system. Analogous to the stability approach, the key requirement here
is that the switching manifold and the desired invariant subspace constructed by the
desired common left eigenvectors are disjoint. First, we describe the algorithm for single
input controlled switched systems. Afterwards, we discuss the problem of multi-input
controlled switched linear systems.

3.3.1 Stabilization of single-input controlled switched systems

Consider a single input controlled switched linear system with the switching manifold
M defined by (3.3), and the system dynamics given by

T = AU(I)x(t) + bg(x)u(t), (313)
where Aa(z) e R, b(,(w) e R”, and
Ao(a:) € A - {Al, ...,Ag}, bg(z) S B = {bl, ...,bg}. (314)

To stabilize the switched system (3.13), we use local state feedback design u = K,z
for o(x) € L. The following corollary, which is a direct consequence of Theorem 3.2.1,
is convenient for this purpose.
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Figure 3.3.1: Geometrical construction of the common left eigenvector.

Corollary 3.3.1. See Kouhi and Bajcinca (2011b). Assume local feedback gains k; for
all i € L emist, such that the following conditions hold:

(1) Aui = A;j+bik; are Hurwitz, and there exist a real vector w and numbers Ay € R

such that w' Ag; = Mqw" hold for alli € L,
(i) (X1 +eB) N M =0 for some e > 0, where X,y = {x € R": w'z = 0}.
Then, the switched system (3.13) is exponentially stabilizable. O

Therefore, the objective of control design consists in imposing an appropriately se-
lected common left eigenvector w and its corresponding eigenvalues \;; to the closed loop
matrices Aa,; = A; + b;k; for all i € L. To this end, one can adopt the formula (2.2)

w' (A; — A\ D)
w'b;
Constructing a proper common left eigenvector w; which fulfills the first condition of the
above corollary can be done, in principle, by following the procedure stated in Chap-
ter2.2.1.1. Consider a polynomial in the form of (2.13) whose coefficients are elements
of w,; instead of w.. Let €. be the whole set of appropriate left eigenvectors w,; which
makes the polynomial to be stable. With slight abuse of notation, let’s define the set €;
as Q; = (T,))7'Q,, where Tj = ®(A;, b)) (Aw, bei) for each i € L. The desired set
of a common left eigenvector w, denoted by (2, consists of all vectors that can ensure
stability of all A ;’s simultaneously for ¢ € £. Indeed, this set is specified by intersection
of the sets €, that is, Q@ = N{_,Q;; see Figure3.3.1. Furthermore, in order to guaran-
tee exponential stability of the switched system (3.13), due to the second condition of
Corollary 3.3.1, one has to pick an eigenvector w from €2 that additionally guarantees
the disjunction condition (X,_; + eB) N M = (. By illustration of two examples, let us

explain how we can determine such a left eigenvector.

Example 3.3.1. Consider the controlled switched system (3.13) with the data

k= — for w'b; # 0. (3.15)

3 =3 =7 r 3 -5 1 1
Al - 0 —4 0 5 AQ = 2 —6 —2 5 1 5 2 0
I 3 =5 T 1 -11 2

A,y is Hurwitz but A; has an eigenvalue at 2, and thus is not Hurwitz (A; and A, are
adopted from Tsatsomeros (2001)). Defining z = [z; x5 x3]", suppose the switching
manifold is given by

M:{xER3:—x1+m2+x§:—2a, a € N}.
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Assume we are interested in designing a control u = k, )z for o(z) € {1,2}, such that
the resulting switched system is exponentially stable. Using the transformation z = T;z,

with T; = ®.;(A;, bi)<I>c_i1(Am-, be;) for i € £ :={1,2}, given by

-72 =8 1 -4 7 1
Th=1| =8 2 1|, Tr=|-8 =2 0],
-32 6 2 20 17 2

the matrices A; for i € L are converted to control canonical forms; see Chapter 2.2.1.1.
Now, let’s denote a desired left eigenvector of the controllable canonical form of the "
mode by we; = [Wei1 Weiz Weiz) | for each i € L. For each i € {1,2}, the polynomial

hi(\) = Weiz A2 + Weia A + Wein

is Hurwitz when w,;; > 0 for j € {1,2,3}. On the other hand, recall from Chapter2.2.1.1
that the relationship between the left eigenvectors w and w.; corresponding to the closed
loop matrices Aq,; and Acq,; (controllable canonical form of A ;), respectively, is given
by w = Ti_Twcz- for each ¢ € L. Therefore, for computing an appropriate common left
eigenvector that stabilizes this switched system, we need to satisfy the following criteria:

TfTwcl — T{TU}CQ = 0,
We,ij > 0 Vie {1,2}, Jj e {1,2,3}

Define the vector w = [w; wy ws]". To meet the condition (X, +eBN M) = 0 in
accordance with item (ii) of Corollary 3.3.1, we consider the following restrictions on
the elements of w: w; + wy = 0, —2wy + w3 < 0, we > 0, and wy > 0. Having
these inequalities in hand, it turns out that the disjoint condition is satisfied. Now, the
problem associated with finding w can be approached by optimization technique. Let
us define the vectors w! = [w) wh], 1 =[0 =2 1], ¢y =[0 —=10], ¢35 =[0 0 —1],

C

v=[111111000]", and the matrices

—1Is
I R S 0 R I I RGO R
110000 0o ()|’ (1)~ 0 0 0

Then, we introduce the following static optimization problem

minimize ||w.||*

Rw. =0,

subject to
Sw, < —v,

for some small v > 0. Note that the variable v is added to the problem to rule out
computation of the zero solution. Now, the optimization problem can be solved by

“fmincon” command in the MATLAB optimization toolbox. With v = 0.01, the results
of this optimization problem are

0.01 0.1213 —0.0035
We = | 0.076 |, we =] 0.0832 |, w= 0.0035
0.0135 0.01 0.0068
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Figure 3.3.2: A trajectory of the switched system in Example 3.3.1.

We choose the corresponding eigenvalue to w to be A\; = —2. Now, (3.15) gives us
ky = [0.8077 — 1.7615 — 0.3308], ko = [—4.3854 1.8021 5.0312],

leading to the closed loop matrices

3.8077 —4.7615 —7.3308 —3.3854 4.8021 0.0312
Aagp = | 0.8077 —=5.7615 —0.3308 |, Aux = 2 —6 -2
2.6154 —0.5231 —5.6615 —1.7708 4.6042 —0.9375

Figure 3.3.2 depicts the trajectory of the system emerging from the point zo = [3 3 3]" by
the assumption that initially the first mode is active. It can be seen that the trajectory
eventually converges to zero.

Example 3.3.2. Consider the controlled switched system (3.13) with the data

3 -3 -1 1 1 3 -5 2 1 1
0 -4 0 1 2 —6 —2 0 1 0
A= 1 3 -5 1 , Ay = 7 1 -1 11" by = 2 ) b2 = 1
1 1 00 1 -1 20 0 0

None of the matrices A; and Ay are Hurwitz. Defining x = [2, 25 73 24]", suppose the
switching manifold is given by

M:{xER‘l:—xl—i-xg%—%xg:—a, ry =0, a € N}
Assume we are interested in designing the control input in the form of v = ky(,)x for
o(x) € {1, 2}, such that the resulting switched system becomes exponentially stable. By
using the transformations z = Ty, where T; = ®;(A;, b)) P (Aw, bei) for i € L := {1,2},
given by

1 -6 4 1 ~34 15 9 1
1 —14 2 1 —38 —10 2 0

= 2 —34 6 2 » T2 = 80 64 8 0|’
20 6 2 0 356 49 7 1
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the matrices A; for i € {1,2} are converted to controllable canonical forms; see Chap-
ter2.2.1.1. Now, let’s pick a desired left eigenvector of the controllable canonical form
with the following entries: we = [Wei1 Weiz Weis wci4]T for each © € L. For having the
polynomial

hi(A) = Weia\® + WeisA® + Weip A + Wei

to be Hurwitz, we employ Lemma2.2.2. Sufficient conditions for stability of this poly-
nomial are stated by

wc,ij >0 VZ € {17 2}7 j € {]-7 27374}7
We,i2We,i3 Z 4.0796 We ;1 We,i4 Vi € {1, 2}

On the other hand, w = Ti_Twci for each 7 € £ is a common left eigenvector of the two
systems, thus

—-T —-T
Tl Wel — T2 Weo = 0.

Define w = [w; ws w3 wy]". To satisfy the condition (X + €B N M) = @ in accordance
with item (ii) of Corollary 3.3.1, we impose the following restrictions: w; + wy = 0,
wy +wg < 0, wy — w3z < 0, and wy > 0. With these inequalities it turns out that

the disjoint condition is satisfied. For solving the problem for w, we again employ the

T

optimization technique. Let us define the vectors w! = [w) wh], ¥4 = [0 1 1 0],

b =01 —-10],93=1[0 —100],v=7[11111111000]", and the matrices

_IS
B L — I ()t 0 S Yi(T7)™H 0000
111000000 0 (TH |7 | (@) 0o000

Gs(T))™ 0000

The following static optimization problem now includes all the constraints

minimize ||w.||*

Sw, < —v,
subject to
—We,12We13 + 4.0796 we 11we 14 < 0,

(| —We22We 23 +4.0796 weo1we 24 < 0.

Note that the vector v is entered into the problem for excluding computation of zero
solution. Now, the “fmincon” command in the MATLAB optimization toolbox can solve
this optimization problem. The parameters of this optimization problem with v = 0.01
are computed to be

0.0061 0.7548 0.0129
" 0.0061 o | 0-5810 o | 00129
AT 00467 |0 2T [ 01236 |0 T | 0.0031

0.0061 0.0141 0.0013
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One can then choose the eigenvalue associated to w to be A\; = —2, and then use (3.15)
to compute the feedback gains

ki = [~11.1744 0.3837 3.5930 — 0.9186], ks = [—2.5202 — 6.4899 2.3283 — 2.2172].

Consequently, the closed loop matrices equal

[ —8.1744 —2.6163 2.5930  0.0814
L. _ | “1L1744 36163 35930  0.0814
LT 913488 3.7674 2.1860 —0.8372 |’
1 1 0 0
T —1.5202 —3.4899 —2.6717 —0.2172
2 —6 —9 0
Auy =
2 7 1 —1 1
| —1.5202 —7.4899 4.3283 —2.2172

Note that A.; and Age are both Hurwitz, but no common quadratic Lyapunov function
can be associated with them. This can be checked by using an appropriate LMI software.

3.3.2 Stabilization of multi-input controlled switched systems

Now, consider a multi-input controlled switched linear system with the switching mani-
fold M defined by (3.3), and the system dynamics given by

T = Ag(z)x(t) + Bg(m)u@), (3.16)
where A, ;) € R™™, By, € R™™, and
AU(I) cA= {Al, ...,Ag}, Bo(w) cB= {Bl, ...,B@}. (3.17)

The objective of the control design is to exponentially stabilize (3.16) by means of local
state feedbacks u = K, )x, where K, ;) € R™*" corresponds to the open loop system
(Ag(2): Bo(z)) for o(x) € L. For this target, we can again refer to the following corollary
which is a direct consequence of Theorem 3.2.1.

Corollary 3.3.2. Let K; for all i € L be local state feedback gains such that

(i) Aui = Ai+BiK; are Hurwitz, and there exist a matriz We R™ ™= and a diagonal
matriz A = diag([\1, ..., Am_1]) with real entries satisfying: W' Ay; = WTA,

(i) (Xp_mmi1 + €B)NM =0 for some € > 0, where X, i1 = {x € R*: W'x =0},

Then, the switched system (3.16) is exponentially stabilizable. O

We employ the algorithm described in Chapter 2.3 for achieving the criteria of Corol-
lary 3.3.2. Namely, we use (m — 1) inputs for assigning an appropriate set of left eigen-
vectors given by the columns of W = [w; ... w,, 1] and their corresponding eigenvalues
given by the diagonal entries of A = diag([A1,..., Am—1]). In addition, we use a single
input for assigning the remaining eigenvalues \,,...,\,. In summary this algorithm
works as follows:
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(i) a set of linearly independent desired left eigenvectors given by the columns of
W = [w; ... wy,_1] are selected in a manner such that (X,_,,+1 + €B) N M = .

(i) each K; for i € L splits into two parts, a matrix K; and a vector k;; corresponding
to the channels B; = [b;; ... b1 bij+1) - - - bim) and b;;, respectively. The separa-
tion is carried out in a way such that II;A; has a full set of eigenvectors and the
controllability matrices ®.(A;Il;, b;;) have rank n, where II; = I — B;(W T B;)"'WT
and det(WTB;) # 0 for all i € £. Note that the index j is not fixed and can be
different for each 7. Then, we compute the matrix A; and the vector b; adopted
from (2.42) as

by = (I — Bi(W ' B) "W by, (3.18)

(iii) the transformation matrices T; = [Qi1 Q2] are acquired from the real Schur de-
composition of A for all i € L.

(iv) ki; is computed by adopting (2.44) and (2.45) for each mode i € L.

(v) K; is computed by adopting (2.40) for mode 4, and the inputs # = K;z and
u; = k;jx in (2.39) are re-arranged to find the control u = K,z for each i € L.

Now, we provide an example for this algorithm.

Example 3.3.3. Consider a controlled switched system with matrices A; and A, as
those in Example 3.3.1 with the switching manifold given by

M={zcR®: -z +a9+23=20—1, a € Z}.

The matrices B; and B, are

B1:

O
O O

12
11

For stabilization of this switched system, we follow the steps of the above algorithm.
By looking at the equation of the switching manifold M, we decide W = [~1 1 1]T to
be the desired common left eigenvector. As (X, + eB) N M = () and det(W ' B;) # 0
for all i € £ and a sufficiently small ¢ > 0, the requirement of item (i) has already
been fulfilled. For both closed loop matrices Aqp and Age, we choose the closed
loop eigenvalues corresponding to W to be A\; = —2, and the other eigenvalues
to be Ay = —5 and A3 = —6. As all the data for the first subsystem is identi-
cal to those in Example2.3.1, we can follow the entire procedure in this example for
finding the appropriate controllers. This gives us ki = [3 5 —2] and K; = [0.5 —4.5 —1].

In the second subsystem, we optionally take the first input for partial pole place-
ment, whereas the second input is used for assigning the left eigenvector W and its
corresponding eigenvalue Ag. According to this separation, let us define the vectors
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byy =[111]7 and By = [2 0 1]". Define also I, similar to IT in (2.46) by signifying the
equation with index “2”. As rank ®.(Aylly, byy) = 3 and I15As has a full set of eigenvec-
tors, Lemma 2.3.1 implies that left eigenstructure assignment is possible. Based on this
knowledge, we compute the matrix A, and the vector by in accordance with (2.42)

) 59 17 3
Ay=| -4 0 4|, b=|1
1 7 -5 2

Now, computing the real Schur factorization of AT defines the matrices Qa1, Q22, L21,
and ng with appropriate dimensions, satisfying QQlAQ L21Q21 and Q22A2Q22 ng
These matrices are numerically computed as

oF — | 04082 08165 —0.4082] 5 —4 0
207107071 0 0.7071 9.2376 —4

Q3 = [~0.5774 0.5774 0.5774],  Lay = 2.

Now, we use (2.44) and (2.45) to compute the appropriate state feedback for this mode,
leading to the gain kyy = [0.9167 —1.5833 0.6667]. Finally, as W' B, # 0, we employ
(2.40) to obtain Ko, yielding the gain Ky = [—6.9167 4.4167 6.6667]. Consequently,
the closed loop matrices of the both subsystems equal

6.5 —2.5 —-10 —7.75 4.25 3
An =105 =85 —1 |, Ag= | —4.9167 —1.5833  4.6667
8 4  —11 —0.8333  3.8333 —3.6667

3.4 Conclusions

In this chapter, we proposed sufficient conditions for stabilization of a class of single- and
multi-input controlled switched linear systems under state dependent switching rules.
In this class, the switching signal is specified by a given manifold in the state space.
Our proposed approach investigates local state feedback design for each subsystem.
The left eigenvectors and eigenstructure assignment techniques for LTT systems are the
key tools for the design. On this basis, we showed that if all closed loop matrices of a
controlled switched linear system share a number of left eigenvectors, then all solutions
of the switched system converge to a known invariant subspace. The idea then lies in
the appropriate selection of the desired common left eigenvectors to ensure Hurwitz
stability of the closed loop matrices, and to avoid the situation that the common
invariant subspace and the switching manifold intersect. Apparently, the structure of
the switching manifold enforces a significant restriction in this technique. Thus, the
problem of selecting the desired common eigenvectors may include a lot of constraints
especially when the switching manifold has a complicated topology.
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Chapter 4

Switched linear systems with
arbitrary switching signals

4.1 Introduction

Despite many interesting results, the stability problem for switched linear systems with
arbitrary time-dependent switching signals still remains a challenging research topic.
Similar to stability theory for nonlinear systems, Lyapunov’s second theorem is the
essential tool for dealing with this problem. It turns out that if there exists a positive
definite function which decreases in time along the system solutions, then the switched
linear system is exponentially stable (Shorten et al., 2007). Such a function is called
a common Lyapunov function for the switched system. When the common Lyapunov
function is quadratic and satisfies separately the Lyapunov function properties for all
modes, it is called a common quadratic Lyapunov function (CQLF), and the switched
system is called quadratically stable. It is known that quadratic stability of a switched
system implies its exponential stability, and we will also give a short proof for this
fact in this chapter. As a matter of fact, referring to the converse Lyapunov theorem,
exponential stability for a switched linear system is equivalent to the existence of a
common Lyapunov function for such system; see Shorten et al. (2007) and the references
therein.

In this chapter, we study quadratic stability and stabilization (see Problems 1.3.1,
and 1.4.1) of several classes of switched linear systems. We show that if all constituent
matrices of a switched linear system are individually Hurwitz and share an (n — m)
dimensional right invariant subspace to which a common quadratic Lyapunov function
can be associated, and if a set of m common left eigenvectors perpendicular to this
invariant subspace exists, then the switched linear system is quadratically stable.
One direct consequence of this result is quadratic stability of switched systems whose
constituent matrices have (n — 1) common right eigenvectors (Shorten and Cairbre,
2001), or (n —1) common real left eigenvectors (Kouhi and Bajcinca, 2011b). Moreover,
we discuss robust stability of switched linear systems, particularly for systems with
(n — 1) common real left eigenvectors.

In addition, we propose the notion of block similarity for controlled switched linear
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systems, and demonstrate that the quadratic stability problem for block similar matrices
is equivalent. This result may particularly be applicable for controlled switched systems
where the closed loop matrices can be transformed to block triangular form. Then,
we identify one such class, namely the class of controlled switched systems where the
open loop matrices share an invariant subspace with appropriate dimension to which a
common quadratic Lyapunov function can be associated. For this class, we utilize the left
eigenvectors assignment approach to design local feedbacks which make the controlled
switched systems quadratically stable. This result extends parts of the results by Kouhi
and Bajcinca (2011c), where (n — 1) inputs are assumed for stabilization of a controlled
switched linear system. We develop further this approach for stabilization of a controlled
switched system whose open loop matrices own (n —m) dimensional invariant subspaces
which are sufficiently close, and all matrices associated with the invariant subspaces
satisfy a certain form of Riccati inequalities instead of Lyapunov inequalities.

4.2 Quadratic stability of switched linear systems

We study quadratic stability of switched linear systems under arbitrary time-dependent
switching signals. Our switched linear system is defined as

= Apyr(t) Agm € A= {Ay,... A}, (4.1)

where z(tg) = z9 € R" and 0 : Ryg — L :={1,...,/} is a piecewise constant function
referred to as the switching signal between different modes, that is, & = A;z(¢t) for i € L.
Note that the only restriction on the switching is that a finite number of switching occurs
within each finite time interval. Given an initial condition z(, the Caratheodory solution
(see Appendix A.6.2.1) of the switched system (4.1) is unique and is given by

z(t) = edonlt=te) | eAoolti=to) g, (4.2)

where ¢, > --- >ty > t; are the switching time instances, t > t;, t; > to, and 0; := o(t;)
for all j € {0,...,k}; see (Shorten et al., 2007). The uniqueness of the solution results
from the fact that at each time instance only one subsystem is active, and for any active
mode i € L the vector field f; := A;x is locally Lipschitz. It is known that differential
equations with locally Lipschitz vector fields possess unique solutions (Coddington and
Levinson, 1955; Cortes, 2008).

Recall from Problem 1.3.1 that the switched linear system (4.1) is called quadratically
stable if and only if there exists a function V(z) = 2" Pz with P symmetric positive
definite, such that

Now, we attempt to prove that quadratic stability of switched linear systems implies
their exponential stability, a fact which was already explored and existed in the literature
(Shorten et al., 2007). To see this, assume that all matrices A; for i € L share a quadratic
Lyapunov function V(z) = " Pz. As A P+ PA; < 0 for all i € £, then there exists a
number v > 0, such that

Al P+PA; < —I
= V(w) =2 (A P+ PA)z < —7al|.
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On the other hand, as P is symmetric positive definite, the following inequalities are
valid

Auin(P)[[2]* < 2" Pe = V(@) < Amax(P)]|2]1*. (4.4)

Therefore,

; — T (AT Np < — 2 T
V(z)=z"(A] P+ PA)x < —|z|| _)\max(P)V(a;)

= V() < V(zg)e Pt
where 3 := 7/ Anax(P). Now, paying attention to (4.4), we can deduce

V(o) e Plt—to)

)\min(P)HxH2 S V(l’) S V(‘To)ei'g(titO) = HxHQ S /\min<P)

This implies exponential stability of the switched linear system (4.1). Therefore, numer-
ous contributions offering sufficient conditions for the existence of a common Lyapunov
solution for a set of Hurwitz matrices have appeared in the literature, including Shorten
and Narendra (1998); Narendra and Balakrishnan (1994); Shorten and Cairbre (2001).
One of the established results in this context concerns this problem for a set of similar
matrices. The following lemma points out this result in detail.

Lemma 4.2.1. (See also Wulff (2005); Shorten et al. (2007)) Suppose in the switched
linear system (4.1), each A; € R™™ is block similar to A; € C™" fori € L, obtained by a
similarity transformation matriz S € C**™. Then, there exists a real common Lyapunov
solution P = P" > 0 for all A;, if and only if there exists a Hermitian common Lyapunov

solution P = P* > 0 for all A;, that is, AYP + PA; <0 for alli € L.

Proof of sufficiency: As A; is block similar to A; for all i € £ by using a similarity
transformation S € C"*", one can write

see Appendix A.2.12. Now, suppose there exists a positive definite matrix P = P ' such

that A] P + PA; < 0. By pre-multiplying this inequality by S* and post-multiplying it
by S, the sign of the inequality does not change. Therefore, we have

S*A/ PS +5*PAS <0= AP+ PA; <0 VielL,
where P = S*PS > 0 is Hermitian.
Proof of necessity: Suppose there exists a Hermitian P > 0 such that A¥P+ PA; < 0.

Then, by pre-multiplying this inequality by S~* and post-multiplying it by S, the sign
of this inequality does not change. Hence, we can write

STAIPS 4+ STPAST < 0= Al (STPSTY) 4+ (STPSTHA; <0 Vie L
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Now, define P = Re (S™*PS™"), and consider the function V(z) = «" Pz for z € R".
We show V(z) is indeed a CQLF for the switched linear system (4.1). As S™*PS~! is
Hermitian, P is symmetric. Moreover, for z € R"\{0} we have

V(z)=a2"Pr=2"S"PSz >0,
Viz)=a2"(A] P+ PA)x =x"(S*A'PS™' + S*PA,S )z < 0.

The first inequality implies that P > 0, and the second inequality implies that V(x) is
decreasing along the solutions of the switched system. Hence, V' (x) satisfies the criteria
of a CQLF. O]

In the sequel, we aim at establishing conditions on the A;’s, such that these matrices
share a Lyapunov solution. Our approaches rely on the concept of common eigenvectors
and invariant subspaces. To gain more intuition about our approach, we outline the
following principle. Consider the special case that all Hurwitz matrices in the switched
linear system (4.1) share a set of m linearly independent left eigenvectors given by the
columns of W = [w; ... w,,] € C*™™ corresponding to a set of eigenvalues given by the
diagonal elements of the matrix A; = diag([Ai1, . .., A\im]) for each i € £. Notice when w;
for j € {1,...,m} is a left eigenvector of A; corresponding to the eigenvalue J\;;, then
w; is also a left eigenvector of the matrix e?i* corresponding to the eigenvalue e*iit. This
fact can be proved via exploiting the Taylor expansion of e4i

A;t)?
&”:]+A¢+<y)+~-. (4.6)
Then, by pre-multiplication of (4.6) by W* and considering the identity W*A; = A,W*,
we will have

+)2

Further, pre-multiplying (4.2) by W*, the following property holds

W z(t) = etont=to) ehons temtema) - oA (i=to) ey,

Suppose all eigenvalues \;; for ¢ € £ and j € {1,..., m} have negative real parts, that
is, Re (\;;) < 0. Assuming Ay = max (Re();;)) for i € £ and j € {1,...,m}, we can
write

W2 (t)]] =] (t=t) pAo_y (tetim1) eAootL=t0) e |
< ettt | leons Gt | oot | |1z
< olt=te) rolti=tin) | olti=to) ||l — holt=to) || g .
This means that all solutions (4.2) converge exponentially to a set defined by
Xy ={xeC": Wz=0}, (4.7)
in the worst case with time constant —1/\g. On the other hand, the following property
2 E€EXy =W =W"Ax=AW"2=0 Vie Ll

indicates that the set X,,_,, is invariant for the switched system (4.1).

We consider this principle as the initial step for developing our results in this chapter;
see also Kouhi and Bajcinca (2011b).
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4.2.1 Stability of switched systems with a common invariant
subspace

Motivated by the previous discussion, we now assume that all matrices in the switched
system (4.1) are Hurwitz and share m linearly independent left eigenvectors correspond-
ing to m eigenvalues with negative real parts. We explored that the solution starting
from an initial point z( outside of A},_,,, defined by (4.7), exponentially converges to this
set. Now, as our switched system consists of linear flows, we hope quadratic stability of
the system inside the invariant subspace can imply quadratic stability of the switched
system in the entire state space. The correctness of this conjecture is established by
accomplishing the proof of the next theorem.

Theorem 4.2.1. Consider the switched linear system defined by (4.1). Let all A; € A
be Hurwitz, and share m linearly independent left eigenvectors given by the columns of
W = [wy...wy] corresponding to the eigenvalues given by the diagonal entries of the
matrices A; = diag([Ni1, ..., \im]) for all i € L. Furthermore, suppose the columns of
V € C™ =) qre an orthonormal basis for the common invariant subspace of all A; € A,
namely X,,—,, C C" defined by (4.7), corresponding to the eigenvalues X; i1, .- ., Nin for
1 € L, that s,

AV =VL;, and W*V =0, (4.8)
where L; € Cr=mx(n=m) for qll i € L. Moreover, assume that the systems & = L;T
share a CQLF, that is, there exist a function V(T) = T*Px with P € C=mx=m) gpq
P =P* >0, such that the following Lyapunov inequalities hold

LiP+PL; <0 VieLl. (4.9)

Then, the switched linear system (4.1) is quadratically stable.

Proof: Let us define the reduced QR-factorization of W as
W = QIRh (410)

where R; is an m X m upper triangular non-singular matrix and ¢); is an n X m matrix
which has orthonormal columns, that is, Q1Q = [,,,; see Appendix A.2.8. As the columns
of W contain the set of left eigenvectors of A;, we can write

W*A; = AW* = RIQIA; = ARIQ} = QTAQ, = Ry * AR}

Since A; is diagonal and its main diagonal elements have negative real parts, [, is a
common Lyapunov solution for the A;’s for all « € £. Then, referring to Lemma4.2.1,
R*A; R} also share a Lyapunov solution in the form of P; = Ry R} for all i € £. On the
other hand, it follows from

WV =0= RIQ]V =0= QV =0, (4.11)
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that the matrix T' = [@; V] is an orthonormal matrix, i.e., T*T = I,,. Considering the
transformed matrices A; := T*A;T, each A; € A is similar to

[ RAR: 0

where X; = V*A;Q, € C(”_m)”f. It is inferred from Lemma 4.2.1 that A; share a
Lyapunov solution if and only if A; share a Lyapunov solution for all ¢ € £. Next, we
show that A; share a Lyapunov solution in the form of

_ RiR; 0
P:%[ 01 EP}, (4.12)

where P satisfies the inequality (4.9) and ¢ > 0 is a scalar which must be properly
selected. In fact, we have

(4.13)

PX,  S(PLi+ L;P)

Note that R;Re(A;)R; < 0 because all A; € A are individually Hurwitz. Thus, the
matrix in (4.13) is negative definite if and only if its Schur complement with respect to
the upper left block, denoted by S;, is negative definite; see Appendix A.2.2. The Schur
complement,

Si = S(PLi + LiP) — SPX, [RiRe(A) R} "' X;P  Viel, (4.14)

is negative definite for small €, for instance with

Amax(PLi + LfP)
)\min(PXi [RlRe(AZ)Rﬂ_lX’L*P)

(4.15)

€ = min
€L

Thus, referring to Lemma 4.2.1 the existence of a common Lyapunov solution for A; € A
is guaranteed if we pick P = P = Re(T PT*). Now, substituting P from (4.12), we get

TPT* =1 () V] { ki 3»] [% ] L (WW 4 VPV

This means that the Lyapunov function has the form V(z) = " Pz, where

P=1Re(WW*+eVPV¥). (4.16)

2
A different statement and proof of Theorem4.2.1 has been presented in Bajcinca et al.
(2013). O
4.2.1.1 Stability with (n — 1) common right eigenvectors

Now, consider that all matrices A; € A in the switched system (4.1) are Hurwitz and
share (n — 1) linearly independent right eigenvectors given by the columns of V' =
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[U1 ... v,_1] € C*("=D corresponding to (n— 1) eigenvalues given by the diagonal entries
of A; = diag([N\ia, - .., \in]), satisfying

AV =VA VieL (4.17)

Then, they share a left eigenvector w corresponding to the eigenvalues \;; with
Re(M\i1)< 0 for all i € L, satisfying the property

w*V = 0.
Let us define the reduced QR-factorization of V' as
V= Q2R27

where Ry € C(=1x("=1) i an upper triangular non-singular matrix and Q, € C**(»~1)
has orthonormal columns, that is, Q5Q2 = I,,_1. As the columns of V' contain a set of
eigenvectors of A; € A, we have

AV =VA; = AiQaRy = Q2R /Ay = A;Qo = Q2(R2A1R51)-

Note again that A; to be diagonal with the entries located in the open left half plane
implies that I,,_; is a common Lyapunov solution for A; for each ¢ € £. Then, referring
to Lemma4.2.1, Ry/A; Ry ! also share a Lyapunov solution in the form of P = R;* R, for
all 1 € L. Therefore, referring to Theorem4.2.1, the switched system (4.1) has a CQLF
in the form of V(x) = 2" Pz with

P = Re(ww’ + Qo By "Ry 'Q3) =

where € is a scalar which can be computed with regard to (4.15).

Quadratic stability of a switched linear system when all its constituent matrices are

Hurwitz and share (n — 1) right eigenvectors has been previously shown by Shorten and
Cairbre (2001).

4.2.1.2 Stability with (n — 1) common real left eigenvectors

Now, consider that all A;’s in the switched system (4.1) share (n—1) linearly independent
left eigenvectors w; € R™ for all j € {1,...,n—1} corresponding to the (n—1) eigenvalues
Ail, -+ Ain—1) for @ € L. Then, they share a right eigenvector v, corresponding to the
n-th eigenvalues \;, for all © € L, satisfying the property

ijvn:0 Vie{l,...,n—1}.

Now we plan to compute the analytical expression of the solutions of switched system
(4.1) given in (4.2) with respect to its eigenvalues and eigenvectors; see also Kouhi and
Bajcinca (2011c). To this end, consider the eigenvalue decomposition

A =VAW! Viec, (4.19)

where A, = diag([Ni1; -, Ain)), Vi = [var ... Vine1) v, and Wi = (w1 ... wWhpoq Wi
We also assume that V; and W; have normal columns. Referring to our discussion in
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Section 4.2, the diagonal entries of A are eigenvalues of e?i for any j € {0,...,k}.
Thus, we can write

eAoj (tir1=t;) v, e/iaj (tHl_tj)WaTj,
where by definition of eigenvectors, the following relationships must hold

T T T T
W, Voys = 0, W, Vo =1, w0y =0, w, v, =1 Vr,se{l,...,n—1}, r#s.

Then, we have

- W]
T _ :
WajVUj_l = T [ Uaj711 Ugjil(n,l) Un, ]
Wp,_q
T
L wU]TL
1 0 0 0
1 0 0
0 0 o 1 0
T T T
| WonVo; 11 WonVos 12 - WoinVo; s (n-1) 1 |

Defining 04 := Ao,q(tj41 —t;) for each g € {1,...,n} to simplify the notation, a part of
the expression (4.2) is computed as follows:

oA (tir1—t5) Ao,y (tj—tj—1) _ <ng€/i"j (tj+1*tj)W(;|;) (Vo_jile/iojfl(tj*tjfl)wo_—l;_l) = (4.20)
elit Q) 0 o 17T 1 0 0 0
0 e% 0 0 0 1 0 0
= Vo ) :
0 0 ... im0 0 0 1 0
| 0 0 ... 0 elin 1L wUTJ_nUUjfﬂ w;nvgjﬂg w;jnvajil(n,l) 1]
[ - 0 L. 0 0 |
0 efu-vz 0 0
X wl
. . gj-1
0 0 ... eli-nm-n 0
0 0 0 efi—nn
elittoi -1 0 0
— * T
= Vs, 0 o elitn—1)Ft0G-1)(n-1) 0 Wﬂj—l'

0. +9 . T 0, +0 S _ T
e’inTY( 1)1wo_jn1)a.j711 R A AR I l)ngnva'j_l(n—l)
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Note that for consistency of notation, we assume t,,; := t. Now, referring to (4.2) and
(4.19) the analytical solution of the switched linear system (4.1) equals

x(t) = (Vake/l"k (¢t WT> (Vok_le or—1 (=t ) P T ) <Vgoe/i"0(t1_t°)W;>xo

Ok—1

Ok—1

o Vo-k< oy (t—1k) WT Vak ) Ao'k 1 (te—tr_ 1)WT . _Vo_oe/i"o(tl_to)) (Wo—_l(—)l‘o) . (421)

Now, recalling (4.20), and considering the following computation

Ay, (t—t T Ay, (tp—t T Ay (t1—t
U:=¢ k( kW V0k1 kl(k k1m/gk1 ..Vgoe o (t1—=to)
efert+bo1 o 0
- 0 . efrn-nF o1 0 ’
lil(t) e Iin_l(t) eOknt-+++bon
where
k
Opn+-+0 5 — nt0k—p)yrt-+0or _
ko (t § : n (k=p+1)n TO—p)r (wak inVor_pr) Vre{l,...,n—1},
p=1

the analytical solution (4.21) reads

’lUirZEO

C(](t) = [ Uopl -+ Uop(n—-1) Un ] v w;ll—_‘ll'()

T
waonmo

This leads to the more explicit form of the solution, given by

n—1

:L‘(t) = Z(w:ajo) eekr"!"“"re()r ngr+

r=1

+ (i( T a0) K, (t) 4 elrnttoon (w;nxo)> Up,. (4.22)

r=1

The expression (4.22) reveals that the shape of the solution is determined by the right
eigenvectors of the k-th switching mode, while the speed of the solution is governed by
the eigenvalues of all switching modes. Further, we show that when all A; are Hurwitz,
the solution z(t) eventually converges exponentially to zero. Defining

Ao = AMA), At= i tiv1 —tj),

0 = max A(4;) jein (1 — 1)

where k£ € N, and considering that all eigenvalues of A; € A are real negative, and the
fact that At > 0, we can derive the following upper bound for &, (t)

k
fo(t) < MoRATHIE=tL) ZwT Vg, p < eMEAFEt) e e £ p— 1},

Ok—j4+1M  Ok—jT

j=1
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Define £ = kAt 4+ (t —t;), and notice t — oo if and only if # — 0o . As limj_,o, ek = 0,
we must have

tlim k.(t)=0 Vre{l,...,n—1}

—00

This implies that the solution (4.22) converges exponentially to zero if all matrices A; € A
are Hurwitz, that is,
lim z(t) = 0.

t—o00

The proof of exponential stability for this switched linear system can alternatively be
achieved, by the result of Theorem4.2.1. Note that a switched linear system with
(n — 1) real common left eigenvectors share basically a real right eigenvector which
defines a common invariant subspace with dimension 1. Then, it immediately follows
from Theorem4.2.1 that the switched system (4.1) is quadratically stable.

Now, we compute a CQLF for this class of switched linear systems. We follow the
proof of Theorem 4.2.1. Let us denote the normal real common eigenvector of A; € A
corresponding to A;, by vy, and the reduced QR~factorization of W := [wy ... w,_1] as
W = QR,, where Ry € R(=1Dx("=1) ig invertible and Q; € R™*"~1) has orthonormal
columns. Now, notice in this case, for using Theorem 4.2.1 we should assume L; = \;,,
V = v, and A; = diag([\i1, - . -, )\i(n_l)]). Let us define the orthonormal transformation
matrix T' = [Q; v,] and the transformed matrices A; ;=TT A;T for i € L. By definition,
each A; is similar to

7

RTTAR] 0
U;{Ain Ain .

Next, we argue that A; share a Lyapunov solution in the form of

RiRT 0
= % , (4.23)
0 €
where € > 0 is a scalar. To this end, the Lyapunov equation for each A; equals:
B RART S (o] AQy)"
Al P+ PA; = VAR5 (00 i) (4.24)
%UZ Ay €in

The Schur complement of (4.24) with respect to the block By A;R| reads:
Si = ehin — G (0 AQ1)(RiAR] ) (v AiQ)"  VieL.

Obviously, S; is negative definite for small e. For instance, with regard to (4.15) we can
select

e ((vJAM(RlAiRI >—1<v;AiQ1>T> |
Thus, referring to Lemma4.2.1, we can choose a CQLF as V(z) = 2" Pz with P = P" =

TPTT. Now, substituting P from (4.23), we get
_ RiR| 0
P=TPT =1 [Qv)]|
0 € T

Un

.
[ @ ] =1 (WW' +evyu,).
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This means that the Lyapunov function has the form
Vie)=3a" (WWT +evo))a =5 Y (wfz) + e(v)z)’. (4.25)

This Lyapunov function is consistent with the one introduced in (Kouhi and Bajcinca,
2011c) which was derived by using a different approach. The particular case when the
dimensions of A; are two, that is, n = 2, has been already studied in Example 3.2.3.

4.3 Robust Stability of switched linear systems

Consider again the switched linear system (4.1). This system features a discontinuous
vector field f : R>o x R®™ — R" in the form of

T = Aspyr =: f(t,x).

Such differential equations can be approximated by a convexified differential inclusion

l
Sp: i€ F(r):=tw{Az: Ac A} =) v A, (4.26)

i=1
where

¢
Z%ZL v >0 Vie L,
=1

and ¢o stands for the convex hull (Kouhi and Bajcinca, 2011c; Shorten et al., 2007).
Then, the solution (4.2) is contained in the set of Caratheodory solutions of the linear
differential inclusions (4.26). The set-valued map F'(x) in (4.26) satisfies the so called
“basic conditions” as it is outer semi-continuous on R”, and at any x € R", F(z) is
compact and convex; see Teel and Praly (2000) and Appendix A.7. Now, we introduce
the notion of robust stability for switched linear system (4.1) based on the definition of
robust stability for differential inclusion (4.26).

Definition 4.3.1. (Teel and Praly, 2000; Cai et al., 2007; Clarke et al., 1997), A smooth
function V' (x) is a robust Lyapunov function for the differential inclusion (4.26) if there
exist two increasing positive definite functions aq, ay : [0,00) — [0, 00) satisfying

ar(flzl]) < V() < aa(ll]), (4.27)
frg%)WV(x), f) < =V(z). (4.28)

Definition 4.3.2. (Teel and Praly, 2000) The differential inclusion & € F(x) is said to
be robustly asymptotically stable if a continuous perturbation function § : R — R
with 0(z) > 0 for z € R™\{0} exists, such that the perturbed differential inclusion

& € Fyy(x) :=¢0 F (x +6(x)B) + 0(x)B (4.29)

is asymptotically stable, where B denotes the closed unit ball in R"™.
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In Teel and Praly (2000) it has been shown that, in general, robust asymptotic
stability of a differential inclusion with F' satisfying the basic conditions is equivalent
to the existence of a robust Lyapunov function. Specifically, it turns out that the
existence of a robust Lyapunov function is a sufficient and necessary condition for
robust exponential stability of (4.26); see also Appendix A.7.1.

Now, we aim at establishing conditions under which quadratic stability of a switched
linear system implies its robust stability in the sense of Definition4.3.1 and Defini-
tion4.3.2. Let us assume a CQLF, V(z) = x" Pz with P = PT > 0, for the switched
system (4.1) exists such that the condition (4.28) also holds. This means

AP+ PA +P<O,
or, equivalently
(Ai+iD"P+P(A+i)<0  VieL (4.30)

This implies that all matrices A; + %I share a weak Lyapunov solution. Furthermore,
we claim that (4.30) is sufficient for robust stability of the differential inclusion (4.26),
and the condition (4.27) automatically holds when the Lyapunov function is quadratic.
Indeed, for the CQLF V(z) = 2" Pz, convenient functions a; and ay are

ar(2l]) = Amin(P) 2%, ca(l|2]]) = Amax (P) [ 2] (4.31)

Then, from the results by Teel and Praly (2000), the differential inclusion (4.26) is
robustly exponentially stable, provided that (4.30) holds.

Although the result by Teel and Praly (2000) provides simple criteria for robust
stability of differential inclusion (4.26), the perturbation bound 4, introduced by Def-
inition4.3.2, will be characterized by the eigenvalues of P. Although many articles
concerning the computations of upper and lower bounds for eigenvalues of a Lyapunov
matrix P exists in the literature, this problem still undergoes more research (Lee, 1997).
That means we are not able to describe ¢ explicitly by the system parameters. Thus,
we do not involve ourselves for computing such a perturbation function in the general
case. Alternatively, we consider a special case of switched systems, where all constituents
A; € A share (n — 1) real left eigenvectors. For such a system, the structure of the Lya-
punov function allows us to find a perturbation bound §(z) which is only represented by
the system parameters.

4.3.1 Robust stability with (n—1) common real left eigenvectors

We have shown so far, that the switched system (4.1) is quadratically stable if all matrices
A; € A are Hurwitz and share (n — 1) real left eigenvectors. In this part, we wish
to establish conditions under which this class of switched linear systems is robustly
exponentially stable. The next theorem illustrates this result.

Theorem 4.3.1. (Kouhi and Bajcinca, 2011c) Consider the switched system (4.1). Let
all A; € A be Hurwitz, and share (n — 1) real linearly independent left eigenvectors given
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by the columns of W = [wy ... wp_1], such that w/w; =1 for all j € {1,...,n —1}.
Then, for a continuous perturbation function § : R™ — Rs, the convexified linear differ-
ential inclusion represented by (4.26) is robustly exponentially stable if the eigenvalues
of A; satisfy: \ij < —% forallie L and j € {1,...,n}.

Proof: In Section 4.2.1.2 we showed that for a sufficiently small ¢, V(z) = x" Pz with
P = %I/VVVT + %evnvl is a CQLF for the switched linear system (4.1). In other words,
the inequalities A P + PA; < 0 hold for all i € £. Employing the same structure of
P, we need again to show that an e exists, such that the differential inclusion (4.26) is
exponentially stable. To this end, we can basically follow the same lines of the previous
arguments, by taking into account that

AA;+31) = M4) + 1, (4.32)
and the eigenvectors of A; and A; + %[ are equal. Consequently, it turns out that by
referring to (4.15) and choosing

(e ((vz AQ(Ry(A; + ng)R;)—l(ngin)T) / (4.33)

V(z) is a robust Lyapunov function for the differential inclusion (4.26).

Note that P = %I/VVVT + %evnv; has one eigenvalue equal %e and its other eigenvalues
are eigenvalues of %WTW. This can be verified by observing that

P, = %evn,

PW=W3EWTw).

The first relationship implies that v, is the eigenvector of P corresponding to the eigen-
value i€, and the second one implies that P has an (n — 1) dimensional right invariant
subspace with columns of W as its basis. Thus, it follows from this relation that (n — 1)
eigenvalues of P are embedded in %WTW. As W has normalized columns and € can be
choose sufficiently small, we can write

Amin(P) = e, and Apax(P) < tr (3WW) = 3(n — 1); (4.34)
see also Appendix A.2.11. Now, we propose an upper bound for the uncertainty function
d(z) such that despite its presence exponential stability of the perturbed differential
inclusion defined by (4.29) is ensured. Let’s denote the maximum singular value of A;
by Omax(A;) and introduce Lipschitz functions ;(z) for all i € £ as

4(n — 1) (omax(As) + 1)

di(w) = .||z]|, where 9); := (4.35)

We then choose the function d(x) in (4.29) as

d(z) =.||z]|, where ¥ =min{tn,... ¥} . (4.36)
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The perturbed set valued map defined in (4.29) equals

4 4 14
Fi@)(x) = {Z Vidir + .||z ((Z .%Ai> + I) B} L D =1l u=0 Viel
=1 =1 =1

Considering (4.34), (4.30), and the definition of ¢; in (4.35), for # # 0 we have

max (VV(z), f) = max (2$TP> 1)

fEFs(x) fEFs(x)
l 4
= max ( (vix " (A P+ PA))z) + 2 Z (v |z).x " P.(4; + [)v))
=1 =1

J4
< 2T Pr 42 mas (z (vl Iz P||.||<Az+f>v||))

=1

l
< —a"Pr 423 (vithi el Amax(P)- ]l (0 (A1) + 1)

=1

1
< —2' Pz + ZEHQJHHCC”
1
< —5:17TPx < 0. (4.37)
Furthermore, it follows from (4.37) that

Vie) < —la"Pr=—1V(2) = V(x) < V(zg)e 2.

1
2

Now, using the inequality Awin(P)||lz||* < 2" Pz and taking into account that je =
Amin(P), we have

1
la]? < 2V (zo)e %" (4.38)

This is a verification that exponential stability of the perturbed differential inclusion
(4.29) is attained. O

Note that for this class of switched linear systems the robust Lyapunov function and
the upper bound for the parameter € are explicitly represented by the system parameters.

4.4 Quadratic stabilization of switched linear sys-
tems

In the second part of the current chapter, we investigate stabilization of controlled
switched linear systems by exploiting the developed concepts in the first part. We con-
sider the controlled switched linear system

T = Aa(t)x + Ba(t)u, (4.39)
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where o : t — £ := {1,...,(} is a piecewise constant switching signal, A; € R"*" and
we assume B; € R™™ has full column rank for m < n and for each ¢ € £. Our goal is
to design local state feedbacks u = K, ;)x such that the switched system

& = (As) + BoyKow)), (4.40)

is quadratically stable under arbitrary switching signal, 7.e., a common quadratic Lya-
punov function (CQLF) V(z) = 2" Px with P = PT > 0 exists such that

To develop our results concerning this problem, in the next step, we introduce the concept
of controlled block similar matrices for controlled switched linear systems.

4.4.1 Block similar controlled switched linear systems

In this part, we introduce the concept of similarity for controlled switched linear sys-
tems. For the definition of block similar controlled systems, see Appendix A.3.2 and the
reference therein.

Lemma 4.4.1. Suppose in the controlled switched linear system (4.39), each controlled
pair [A; Bj] is block similar to [A; B;] fori € L, related by a real similarity transformation
matrixz. Then, there exist real state feedback gains K; € R"™™ and a real matriz P =
PT > 0 such that the closed loop matrices A; + B;K; satisfy the Lyapunov inequalities
(4.41), if and only if there exist feedback gains K; € R™™ and a real positive definite
matriz P = P" > 0 such that (A; + B;K;)" P + P(A; + B;K;) < 0 for alli € L.

Proof of necessity: Since the controlled pairs [4; B;] are block similar to [A; B;] for
each 7 € L obtained by a real similarity transformation matrix, there exist a matrix L,
and invertible matrices N and M with appropriate dimensions such that

451 =~ s | )G ]
= A; = N""(AiN + BiL), B; = N"'B;M, (4.42)

see Appendix A.3.2. Now, suppose there exists a feedback gain K; for each ¢ € £ and
a symmetric positive definite matrix P such that (A; + B;K;)" P + P(4; + B;K;) < 0.
Then, by pre-multiplying of this inequality by N and post-multiplying it by N and
utilizing (4.42), we can write

NT(A; + B;K;) PN + N"P(A; + B;K;)N < 0
= [NT(A;+ B,K;)'N"T| N"PN + N'"PN [N (A; + BiK;)N] <0
= [A + BM~\(K; — LN")N]' P+ P[4, + BM~(K, — LN"")N] <0,
where P = NTPN. By choosing K; = M~ (K; — LN"Y)N, we deduce
(A; + BiK;)) P+ P(A; + BiK;) <0 YieL. (4.43)
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Proof of sufficiency: Suppose there exists a positive P > 0 such that (A; + B;K;)" P+
P(A; + B;K;) < 0 for each i € L. Then, by pre-multiplying of this inequality by N=T
and post multiplying it by N~!, the sign of the inequality does not change. Thus, we
have

N-"(A; + BiK;)'PN' + N"TP(A, + BiK;)N~' <0
= (A + BM(K; + M 'L)N )T (N"TPN™)
+ (N"TPN™N)Y(A; + BBM(K; + MT'L)N™) < 0.
Selecting K; = M(K; + M~*L)N~! | we have
(A + B;K,))"(N"TPN™Y) + (N~ TPNY)(A; + B,K;) < 0. (4.44)
Now, take P = N~ TPN~1, O

Corollary 4.4.1. If [A; B;] for all i € L are block similar to a real controllable pair
[A B], with the same invertible transformation matriz, then the switched system (4.39)
can be quadratically stabilized.

Proof: It follows from Lemma4.4.1 that the quadratic stabilization problem for the
switched system (4.39) is equivalent to the stabilization problem for the LTI system
& = Ax + Bu. It is well known that any controllable LTI system can be stabilized by
designing an appropriate state feedback u = K. O]

4.4.2 Stabilization and common invariant subspaces

In this part, we aim to use the left eigenvectors assignment technique for stabilization of a
class of controlled switched linear systems in the form of (4.39). As stated in Chapter 4.4,
we use local state feedbacks u = K;x for this purpose. Then, we choose a matrix
W = [w;y ... wy] consisting of m linearly independent columns with complex conjugate
pairs to be the set of desired left eigenvectors for A.; = A; + B; K;. These eigenvectors
correspond to m desired eigenvalues with complex conjugate pairs and negative real
parts given by the diagonal entries of the matrix A = diag([A1,...,A\n]). Recalling
Chapter 2.2.2 we can adopt the formula (2.25) for this purpose. This formula then reads

K;=—(W*B) Y (W*A; — AW*) Vi€ L. (4.45)

Such feedbacks are feasible if and only if det(W*B;) for each i € L is nonzero. Now,
suppose we impose an additional restriction on W. We would like W to meet the
condition W*V = 0, where V € C**(»=m) has (n — m) linearly independent columns.
This gives rise to the question under which conditions the feedback gain of the form
(4.45) is feasible. Lemma4.4.2 provides an answer to this question.

Lemma 4.4.2. (Bajcinca et al., 2013) Consider the matrices B; for all i € L in the
controlled switched linear system (4.39). Given V € C™ =) with rank (V) = n —m,
a matrix W € C"™™ satisfying det(W*B;) # 0 and W*V =0 for all i € L ezists, if and
only if there exists a j € L such that for alli € L

mnk:(BjTQVBi) =m, (4.46)
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where Qy =1 — V(V*V)~'V*. Moreover, if (4.46) holds then one can choose
W =QyB; fora fized j € L. (4.47)

Proof of sufficiency: Choose an index j € L such that (4.46) holds for all i € L,
and select W = QyB;. Then, W*V = 0 follows immediately from the definition of
W. On the other hand, we have W*B; = B QyB; for all i € L. Thus, (4.46) implies
rank (W*B;) = m.

Proof of necessity: Suppose there exists a W such that W*V = 0 and
rank (W*B;) = m for alli € L. It follows from W*Qy B; = W*B; that rank (Qy B;) = m
for all © € £. Now, fix an index j € L. Due to the relationships W*V = 0 and
BJ-TQVV = 0, there must exist a non-singular M € C™ ™ such that W = QyB;M.
Consequently, the equality rank (W*B;) = rank (M*B/QyB;) = m implies that
rank (B QyB;) = m for all i € L. O

Taking advantage of Lemma 4.4.2, by choosing W = Qy B; the proposed control
gains (4.45) will take the form

K;=—(B] QvBi) (B QvAi = ABjQv)  VieL, JjeL (4.48)

Now, in the following theorem, we intend to express how using the left eigenvectors
assignment technique can be beneficial for stabilization of controlled switched linear
systems.

Theorem 4.4.1. Consider the controlled switched linear system defined by (4.39). Sup-
pose all A;’s fori € L share an (n—m) dimensional invariant subspace X,,_,, C C". Let
the columns of V€ C™ (=) with conjugate pairs of complex vectors be an orthonormal
basis for X, _,,, which by definition satisfy the property

AV =VL, VielLl, (4.49)

where L; € Cr—mx(n=m) Lot gll systems & = L;& share a CQLF, that is, there exists
a V(x) = 2Pz with P = P* > 0 and & € C*™ such that the following Lyapunov
imequalities hold

LP+PL; <0 Viel. (4.50)
Moreover, assume the rank properties
rank (B} Qv B;) =m Vie £, 3j €L, (4.51)

where Qy = I —VV*, hold. Then the switched system (4.39) is quadratically stabilizable.

Proof: Our stabilization design method is based on the left eigenvectors assignment
algorithm. We choose a matrix W = [w; ... w,] consisting of m linearly independent
columns with conjugate pairs of complex vectors and the property W*V = 0, to be the set
of desired left eigenvectors. These left eigenvectors correspond to m numbers including
complex conjugate pairs and negative real parts given by the diagonal elements of the
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matrix A = diag([A1,..., A\n]) as the desired eigenvalues for the closed loop matrices
Aq; = A;j+ B; K. The desired feedback gains then have the forms (4.45). Such feedbacks
are feasible if and only if det(W* B;) is non-zero for each i € £. Lemma 4.4.2 emphasizes
that feasibility of the feedbacks is equivalent to conditions (4.51) to hold. Moreover, a
desired W has the form W = Qy B; for some j € £, and the desired feedback gains will
be computed by (4.48). Making use of these feedback gains, the following properties are
established

W*Ag = AW*, AV = VL;, and W*V = 0. (4.52)

Now, referring to Theorem 4.2.1 we can state that the resulting switched system (4.40)
is quadratically stable. A similar idea for stabilization of controlled switched system has
been presented by Bajcinca et al. (2013). O

Remark 4.4.1. One can combine the statements of Theorem4.4.1 and Lemma4.4.1
for weakening the requirement that the open loop matrices A; must share an invariant
subspace. The weaker statement can be said: “Suppose each pair [A4; B;] is block similar
to [A; B;] related by a same real similarity transformation matrix, for i € £. If the
pairs (A;, B;) for all i € L satisfy the criteria of Theorem 4.4.1, then the switched system
(4.39) can be stabilized by local state feedbacks design”.

Example 4.4.1. (See also Bajcinca et al. (2013)) Consider the controlled switched linear
system (4.39) with the data

3 -3 —7 1 3 -5 1 1
Al=|0 =4 0,4 =2 -6 —2|,B=|1]|,B=10
1 3 -5 7 1 —11 2 2

As has all eigenvalues with negative real parts, namely at —8, —4, —4, while A; has two
eigenvalues with negative real parts and an eigenvalue in the right half plane, namely at
2,—4,—4. We intend to stabilize this controlled switched system. Using the algorithm
by Tsatsomeros (2001), we can realize that both A; and A, share a two dimensional
invariant subspace with an orthonormal basis given by the columns of V' = [v; v5], where

vy = [-0.7071 0 —0.7071]", vy = [-0.4082 — 0.8165 0.4082]",

and (4.49) holds. The corresponding matrices Ly and Ly defined in accordance with
(4.49) equal
—4 4.6188 -4 9.2376
Sl IR e It
0 -4 0 —4

Notice L; and Ly share a Lyapunov solution, for instance, P = diag([1,3]). Now,
we follow an algorithm represented in the proof of Theorem4.4.1. We design local
feedback laws which assign a common left eigenvector to the closed loop matrices
Agr and Aqp. This desired left eigenvector resulting from (4.47) is computed to be
W = [-0.5774 0.5774 0.5774]". As W B; and W' By are both non-zero, assigning W
as the desired left eigenvector is possible. Choosing the desired eigenvalue A = —2, the
state feedback gains K3 =[2 —2 —2]and Ky =[-6 6 6] are computed, leading to
the closed loop matrices

5 -5 -9 -5 9 1
An=|2 -6 -2 |, Aww=]| 2 -6 —2
5 -1 -9 5 13 1
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4.4.2.1 Stabilization for the case of (n — 1) dimensional common invariant
subspace

Consider the special case of the controlled switched linear system (4.39) where the di-
mension of the largest common invariant subspace introduced in Theorem 4.4.1 is (n—1)
and the system has a single control input. Then, the A;’s for all i« € £ share a real left
eigenvector w characterized by

w'V =0. (4.53)

Note that the open loop matrices are not necessarily Hurwitz, because some eigenvalues
of A; corresponding to the eigenvector w, denoted by pu;; for ¢+ € £, might lie in the
right half plane. Therefore, for stabilization of this controlled switched system we prefer
to shift the eigenvalues p;; to a point on the negative real axis, while maintaining the
other eigenvalues of the matrices A; unchanged. For this purpose, we use the single shift
eigenvalue method elaborated in Chapter 2.2.1.3. Let us denote the desired eigenvalue
corresponding to the left eigenvector w by A1, and define the vectors b; := B; with ¢ € £
for keeping the notation consistent with the one previously introduced. Further, assume
w'b; # 0 for all i € £. The convenient controller gains then turn out to have the forms

w’ ,
Now with this control design, Theorem 4.4.1 ensures that the controlled switched system
(4.39) is quadratically stable.

Example 4.4.2. Consider again the controlled switched linear system defined in Exam-
ple4.4.1. As explained in that example, both A; and A, share a 2 dimensional invariant
subspace. Consequently, they share also a left eigenvector w orthogonal to v; and wv,.
This eigenvector is computed as follows:

w=[—0.5774 0.5774 0.5774]".

Now, we design local state feedback gains each of which only shifts a single eigenvalue
corresponding to the common left eigenvector w of the open loop matrices A; and As.
As w' By and w' By are both non-zero, the single shift eigenvalue procedure is possible.
Choosing the desired eigenvalue to be Ay = —2, the same controller gains as the ones
derived in Example4.4.1 result.

4.4.2.2 Stabilization based on (n — 1) common real left eigenvectors

In this part, we plan to incorporate the algorithm developed in Chapters4.2.1.2 and
2.2.2.1 into our stabilization approach for stabilization of controlled switched linear sys-
tems with (n—1) control inputs. Our algorithm suggests to assign (n—1) real common left
eigenvectors given by the columns of W = [w; ... w,_1] € R™ "V corresponding to the
desired real stable eigenvalues given by the diagonal elements of A = diag([A1,. .., A\_1])
to the closed loop matrices A.y; for all @ € L. For the selection of such W, stability of
the closed loop matrices must be taken into account. For this purpose, we define new
variables Wi, ..., W, where W; = [wy ... w;n—1)] for i € L are a set of desired left eigen-
vectors for Ag;, respectively. A common W is obtained whenever W :=W; = .- = W,.
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We now employ feedback gains in the form of (4.45). For stability of each closed loop
subsystem, we need that the last eigenvalue of each Ag; for i € L, denoted by \;,,
should also be real negative. It has been shown in Chapter 2.2.2.1 that this condition is
equivalent to

We can determine a set of matrices W;, denoted by €;, that satisfy the inequalities (4.55)
by using the parameterization method introduced in Chapter2.2.2.1

W' =W + b  VieL,

and follow the algorithm proposed therein. Then, the desired set of W, denoted by (2,
that simultaneously stabilizes all Ag; for all ¢+ € L, is obtained by intersection of all €2;,
that is, Q = NL_,Q; (see Kouhi and Bajcinca (2011c)). The next example illustrates
how this technique can be numerically executed.

Example 4.4.3. Suppose we intend to quadratically stabilize the controlled switched
linear system (4.39), with the data

3 =3 -7 13 =5 11 1 2
Al - O —4 O 5 A2 = 2 —6 —2 y Bl = 1 0 y BQ = 1 0
I 3 =5 7 1 —11 2 2 11

Let the columns of W7 = [wy; wis] and Wo = [wa; was] be desired left eigenvectors for the
closed loop matrices Ay and A, respectively. Note that two common left eigenvectors
given by the columns of W = [w; wy| are obtained when W = W; = W,. Now, we want
to compute a matrix W such that the closed loop matrices Ay and Aqs constructed by
the state feedback gains in the form of (4.45) are Hurwitz. To this end, we first use the
parameterization

W, =WT + w6 ie{1,2},

where p; and 6; are defined in Chapter 2.2.2.1. The parameters ; are computed directly
from the equations 0, B; = 0 for i € {1,2}

0; = [-0.8944 0 0.4472]", 6, = [-0.4082 — 0.4082 0.8165]".

Note that this problem includes several unknown parameters, namely Wy, W, u1, and
1. Therefore, for convenience we fix W, and us to be

s o112 1
Wl_|:102:|7 M2_|:1:|7

and compute W, and p; afterwards. From the identity W, = W, we conclude

W+ 6] = W) + 1190
=W, =W, +ub] — pabs .
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This allows us to represent W, solely by the unknown parameter p; = [p11 puo] ' as

T _
2

1.4082 — 0.8944 4y, 1.4082 1.1835 4 0.44724111
1.4082 — 0.8944 1112 0.4082 1.1835 + 0.4472112

Now, recall from the algorithm presented in Chapter 2.2.2.1 that for stability of the closed
loop matrices the following conditions must hold

Y, i — tr(W, X,) <0, —Y," gy — trOW,X5) < 0,
where variables X; and Y; are defined as follows:
X; = (an/(n = 1) T+ A;) B(W] B) ™,
Y," =96/ <az‘1/(” -1 I+ Ai>Bi(WiTBi)_17

for each i € {1,2}. X; and Y] are known parameters as W, is given

-3 -1 3
T _ T _ _
X, = [ 14 1 —36 } , Y =1[4.0249 —2.8622 |.
Xy and Y5 are parameterized by p;. Now, we find an appropriate u; via solving the
following optimization problem:

minimize I 1212

Y,y — trOM X)) + 4 <0,

subject to -
=Yy iy — tr(Wo X)) + v <0,

where the positive number v enters into the problem for ruling out computation of the
zero solution for ;. In this example we assume v = 0.2. Using the MATLAB command
“fmincon” we are able to find a solution for u;, namely pu; = [0.6600 — 0.4694]". This
identifies

1.4198 0 1.7901

Now, we take the eigenvalues corresponding to the columns of W to be the diagonal
entries of A = diag([—2, —3]). Thus, the state feedback gains K; and K, are computed
to be:

W — l0.4096 1 2.2952}

5.9656 —2.5458 —3.7658 . — 45586 2.9411 6.6617
~8.0274 2.3236  6.4696 | | —0.7727 —3.3458 0.0079 |

and the closed loop matrices are given by

0.9382 —3.2222 —4.2962 —5.1040 —0.7506 1.6774
Agr = 5.9656 —6.5458 —3.7658 |, Ago = | —2.5586 —3.0589 4.6617
—3.1236  2.5557  0.4075 1.6687  0.5953 —4.3305
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The sets of eigenvalues of Ay and Age are {—0.2,—2, -3} and {—7.4933, -2, —3},
respectively. This indicates that both matrices are Hurwitz and they share two left
eigenvectors given by the columns of the computed W.

Example 4.4.4. (Kouhi and Bajcinca, 2011c) For the case of n = 2 in the controlled
switched linear system (4.39), we can obtain a simple expressions for stability of the
closed loop matrices. Let’s denote b; := B; for each i € £, and w; := W;, where w; is the
desired left eigenvector for the closed loop matrix A.y; for each i € L. We can choose \;;
any real negative number. Furthermore, recalling (2.8), we must have

)\2i =

<0 Viel. (4.56)

The criteria (4.56) are met if the inner-products wiT b; and wiT (a;1 1 + A;)b; have the same
sign. Define €2; to be the set of all vectors w; that satisfy this condition. Then, the
set of a stabilizing common left eigenvector w = w; = -+ = wy, denoted by (), can be
computed by Q = N{_,;. The region €2; can be represented geometrically similar to
what were illustrated in Figure2.2.1.

4.4.3 Stabilization and perturbed invariant subspaces

In this part, we are interested in enlarging the class of controlled switched linear
systems that can be stabilized by left eigenstructure assignment approach. The core
of this section is to show that if all open loop matrices A;’s with ¢ € £ in (4.39) have
p := n — m dimensional invariant subspaces which are sufficiently close to each other,
we may still be capable of stabilizing the controlled switched system. This argument is
substantiated by accomplishing the proof of the next theorem. Before proceeding, we
refer the reader to Appendix A.2.13.1 and Truhar (1996) for the definition of “distance
between two invariant subspaces”.

Theorem 4.4.2. Define p =n — m. Suppose all A;’s in the controlled switched system
(4.39) possess p-dimensional invariant subspaces X;,,, such that the distance between X;
and X;,, is sufficiently small for each i, € L and i # j, that is, there exists a small
number § > 0 satisfying

dist (Xi,p7 ij) S 0. (457)

Moreover, assume that an index j € L and an orthonormal basis with conjugate pairs of
complex vectors, given by the columns of a matriz V; € C™P, for the invariant set X},
exist such that

rank (BJT Qy,B;) =m Vie L, (4.58)

where Qv, = I — V;V*. For each i € L and i # j, let the columns of V; € C"*P be a
normal basis (not necessarily orthogonal) for X, ,, satisfying

AVi=ViLi, V= Villa < \/2p dist(X;,, X, ), (4.59)
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where ||.||2 indicates the induced 2-norm (see Appendiz A.2.11). Then, if there exist
scalars v1,7v2 > 0 and a Hermitian positive definite matriz P € CP*P, j.e., P =P* > 0,
such that the following Riccati inequalities hold

LiP+PL+4{P + %31, <0 Vi€l (4.60)

and the number v17y, is sufficiently large, the controlled switched system (4.39) can be
stabilized by local state feedback controller design.

Proof: The proof consists of two parts. In part A, we show that a V; € C"*P exists, such
that its columns form a basis for the invariant subspace &, and simultaneously satisfy
(4.59). In Part B we demonstrate that if (4.60) holds and 7,7, is sufficiently large, then
the controlled switched linear system (4.39) can be quadratically stabilized.

Part A: Fix a j € £ and an orthonormal matrix V := V; € C"*? such that (4.58) holds.
Let’s define an orthonormal matrix ®; € C"*™ such that its columns are perpendicular
to the space & ,. It is obvious that

Xm, = {ZE e C": CI)Z*ZE = 0} Vi e L. (461)

The projection of a vector vy, the k-th column of V for k& € {1,...,p}, onto the set X;,
equals

Projy, (vp) = (I — ©:;@;")vp, ~ VE€{L,...,p}

see Appendix A.8.1. Now, we define the following normal vectors

! (
Vik = ”
(1 — Pi®;")ug|

In — CI)Z(I)Z*)’Uk Vk € {1, . ,p}, (462)

and the collection of them as V; = [v;1 ... v;,) for i € £. We claim that V; is defined, its
column vectors are linearly independent and form a basis for the set X;, for each i € L.
To see this, first notice that the following identity is valid

([n - (I)iq)i*)[v 0] = ([n - q)iq%'*)[v (I)i]‘

On the other hand, we should have rank([V ®;]) = n; otherwise, there must exist a
vector ¢; € C" such that ¢ [V @;] =0, implying that both ¢V = 0 and ¢;®; = 0 must
hold. Next, referring to (4.61) the expression ¢®; = 0 implies that ¢, € &;,, and the
expression ¢;V = 0 implies that ¢; is perpendicular to all vectors in the space & ,. But
this is impossible since the canonical angle between &, and X}, is assumed to be small.
Now, we have

rank (V;) = rank ((Z,, — ®;®;)V) = rank ((I,, — ®;9,")[V 0])
= rank ((£, — ©,9,")[V ®,]) = rank(/,, — ©,9,") = p. (4.63)

Next, note that by the definition of vy, in (4.62), we can deduce

min vV =  min max vY; > min  max v'y; = cos(f;;), (4.64)
ke{1,...p} vEE€{vi,vpt Vi€XGp vEX;,, ViE€Xip
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where 6;; is the maximum canonical angle between two spaces X;, and Xj,; see Ap-
pendix A.2.13.1. Let’s define AV, :=V —V; for each i € £ with i # j. Then,

1AV = IV = Vil = omax (AV;)* < tr (AVAV;) < p kergafp}(llvk —vael*);

see Appendix A.2.11. Then, we have

AV < ma; v — vip||?) = max (2 — 2uiv) =
IAVIE < p max (o= oul?) =p max (2 20fuu)

=2p (1 - min }(UZvik)>. (4.65)

e{1,....p
Now, referring to (4.64) we can write

|AV;]|? < 2p (1 — min max (v*1;)) = 2p(1 — cos(6;;)), (4.66)
vEX p Vi€X;
where 0;; is the greatest canonical angle between &; , and &;,. On the other hand, using
2sin?(;;/2) = 1 — cos(6;;), we deduce that

IAV;® < 4p sin®(6;;/2).
As 0;; < m/2, the inequality sin(f;;/2) < cos(6;;/2) is valid. Hence,
|AV;]|? < 4p sin(6;;/2) cos(0;/2) = 2p sin(fy;) = 2p dist (X, Xj,) - (4.67)

Part B: Now, choosing appropriate matrices V; for all ¢ € £ with regard to the discussion
in Part A, we introduce our stabilization method. We choose the columns of W = Qy B;
as the set of desired left eigenvectors corresponding to m desired eigenvalues coming
with complex conjugate pairs in the open left half plane given by the diagonal entries
of A = diag([\1,...,\n]) for the closed-loop matrix Ay, = A; + B;K;. Referring to
Lemma4.4.2, we can argue that W can be assigned to Ag; if (4.58) holds. Then, the
desired controller gain K; has the form (4.48). Next, define the reduced QR-factorization
W = @Ry, where Ry is an m x m upper triangular non-singular matrix and ¢, is an
n X m matrix which has orthonormal columns. Choosing the orthonormal transformation
matrix T = [Q; V], we can define a set of Ag;’s which are similar to Ag,’s as follows:

i g o | BTARY 0
Aa=1 A0 = | UG vy

] Vie L.

We take a common Lyapunov solution for Ay, i € £, in the form of

_ RRF O
_ 1| fudg
P_2[ 0 EIP}’

where P = P* € CP*? is defined in accordance with (4.60). The Lyapunov equation for
the transformed matrices A.; equals

RiRe(A) Ry SQTALVP

cli

PV AwWQ: S(PV AV + V*ALVP)

cli

AP+ PAy = Vie L. (4.68)
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As RiRe(A)R} < 0, (4.68) is negative definite if and only if S; < 0, where S; stands for
its Schur complement with respect to the upper left block as

cli

Si= S(PV* AqV + V*ALVP) — C(PV*AwiQ1) (RiRe(A)R}) ™ (Q1ALVP).  (4.69)

Following the proof of Theorem 4.4.1, for a sufficiently small € > 0, the inequality S; < 0
is satisfied if and only if

PV*ALV + VAT

cli

VP<0 VieL. (4.70)

We prove the last inequality holds if |AV;|; is sufficiently small. First, note that using
the feedback gain of the form (4.48), the identity

Aa;V = [Ai — Bz'(BjTQVBi)_l(BjTQVAi — ABJ-TQV)] Vv
= [I = Bi(B/ QvB)"'B] Qv] A,V = A,V + EV (4.71)

holds, where we have defined
E; = —B;(B/ QvB;))"'B] Qv A;.

Now, recall that AV} is defined as AV; := V — V;, where V; is defined by (4.62). Thus,
the property (4.59) also holds. Consequently, the matrices L; for all i € £ in (4.59) are
defined and available. Now, suppose a suitable P can be determined such that (4.60)
holds. Then, part of the Lyapunov equation for this mode can be written in the form of

PV*AqV =PV (A + E)V
=PV = Vi(ViV) ™ + ViV V)T Ai(Vi + AV) + PV BV
= P(ViVi) WVEAV + P(V = Vi(VV) ) AV + P(VV) VA AV, + PV EV
= P(V;Vi) W ViL + P(V = Vi(VAV) Y AV + P(VV) WV A AV, + PV EV
=PL+PV = V,(V;Vi) ) AV + PV V)W AAV + PVEV
=PL; + PF,,
where we have defined F; as
Fy= (V= Vi(ViV) D) AV + (Vi) TV AAV + VEEV. (4.72)

Referring to (4.60), we can write

PV*AqV + V*ALVP =PL, + LiP+PF, + F/P <

— P+ PF + FP =31, =
1 - 1

- (717’ - —E) <%7’ — —E-) + [%EE — 51|
M get "

The first summand of the above expression is clearly negative semi-definite. We will
show also when AV is small, the second summand is negative semi-definite. To this end,
for a small value of ||AV;]|, we should show

,Y_I%E*E - 722-[]) S 0= O-maX(Fi) S Y172-
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On the other hand, referring to the definition of F; in (4.72), oyax(F;) is bounded by
Umax(ﬂ) S O max ((V - ‘/z(‘/;*‘/;)_l)*sz + V*Ezv> + O max ((V*‘/z)_l‘/;*AzA‘/z)

(2

S O max ((V - ‘/z(‘/;*‘/;)_l)*AzV + V*Ezv> + O max ((V*‘/z)_lv;*Al) HAV1“2

(2

Hence, if the norm of the perturbation AV; is bounded by

Y1Y2 — Omax (V¥ (A + E)V — (VFV)TIWVEAV)

A‘/z = Omax AV; < )
| |2 = Omax( ) Omnax (VA V7)1V Ay)

(4.73)

then the switched system (4.39) is stable. Recalling (4.71), if 7172 is sufficiently large so
that the inequalities v17v2 > Omax (V*AasV — (V*V;)71VF A V) for all i € £ hold, and the
distances between the invariant subspaces &, and X, are less than or equal to some
0 > 0, for instance,

. 1 . Y172 — Omax (V*Aclzv - (V*V;)_IV*AzV) ?
dist (X, X;,) <0, 6 := — : g , (4.74
ist (X p, Xjp) < % %%n ( T (VAV) VA ( )
then (4.73) and (4.67) are satisfied. Therefore, quadratic stability of the closed loop
switched linear system (4.39) is deduced. O

Example 4.4.5. Consider again the controlled switched linear system (4.39), with the
same matrices A;, B, and Bs presented in Example4.4.1. However, we assume that the
matrix A, has been slightly perturbed in the form of

1 3 =5 1 2 -1
Ay=12 =6 -2 | +107*x |2 -1 -1
7 1 —11 71 =2

After finding the two dimensional invariant subspaces of matrices A; and As, we realize
that the two dimensional invariant subspaces &} 5 and Xs o defined by

Xo={reC®: & v =0} ic{l,2},
where
®) = [~0.5774 0.5774 0.5774]] &y = [—0.5658+0.1148i 0.5660—0.1149i 0.5657—0.1148]",

corresponding to A; and As, respectively, have a fairly small distance dist(X; 2 — Xs2) =
3.2314 x 107*. The orthonormal vectors given by the columns of V' = [v; vs] computed
in Example4.4.1 form a basis for &) 5. Likewise, the vectors given by the columns of
Vo = [v91 go] With vop = (I3 — Do ®Py™ v /|| (I3 — PPy vy || for k € {1,2} form a normal
basis for X5 5. These vectors are numerically given by

gy = [—0.7071 0 —0.7071]",

vgy = [—0.4084 —0.8164  0.4084]".

Furthermore, one can realize that

— Wl =2. x 1077 < 1st(A1 0 — Ao9) = 0. .
V — V|| =2.8794 x 107* 4 dist(Xy 2 — Xag) = 0.0360
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The matrices L; and Lo with regard to (4.59) equal

;o[ -4 46188 ] [ —4.0003+0.000% 9.2399 +0.0003i
71 0 —4 |72 —0.0002 —3.9997 + 0.00017 |-

Moreover, with v; = 0.9487, 7o = 1.0954, and the positive definite P = diag([1 3]),
we have that the inequalities (4.60) are valid. Furthermore, the parameter § = 0.0198,
defined by (4.74), is greater than the distance between two subspaces X, and Xss.
Therefore, designing local state feedbacks that quadratically stabilize this controlled
switched linear system is possible. We achieve the design by assigning a common left
eigenvector to the closed loop matrices A,y and Age. The desired left eigenvector is
selected equal to the one given in Example4.4.1. As W B; and W B, are both non-
zero, assigning such left eigenvector is feasible. Choosing again the desired left eigenvalue
A = —2, the state feedback gains K; =[2 —2 —2]and Ky = [—6.0006 5.9997 6] are
attained, leading to the closed loop matrices

5 =5 -9 —5.0005  8.9999  0.9999
A =12 —6 =2 |, Agp = 2.0002 —6.0001 —2.0001
5 -1 -9 —5.0004 12,9995  0.9997

4.5 Robust control design with (n—1) control inputs

Now, we consider a perturbed controlled switched linear system
&= Aoy (2 + D1 (O)2]) + Bogyu + Aolt) ], (4.75)

where u € R"™1 A;(t) and Ay(t) are the perturbation vector functions, and o : ¢ — L :=
{1,...,¢} is the switching signal. Our intention is to quadratically stabilize (4.75) by
using state feedback u = K, ()7, in the case that, the 2-norms of the perturbation vectors
are sufficiently small. For this design, we can employ the feedback gains of the form (4.45)
with W € R™*("=1) Referring to Chapter 2.2.2.1, Section4.3.1, and Section 4.4.2.2, the
(n—1) desired eigenvalues of A;+ B; K; corresponding to the left eigenvectors given by the
columns of W can be selected as real numbers satisfying \; < —% forje{1,...,n—1}.
Then, one must additionally take care of the eigenvalue )\;,, which corresponds to the
right eigenvector v,, of A; + B;K;, for each ¢ € L. The condition \;, < —% modifies to

—tr (W' ((an — 3)/(n— 1), + A) B{(W'B))™") <0 VieL, (4.76)

where a;; has been defined in Chapter 2.2.2.1. Moreover, referring to our discussion in
Section 4.4.2.2 and Chapter 2.2.2.1, having [|A;(t)[|2 < ¢ and ||Aq(?)]]2 < 9, where 1 is
the upper bound for the perturbation defined in (4.35), are the required conditions for
guaranteeing stability of the perturbed switched system with this design. Then, referring
to (4.35) these conditions are equivalent to have: e.l,_; < WTW, (4.33) holds, and
€

125()]}> < min 4(n — 1) (Omax(Ai + BiEKG) + 1) v € 4L 2} (477)
Note that in this control design the upper bounds for ||Ai(t)|l2 and ||As(t)]|2 are a
priori known. An appropriate W can be found by employing the similar approaches
introduced in Section 4.4.2.2 and Example 4.4.3 to satisfy the conditions e.f,_; < WTW,
(4.33), (4.76), and (4.77); see also Kouhi and Bajcinca (2011c).
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((an —1/2)I1+ A;) b;

(ainI+ A;)b;

Figure 4.5.1: The interior of colored region, denoted by Q,, is the proper region for
selection of a desired left eigenvector w; satisfying (4.79).

Example 4.5.1. In the case n = 2, for stabilization of the perturbed controlled switched
linear system (4.75), we require that the eigenvalues of A; + B; K satisfy

1 1
i1 < —5, Aia < —5 Vi e L. (478)

Let us denote by := By, by := By, and w; = W; € R? for consistency of notation with the
one used in Example4.4.4. We can choose A;; any real negative number less than —1 /2.
Then, the set of a desired left eigenvector w;, denoted by §2;, which satisfy

Nig + = = — e L, 4.
2+2 ol b <0 Viecl (4.79)

can be specified geometrically. As a result, in this example the set {); is a subset of
the set €; introduced in Example4.4.4, that is, Q); C Q,. This has been illustrated in
Figure4.5.1. The set of a common left eigenvector w = w; = --- = w, which satisfy
(4.79), denoted by Q, is obtained by © = N{_,€;; see also Kouhi and Bajcinca (2011c).

4.6 Conclusions

In this chapter we have studied the stability problem for the class of switched linear
systems whose subsystem matrices share a number of left eigenvectors and an invariant
subspace such that a common quadratic Lyapunov function can be associated to this
space. Particular cases include sets of Hurwitz matrices which share (n — 1) right
eigenvectors or (n — 1) real left eigenvectors.

Furthermore, several approaches for stabilization of the class of controlled switched
linear systems whose open loop matrices share such an invariant subspace have been
proposed. The stabilization techniques are based on the concept of left eigenstructure
assignment developed in Chapter 2.

We have also discussed the robust stability problem for convexified differential in-
clusions associated with switched linear systems. In particular, we have derived an
interesting result for robust stability of switched linear systems whose matrices share
(n — 1) real left eigenvectors.
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Chapter 5

Rank-m difference switched systems

5.1 Introduction

In this chapter, we introduce a tractable condition on pairs of Hurwitz matrices A; and
As, which guarantees existence of a common Lyapunov solution for them. While it turns
out that A;As having no real negative eigenvalue (spectral condition) is a necessary
condition for the existence of a common Lyapunov solution for A; and A, (Shorten
and Narendra, 2003), this condition is not sufficient. An example that this necessary
condition fails to be sufficient is as follows:

~18 05 01 04 -1.8 01 09 03
0.1 —1.8 0.1 0.9 02 —04 —1.7 0.3

A= 0.1 0.7 06 —21 , Ap = 04 07 11 =2 (5.1)
0.1 08 09 —1.8 04 06 0.8 —28

A; and A; are both Hurwitz, and the eigenvalues of the product A;A; are
4.696,0.6303 4+ 1.55057,0.2333. Thus, no real negative eigenvalue for A;As exists.
However, by using a suitable software, it can be checked that no common solution
P =P > 0 for the Lyapunov inequalities A] P + PA; <0, i € {1,2}, exists.

Therefore, we are interested to characterize a class of matrices that given above
spectral condition is also sufficient for the existence of such a solution. An initial result
in this direction has been given by Shorten and Narendra (2003), stating that any
two matrices which are Hurwitz, differ by a rank-1 matrix, and satisfy the spectral
condition possess a common Lyapunov solution. In the proof of this result, a transfer
function is associated with A; and As. This transfer function is demonstrated to be
Strictly Positive Real (SPR). Existence of a common Lyapunov solution for the pair
of matrices then results from the Kalman-Yakubovic-Popov (KYP) lemma (see Zhou
et al. (1996)) which is tight for the class of SPR systems. Despite much effort, it has
not been possible to extend this result to more general pairs of matrices until recently
(Kouhi et al., 2013a).

In this chapter, we introduce a new pair of matrices for which the above spectral
condition is both sufficient and necessary for having a common Lyapunov solution and
thus guaranteeing stability of the switched system & = A,y x, o(t) € {1,2}. These are
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pairs of stable matrices which are related by a symmetric transfer function matrix. For
developing the results, we follow a similar approach to the existing one for the class of
rank-1 difference matrices.

5.2 Symmetric transfer function matrices

Symmetric transfer function matrices can be found in many applications. For example,
symmetric transfer functions are ubiquitous in the study of electrical systems (Helmke
et al., 2006; Semlyen and Gustavsen, 2009), in systems with collocated sensors and actu-
ators (Yang and Qiu, 2002), and in chemical process plants (Shinskey, 1984; Hovd and
Skogestad, 1994; Kouhi et al., 2014). Due to this wide range of applications, numerous
results concerning control design for this class of systems exist in the literature; see,
e.g., Shinskey (1984); Hovd and Skogestad (1994); Xie et al. (2004); Fuhrmann (1983).
In this part, however, we study this class of systems solely from a mathematical point
of view. In fact, the mathematical properties of symmetric transfer function matri-
ces play an integral role for the stability theory of switched linear systems in this chapter.

We begin by exploring conditions on the matrix components of a state space
realization (A, B,C,D) characterizing a symmetric transfer function matrix
G(s) = C(sI — A)"'B + D. Lemmab.2.1 represents a necessary and sufficient
condition for symmetric transfer function matrices with respect to Markov parameters,
while Lemma 5.2.2 establishes a link between the symmetry condition and similar state
space realizations. In Lemmab5.2.4 we introduce one of the important properties that
symmetric transfer function matrices exhibit.

Throughout this chapter we always assume that A € R™" B € R"™™ has full
column rank, C' € R™*" has full row rank, and D € R™*"™ for some m < n.

Lemma 5.2.1. (See, e.g., Kouhi et al. (2013a)) The transfer function matriz G(s) =
C(sl — A)™'B + D is symmetric, that is, G(s) = G (s) if and only if

D=DT,
CA'B = (CA'B)" vie{0,1,...,n—1}. (5.2)

Proof: Let’s define the characteristic polynomial of A as
det( A — A) = A" + a A\ + ap A" 2+ -+ +a,.
Then, referring to (Kailath (1980), pp.67), the following identity holds

1

[-A)'B=—
Clsl=4) det(sI — A)

[s" 1 (CB) + s" *(CAB +a;CB)+
o+ (CA"'B+--- +a,_,CB)).

Hence, it is immediately evident that the condition (5.2) and the assumption D = DT
are necessary and sufficient for the transfer function matrix G(s) = C'(sI — A)"'B+ D
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to be symmetric. O]

We say that the dynamic systems & = Az and # = (A — BD~'C)x, where matrices
A, B, C, and D satisfy the property of Lemma5.2.1, are generators of the symmetric
transfer function matrix G(s) = C(sI — A)"'B + D; see Kouhi et al. (2013a).

Lemma 5.2.2. See Kailath (1980). Let (A, B,C,D) be a minimal realization of the
transfer function matriz G(s) = C(sI — A)™'B + D. Then G(s) is symmetric, if and
only if there exists a unique invertible matriz ST = S (not necessarily positive definite),
such that

A'S=8SA, C=B'S, and D=D". (5.3)

Proof of necessity: This proof can be found in Kailath (1980); Willems (1972). As
G(s) and

GT(s)=BT(sI—A")CT+DT

are equal, the minimal state space realizations (A, B,C, D) and (AT,CT, BT, D") are
similar. This implies that a non-singular unique matrix S exists such that

AT =SAS™, ¢T" =SB, BT =CS7!, and DT = D.

Therefore, ATS = SA and C = B'S. In addition, we have ATST = STA and C =

BTST. This means that S is not unique, unless we have S = S7.

Proof of sufficiency: Suppose there exists a unique invertible symmetric matrix S,
such that (5.3) holds. Substituting C = BT S into G(s), and paying attention that in

G(s)=C(sI —A)'B+D=B"(s S'—AS™HY'B+D (5.4)

S~1, AS™! and D are symmetric, symmetry of G(s) results. Note that (5.4) in fact
represents the descriptor form of G(s); see Knockaert et al. (2013). O

As discussed in the introduction of this chapter, we are interested in developing
results for switched systems associated with symmetric transfer function matrices. The
basic question now is how to specify the class of matrix pairs A; and A, such that a
symmetric transfer function can be associated with them? The following lemma provides
a tool for specifying this class. Before proceeding, note that ® denotes the Kronecker
product of two matrices; see Appendix A.2.4.

Lemma 5.2.3. (See also Kouhi et al. (2014)) Given two matrices Ay € R™" and
Ay € R™™ with the controllable pair (A1, A1 — As), a symmetric transfer function matrix
G(s) = C(sI — A)"'B + D with the minimal realization (A, B,C, D) can be associated
with Ay and As such that

A1 = A and A2 =A-— BDilc’, (55)



74 5.2. SYMMETRIC TRANSFER FUNCTION MATRICES

if and only if the matrices

E1 = ]n®A1 —A1®In and
E2 = In &® A2 — AQ (24 In (56)

share a right eigenvector corresponding to a zero eigenvalue, say
vec(Y) = [y11 -+ Yot Y12+ Ynz- - Yin - Yun]
such that

Y11 Y2 .- Yin

Y = (5.7)

Yn1 Yn2 -+ UYUnn

is symmetric and invertible, and (A; — As)Y is positive semi-definite.

Proof of necessity: Define A := A;. Suppose there exist matrices B, C, and D such
that G(s) = C(sI — A)"'B + D is symmetric, (A, B,C, D) is a minimal realization, and
Ay = A — BD7'C. Then, referring to Lemma5.2.2 there exists a matrix S = S, such
that

ATS-SA=0, B'S=C. (5.8)
Replacing C' from (5.8) into (5.5), we get
Ay =A—-BD'B'S= A,S'=AS"' —BD'B". (5.9)

Notice (5.8) reveals that AS~* = S~'AT. This implies that AS™* — BD™'1BT is sym-
metric, and therefore from (5.9) we conclude that A,S~! is symmetric as well, that
is,

A ST —S7TA] =0. (5.10)
Defining Y = S—!, both A and A, satisfy the following Sylvester equations
AY —YAT =0, A)Y —-YA, =0. (5.11)

For finding a solution of these equations, utilizing the Kronecker product notation and

the vectorization operator vec(Y) = [y11 .- Yn1 Y12 --- Yn2 -+ Yin --- Ynn) ', We can
reformulate (5.11) in the form of

(In X Al — A1 X In) VeC(Y) = 0,

(I, ® Ay — Ay ® I,) vec(Y) = 0; (5.12)

see Horn and Johnson (1990). It is obvious that (5.12) implies £} = ([, ® A} — A1 ® I,,)
and Fy = (I, ® Ay— As®I,,) share a right eigenvector corresponding to a zero eigenvalue,
where its associated matrix Y is symmetric and invertible, and (4; — A,)Y = BD7'BT
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is positive semi-definite. Note that as both F; and FEs are singular, they both have zero
eigenvalues.

Proof of sufficiency: Suppose E; and FE, share an eigenvector corresponding to a
zero eigenvalue, say vec(Y'), such that the matrix ¥V = [y;;] € R™" defined by (5.7)
is symmetric and invertible (Note that the assumption for Y to be symmetric is not
restrictive. In fact, if X is a solution to A; X — XA =0, then (XA])" = (4, X)" and
AX+XT) = XA + (A4X)T = XA + XTA] = (X + XT)A]. Tt follows that the
symmetric matrix (X + X ") is also a solution to the equation A; X — XA = 0). Then,
taking A := A;, Y satisfies (5.11). This implies that the matrix (A — A2)Y is symmetric.
Suppose rank ((A — A2)Y) = m. As (A — Ay)Y is symmetric and by the assumption of
this lemma is positive semi-definite, its eigenvalue decomposition can be written as

(A— A)Y =TT AT, (5.13)

where TT = T71 € R™" and A € R™™" is a diagonal matrix with exactly n — m zero
elements; see Appendix A.2.7. Therefore, there exists a diagonal matrix A; € R™*" such
that A = A/ A;. Consequently, we can write

(A= A))Y =TT AT = (A,T)" (A, T).
Defining S = Y~ !, and
B=(M\NT)", C=B'S, and D=1, (5.14)
we have
A—Ay= (AT (NT)Y ' =BD™'C
-~ Ay = A— BD'C, (5.15)
and G(s) = C(sI — A)"'B+ D is symmetric. For proving that (A, B,C, D) is a minimal
realization of G(s), first note that
rank ®.(A, B) =rank ([B AB ... A" 'B])
>rank ([B AB ... A"'B](I,® B'S))
=rank ([BB'S ABB'S ... A"'BB'9])
= rank ([(A 2) (A — Ag) Ce An_1<A — Ag)])
=rank &, (A, A — Ay) =
where @, is the controllability matrix; see Appendix A.3. On the other hand, rank of the
observability matrix ®,(C, A) equals
rank ®,(C, A) = rank (A", C") = rank ®.(A", SB)
=rank ([SB A'SB ... (A")"'SB])
=rank ([SB SAB ... SA"'B])
=rank (S ®.(A,B)) =

see Appendix A.4. This implies that (A, B) is controllable and (C, A) is observable, and
thus (A, B, C, D) is a minimal realization of G(s). O
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Remark 5.2.1. If the eigenvalues of A; are A{,...,\,, then the eigenvalues of F;
defined in (5.6) are \; — A; for all 4,5 € {1,...,n}; see Horn and Johnson (1990).
Therefore, E; has at least n zero eigenvalues. Likewise, such a property holds for Fj.
However, this does not imply that F; and F, share an eigenvector corresponding to a
zero eigenvalue.

As a result, if two real matrices A; and A, are given and one wishes to check whether a
symmetric transfer function matrix can be associated with them, the following algorithm
can be utilized:

i) compute a common eigenvector vec(Y), corresponding to a zero eigenvalue (if one
exists) of the matrices E) := (I, ® Ay — Ay ® [,,) and Ey = ([, ® Ay — Ay ® I,,).

ii) compute Y by re-arranging vec(Y'). If Y is symmetric and invertible, and (A—A5)Y
is positive semi-definite, then associating a symmetric transfer function matrix with
Aq and A, is possible.

iii) define A := A;, and compute the eigenvalue decomposition of (A — A2)Y. This
defines matrices T and A; which satisfy (A — A5)Y =TT A] AT

iv) compute B, C, and D in accordance with (5.14).

The following example illustrates the steps of the algorithm.

Example 5.2.1. Consider the two matrices

-1 0 1.5 —1.3
e[ 0] a2 e, 516

The matrices Fy := (I, ® A — A; ® I) and By := (I, ® Ay — Ay ® 1) are computed as
follows:

0 00 0 0 —13 1.3 0
5 00 0 75 —6.5 0 1.3

Er = -5 000 , Ba = —-7.5 0 65 —1.3 | (5.17)
0 =5 5 0 0 —75 175 0

A common eigenvector vec(Y) corresponding to a zero eigenvalue such that Y is sym-

metric exists and equals
vec(Y)=1[0115]".

The matrix Y resulting from re-arrangement of vec(Y)
0 1
=15
is invertible and symmetric. Defining A := A;, we have that

(A_A2>Y:[ 1.3 4 }

4 17.5
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is positive definite. Next, from the eigenvalue decomposition of (A — A3)Y and using
(5.14), we compute

B —0.5892783 —0.9760897} - { 3.0839625 —0.5892783

0.1375708  —4.1810375 0.6994109 —0.9760897 } D=1

Therefore, we can associate a symmetric transfer function matrix with A; and As as

1 s +0.0102s + 0.838  2.33 — 0.546s
(s+1)2 2.33 — 0.5465 s*4+5.4s+9.162 |

Note that such a symmetric transfer function matrix associated with A; and A, is not
unique. For instance, in this example we can choose

1 2 1 0.2 2 0
B:lm 5}’02{—1 0.4]’D:{0 0.667]'

This leads to the symmetric transfer function matrix

1 252 +Ts+6 5+ 3s
(s+12| 5+3s  0.667s%+1.333s +4.667 |

G(s)=C(sI —A)'B+D =

G(s)=C(s[ —A)'B+D =

Symmetric transfer function matrices and SISO transfer functions share many prop-
erties. In particular, we note the following result which is shared by both system classes.

Lemma 5.2.4. (Kouhi et al., 2014) For any symmetric transfer function matriz G(s) =
C(sI — A)"'B+ D with D = D", the following equality holds

S{Gjw) + GT(~jw)} = D~ C(PT + A7) AB.

Proof: First, by considering the identity
(jwl — A) A = A(jwl — A)7,
the following relationship holds
s {0wl = A)™t + (—jwl — A)7'} =

= 3(—jwI — A" H{(—jwl — A) + (jwl — A)} (jwI — A)~!
= —(—jwl — A)TA(jwl — A)!
= —(—jwl — A 1(jwl — A) A
= — (W + A*) A
Therefore, as D = D' we can write
L {Gljw) + Gl—jw)) =
= %{D +C(jwl — A)"'B} + %{D + C(—jwl — A)7'B} =

=D+ %C{(jw[ — A4 (—jwl — A)TB =D — O + A)7'AB. O
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5.3 Strictly Positive Real systems (SPR)

Now, we describe the concept of strictly positive real systems, which plays a crucial role
in our stability analysis of switched linear systems. For this reason, in this section we
study some properties of such systems in the context of linear time invariant systems.

Definition 5.3.1. (See, e.g., Corless and Shorten (2010)) An m x m rational transfer
function matrix G(s) = C(sI — A)"'B + D is said to be strictly positive real (SPR), if
there exists an a > 0 such that G(s) is analytic in the region of the complex plane which
includes all s for which Re(s) > —« and

Gljw—a)+ G (—juw—0a) >0 YweR. (5.18)

The following characterization, inspired principally by Narendra and Taylor (1973),
provides a more convenient description of an SPR transfer function matrix.

Lemma 5.3.1. (Corless and Shorten, 2010) Given A Hurwitz, an mxm rational transfer
function matriz G(s) = C(sI — A)"'B + D is strictly positive real if and only if

Gljw)+ G (—jw) >0  weR, (5.19)

and
lim w?™=P) det (G(jw) + G (—jw)) > 0, (5.20)
where p = rank (G(c0) + GT(00)). O

Now, we present some results concerning strictly positive real systems which have
symmetric transfer function matrices.

5.3.1 Symmetric SPR systems with nonsingular D

For symmetric transfer function matrices with invertible D, we have the following simple
result.

Theorem 5.3.1. (Kouhi et al., 2013a; Semlyen and Gustavsen, 2009) Given a Hurwitz
matriz A, the symmetric transfer function matriz G(s) = C(sI — A)™'B + D with
D= D" >0 is SPR if and only if A(A— BD71C) has no real negative eigenvalue.

Proof of sufficiency: Suppose A(A — BD7'(C) has no real negative eigenvalue, we
demonstrate that G(s) is SPR. By continuity of det (w?I + A(A — BD~'C)) with respect
to w everywhere, we can write

det(w*I + A(A— BD7'C)) >0 (5.21)

= det(w?l + A?)det(I — (w?I + A*)"'ABD'C) > 0

= det(w?I + A?)det(I — C(w?I + A*)"'ABD™') >0

= det(w?I + A?)det(D)det(D — C(w?I + A*)'AB) > 0.



CHAPTER 5. RANK-M DIFFERENCE SWITCHED SYSTEMS 79

In the third line of the above expression we used the general identity
det(I, — XY) = det([,, — Y X);
see Appendix A.2.3. As A has no eigenvalue on the jw-axis, the identity
det(w?I + A?%) = det(jwl + A).det(—jwl + A),

implies that det(w?l + A?) # 0. Thus, by continuity of det(w?I + A?) with respect to w
everywhere, we can deduce

det(w?l + A%) >0  VweR.

On the other hand, the assumption on D to be positive definite implies that D~! is also
positive definite and thus det(D~!) > 0. Consequently, by (5.21) we have that

det(D — C(w*I + A*)"*AB) >0  Vw€R. (5.22)

Using the fact that G(jw) is symmetric, one can conclude from (5.22) and Lemma 5.2.4
that

det <%{G(jw) + GT(—jw)}) >0 VYweR. (5.23)

Furthermore, G(jw) + G (—jw) is a Hermitian matrix, implying that its eigenvalues are
all real. Therefore, if for some frequency it fails to be positive definite, then there must
exist an w = w; such that at least one eigenvalue of this matrix equals zero, that is,

1 : ,
det (§{G(]w1) + GT(—jwl)}) =0.
This is obviously in contradiction with (5.23).

Proof of necessity: Suppose G(s) is SPR. Then, from Lemmab5.3.1 and Lemma5.2.4

det (%{G(jw) + GT(—jw)}> >0
= det (D — C(w*I+A*)7'AB) >0  VweR.

Using the fact det(w?I+A?) > 0 for w € R, det(D~1) > 0, and following the computation
(5.21) in reverse, we have

det(w?I + A(A— BD7'C)) >0 VweR.

This verifies that A(A — BD~'C') has no real negative eigenvalue. O

Theorem 5.3.1 has been originally stated by (Semlyen and Gustavsen, 2009). One
advantage of using Theorem 5.3.1 is to replace the SPR condition expressed in terms
of conditions on transfer function matrices (over an infinite set of frequencies) with a
point condition expressed by the spectral condition (Kouhi et al., 2013a; Semlyen and
Gustavsen, 2009).
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5.3.2 Symmetric SPR systems with singular D

Now, consider the symmetric transfer function matrix G(s) with a singular matrix D =
DT > 0. Our aim is to study under which conditions G(s) is SPR. Obviously, we can
not employ Lemma 5.3.1 as D may not be invertible. Therefore, we look for another
alternative eigenvalue condition.

Theorem 5.3.2. (Kouhi et al., 2014) Suppose A is Hurwitz. Then, a symmetric transfer
function matriz G(s) = C(sl — A)"'B+ D with D = DT >0, and rank(D) = p < m,
is SPR if and only if D — CA™'B > 0, and

M=A"(A"+A"'B(D-CA'B)"'CA™)

has no real negative eigenvalue and has exactly m — p eigenvalues equal to zero.

Proof: Theorem5.3.2 can be proved by developing the ideas in Shorten et al. (2009)
presented in Kouhi et al. (2014). For an alternative proof see Bajcinca and Voigt (2013).

Proof of necessity: Suppose G(s) is SPR. Then, always equation (5.19) in Lemma5.3.1
must hold. In particular for w = 0, the following inequality is correct

%{G(O) LG} > 0= D— CA'B > 0. (5.24)
Then, using Lemma 5.2.4 we can write
det (1{G(jw) + GT(—jw)}) = det(D — C(w*I + A*) "' AB) (5.25)
=det(D — CA™'B — C[(W* T+ A*)'A - A" 1B)
=det (D — CAT'B+w’CA (W] + A*)7'B) > 0.
As D — CA™'B is positive definite, det(D — CA™'B) > 0. Thus,
det (D — CA™'B+ w?CA™ (W T+ A*)7'B) >0
= det(D — CA™'B).det (I + w?(D — CAT'B)'CA ™ (w’] + A*)7'B) > 0
= det (I + w’B(D — CA™'B)'CA (w*T + A*)7") > 0
= det ((w’I + A%)7!) det (W] + A? +w’B(D — CA™'B)'CA™") > 0
det(ﬁ[ LA (AT ATTB(D — CAT'B)ICATY) )

>0
det (w2l + A?)

= w?det (A2)

o det(51 + M)
det(w?l + A?)
on det(Z51 + M)
det(w?I + A?)

= w?det (A) >0

> 0. (5.26)

Now, referring again to Lemma 5.3.1, the conditions (5.19) and (5.20) must hold. Notice,
as A does not have any eigenvalue on the jw axis, and with continuity of det(w?I + A?)
everywhere in w € R, we have det(w?I + A?) > 0. On the other hand, it is obvious that

lim det(w?l + A?) = w™". (5.27)

Ww—00
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Therefore, substituting w by <, the conditions (5.19) and (5.20) are equivalent to
det (w?I + M) >0 Vw € R\ {0}, (5.28)
1
lim ———det(w? + M) > 0. (5.29)

w—0 (2(m—p)

Now, choosing the parameter A = —w?, equations (5.28) and (5.29) lead to

det(AM — M) #0 for A € Ry, (5.30)
) 1
/l\lir(l) /\m_pdet()\f — M) #0. (5.31)

This means M does not have any real negative eigenvalue and at most has m — p zero
eigenvalues. Furthermore, as rank(D) = p, there exists a matrix D+ € R™*("™=P) such
that DD+ = 0, and consequently

~CA™'BD* = (D - CA'B)D".
Then, we have

MBD*+ = A"Y(A™'BD*+ + A™'B(D — CA™'B)"'CA™'BD")
=AY (A'BD - A'B(D - CA™'B)"Y(D - CA'B)D*) = 0.

This fact implies that the columns of BD* are eigenvectors of M. Therefore, M contains
at least m — p zero eigenvalues. As a result, it has exactly m — p zero eigenvalues.

Proof of sufficiency: Assuming that D — CA™'B > 0 and M has no real negative
eigenvalue and has exactly m —p zero eigenvalues implies that det(A — M) = A™~Pg()),
with ¢(\) # 0 for all A € R<y. Consequently, det(w?I + M) # 0 for all w # 0. Due to
continuity of the determinant with respect to w everywhere, we have det(w?l + M) > 0
for all w # 0, implying that (5.28) holds. With the similar argument, we can state that
(5.29) holds, and also we have det(w?l + A?) > 0 as A is Hurwitz. Now, from (5.26),
(5.25) and the assumption D = D — CA™!B > 0, it immediately follows that

det (G(jw) + GT(—jw)) >0  VweR, (5.32)
lim w?™ Pdet (G(jw) + G (—jw)) > 0. (5.33)

Now, we demonstrate that (5.32) implies G(jw) + G (—jw) > 0. Indeed, G(jw) +
G'(—jw) is a Hermitian matrix, implying that its eigenvalues are all real and at w = 0
is positive definite. Therefore, if for some frequency it fails to be positive definite, then
there must exist an w = w; € R such that at least one eigenvalue of this matrix equals
zero, that is,

det (G(jwi) + G (—jwi)) = 0.

This is obviously in contradiction with (5.32). Now, the requirements of Lemmab5.3.1
are fulfilled and G(s) to be SPR is inferred. O
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Remark 5.3.1. Note that if a state space realization of G(s) are represented by
(A, B,C, D) then a state space realization of G(1) is represented by

(A,B,C,D)= (A, —~A"'B,CA™',D — CA'B); (5.34)

see Shorten et al. (2008). Thus, the matrix M introduced in Theorem 5.3.2 is indeed
equal to
M = A(A—- BD'C).

Hence, Theorem 5.3.2 reflects the fact that G(s) is SPR if any only if the matrix
A(A — BD7'C) does not have any real negative eigenvalue and has exactly m — p
eigenvalues equal to zero.

5.4 Stability of a class of switched linear systems

We now present our results on the existence of a common quadratic Lyapunov function
for a certain class of switched linear systems, namely the class of switched systems that
a symmetric transfer function matrix can be associated with.

5.4.1 Quadratic stability
Consider the switched linear system
t=(A-o(t)BD'C)x  o(t) € {0,1}, (5.35)

where o is an arbitrary switching signal. We emphasize again that A € R"*" B € R™*"™
has full column rank, C' € R™*" has full row rank, and D € R™™ for some m < n.
Both matrices A and A — BD~!(C' are assumed to be Hurwitz. Exponential stability of
the switched system (5.35) is guaranteed if there exists a P = PT > 0 such that

ATP+ PA <0, (5.36)
(A-BD'C)"P+ P(A—BD'C) <0. (5.37)

We are interested to explore under which condition such a CQLF V(z) = ' Pz exists.
Theorem 5.4.1. (Kouhi et al., 2013a) Given two Hurwitz matrices A and A— BD™'C
with (A, B) controllable and (C, A) observable, satisfying D = DT >0 and

CA'B = (CA'B)"  Vie{0,1,...,n—1}, (5.38)

namely the LTI systems @ = Ax and & = (A — BD7*C)x are generators of a symmetric
transfer function matriz. Then the switched system (5.35) is quadratically stable if and
only if A(A — BD7'C) has no real negative eigenvalue.
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Proof of necessity: Suppose that © = Az and & = (A — BD~'C)x share a quadratic
Lyapunov function (CQLF). Then, by pre multiplying the inequality AT P + PA < 0 by
the non-singular matrix A~ and post multiplying it by A~', we get

AP+ PAT <. (5.39)
This means that & = A~'z, & = (A— BD7'C)x, and consequently the family of systems
i= (WA +(A-BD'O))x (5.40)
share the CQLF V(z) = 2" Pz for all w € R, that is,
(WA~ + (A— BD'0)]" P+
PlwA™ +(A-BD7'C)] <0  VweR;

see also Shorten and Narendra (2003). Hence, it follows from Lyapunov’s second theorem
that the matrix w?A~' + (A — BD~'C) is Hurwitz for all w € R and thus is non-singular,
that is,

det (w?A™" + (A= BD'C)) #0
= det(A™") det (w’I + A(A—BD7'C)) #0  VYw€R.

As A™! is Hurwitz the latter implies that
det (w’I + A(A— BD™'C)) #0 Yw € R,

or equivalently that A(A — BD~'C)) has no real negative eigenvalue. Note that for the
proof of necessity the symmetry conditions given in (5.38) are not demanded.

Proof of sufficiency: Recall from Theorem 5.3.1 that A(A — BD~'C') having no real
negative eigenvalue and the symmetry conditions stated in Theorem 5.4.1 imply that
G(s) = C(sI — A)"'B + D is SPR. Then, referring to the Kalman-Yakubovic-Popov
lemma (see Appendix A.4.1), there must exist a matrix P = P' > 0, a scalar a > 0,
and matrices L and W satisfying

ATP+PA=—-L"L—aP, (5.41)
B'P+W'L=C, (5.42)
D+DT =W'W. (5.43)

Now, we show the function V(z) = 2" Px is a Lyapunov function for both # = Az and
i = (A— BD7!'C)z. Notice that AT P+ PA < 0 immediately follows from the equation
(5.41). Furthermore, (A — BD*C)"P + P(A — BD7'C) < 0 also holds. To see that,

we have
(A-BD'C)'"P+P(A—-BD'C) =
=—aP-L'L-C'D'"(C-W'L)—(C-W'L)'D™'C
=—aP— (L-WD'C)"(L-WD™'C) <0, (5.44)
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Figure 5.4.1: The eigenvalues of G(jw) + G"(—jw) as a function of w in Example5.4.1.

where we used the identities (5.41), (5.42), and (5.43). This implies that V' (z) is a CQLF
for the switched linear system (5.35). Hence, the proof of Theorem 5.4.1 is completed. [

Note that as A and A — BD7'C in Theorem5.4.1 are both Hurwitz, we have
det(A(A — BD™'C)) # 0. This indicates that zero can never be in the spectrum
of A(A — BD7'C). Moreover, the next corollary is a direct result of the proof of
Theorem 5.4.1.

Corollary 5.4.1. Given two Hurwitz matrices A and A — BD7'C with (A, B)
controllable, (C,A) observable, and the symmetric transfer function matric
G(s) = C(sI — A)™'B + D, the switched system (5.35) is quadratically stable if
and only if G(s) is SPR.

Example 5.4.1. (Kouhi et al., 2013a) Consider the LTT systems

. —2 0 . -1 -1
x—Alx—[ 0 _2]1‘, x—Agx—[_oﬁ _3]1’,

where A; and A, are Hurwitz, and A; — A, has rank 2. Note that with A := Aq,

20 —-0.5 0.5 10
B_[O 2}’0_{ 0.5 ll’D[O 2}’

we have that Ay = A — BD'C. Furthermore, the transfer function matrix

s+1 1
1 s+2 s+2
G(s)=C(sI —A)" B+ D=
1 2(s+3)
s+2 s+2

is symmetric. In addition, it is easily verified that (A, B) and (C, A) are controllable
and observable, respectively.
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! ! !
-3 -2 -1 0 1 2 3

Figure 5.4.2: The minimum eigenvalue of G(jw) + G (—jw) in Example 5.4.2.

The eigenvalues of the matrix G(jw) + G'(—jw) are depicted in Figure5.4.1 as
functions of w. It is evident from this figure that G(s) is SPR. Consequently, using the
KYP lemma, quadratic stability of the switched system (5.35) can be deduced.

Alternatively, a much simpler method of establishing the above conclusion is to use
the spectral condition presented in Theorem 5.4.1. To this end, note that the eigenvalues
of the matrix product A(A — BD7'C) are 1.55 and 6.45, respectively. Consequently,
from our discussion, G(s) is SPR and the switched system # = (A — o(t)BD~'C)x is
quadratically stable for o(t) € {0,1}.

Example 5.4.2. (Kouhi et al., 2013a) Consider now the following two LTI systems:

. -1 0 ) 1.7 —1.38
x—Alm—{ 5 _1},x—A2m—{ 3 _59 }x

Ay and A, are Hurwitz, A; — A, has rank 2, and with A := A4,

12 1 02 2 0
B_{m 5}’0_{—1 0.04}’D_{0 0.625}’

it follows that Ay = A— BD~'C'. Moreover, the transfer function matrix associated with
A; and A, is symmetric

2
Gls) = C(sI — Ay "B+ D = — [23”3*6 038 }

(s+1)2 o+ 3s 0.625s% + 1.25s + 4.625

In addition, it is easily verified that (A, B) and (C, A) are controllable and observable,
respectively.

Figure5.4.2 depicts a part of the minimum eigenvalue of G(jw) + GT(—jw) as a
function of w. Clearly, the transfer function matrix is not SPR as the eigenvalue is less
than zero for some frequencies. In this case, the KYP lemma cannot be used to deduce
existence of a CQLF.
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Figure 5.4.3: Directions of the vector fields for the two subsystems in Example 5.4.3.

Alternatively, note that the eigenvalues of A(A — BD'C') are —1.5,—1.5. Since
the eigenvalues are negative, it follows that G(s) cannot be SPR, and also that a
CQLF cannot exist. Consequently, the switched system # = (A4 — o(t)BD~*C)z is not
quadratically stable for all o(¢) € {0, 1}.

Example 5.4.3. (Kouhi et al., 2013a) Now, consider the pair of matrices defined in
Example5.4.2 and the associated switched system:

T = Aa(t)x(t) Aa(t) € {Al_l, AQ}.

Since the matrix product has a real negative eigenvalue, it follows that the determinant
of w? A7 + A; is zero for some finite w and the vector fields of the systems i = A~1x and
i = (A— BD™'C)z consists of some points that the angles between the vector fields are
180° degree; see Figure5.4.3. Roughly speaking, by switching sufficiently fast between
the vector fields associated with these matrices in the context of the above switched
system, one should arrive at a situation where the state does not converge to the origin
for an appropriate initial condition. To verify this, we use Floquet theory (Khalil, 2002)
under the assumption of periodic switching. Note that

eAf1t1eA2t2 — (]+A1—1t1 + - ..)([+A2t2 + - ) ~ I—f—Al_ltl + Asty

has an eigenvalue whose magnitude is greater than unity for small ¢; and t5. For example,
with ¢t; = 0.0016 and ¢, = 0.001 the eigenvalues of the product of the exponentials are
1.0001,0.9933. Since one of the eigenvalues is greater than unity, we have an unstable
switching sequence.

5.4.2 Weak quadratic stability

Consider again the switched linear system (5.35), where A, B, C, and D are defined
in accordance with the assumptions stated in Section5.4.1. In this part, we assume A
is Hurwitz, but A — BD'C has all eigenvalues with negative real parts except some
eigenvalues to be equal to zero. We want to study under which conditions the switched
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system (5.35) possesses a weak CQLF' in the sense that there exists a function V(z) =
2" Pz with P = PT > 0, such that

ATP 4+ PA <0, (5.45)
(A—BD™'C)"P+ P(A—-BD™'C) <0. (5.46)

If such a CQLF exists, then all solutions of the switched system (5.35) are bounded.
For this problem we cannot directly exploit Theorem 5.4.1 due to the existence of the
equality sign in (5.46). In the next lemma we demonstrate that if (5.45) and (5.46) hold,
then A — BD7'C can have at most m eigenvalues equal to zero without having any
generalized eigenvector. In addition, A — BD~'C cannot have any eigenvalue on the jw
axis for w # 0 provided that G(jw) = C(jwl — A)~'B + D is symmetric for all w € R.

Lemma 5.4.1. (Kouhi et al., 2014) If (5.45) and (5.46) for a symmetric positive
definite P hold, G(s) = C(sI — A)"'B + D is symmetric, A is Hurwitz, and D is
positive definite, then A — BD7'C cannot have any eigenvalue on the jw axis for
w € R\{0}. Moreover, A— BD™'C can have at most m eigenvalues equal to 0, and all
zero eigenvalues must have linearly independent eigenvectors.

Proof: Suppose A—BD~'C has a non-zero eigenvalue on the jw axis, that is, there exists
an eigenvalue jw; with wy # 0. Note that A being Hurwitz implies det(jw;I — A) # 0,
and D > 0 implies det(D~') # 0. Then, we have

det (jwi I — (A—BD7'C)) =0

= det (jwi — A)det (I + (jwiI — A)7'BD™'C) =0

= det(D")det (D + C(jwi ] — A)7'B) =0

= det (D + C(juil — A)™'B) =0, (5.47)
which implies that the matrix G(jw,) is singular. Let’s denote the complex eigenvector
corresponding to eigenvalue 0 of G(jw;) by v € C™. Similarly, we can show that the

matrix G(—jw;) = G'(—jw;) = G*(jw;) is also singular and has a left eigenvector v*
corresponding to the eigenvalue 0. Thus, recalling Lemma5.2.4, the following holds:

%U*[Gowl) + G (—jw)]o =
= v*[D — C(wil + A*) ' ABJv = 0. (5.48)

On the other hand, similar to the situation discussed in the proof of necessity in
Theorem 5.3.1, a necessary condition for (5.45) and (5.46) to hold is that the ma-
trix w?A™! + (A — BD7IC) for w # 0 is non-singular. Hence, by continuity of
det(w?I + A(A — BD7'C)) with respect to w and the fact that det(w?I + A%) > 0,
we can deduce

det (w?I + A(A—BD7'C)) >0
= det (w?I + A?) det(D — C(w?l + A*)7'AB) > 0

~ det (%{G(jw) + GT(—jw)}) >0,
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Now, continuity of the determinant with respect to w indicates that G(jw) + G (—jw)
is positive definite for all w € R\{0}, in particular for w = w;. However, this is a
contradiction with (5.48).

Now, we prove A — BD~'C can have at most m eigenvalues equal to 0. This proof is
similar to the proof given in Shorten et al. (2009). Since the inequality (5.46) holds, the
system & = (A—BD~'C)z is stable, that is, the algebraic multiplicity and geometric mul-
tiplicity of the zero eigenvalues are the same. Now, suppose that we have more than m lin-
early independent eigenvectors corresponding to zero eigenvalues. Let us define the func-
tions g1(z) = 2" (ATP + PA)z and go(z) =2 ((A— BD'C)'P+ P(A— BD7'C)) x.
Obviously, at least for n—m linearly independent vectors v; € R” with ¢ € {1,...,n—m},
we have g;(v;) = ga(v;), for instance, for those v;’s that satisfy v,/ PB = 0. Suppose there
are more than m linearly independent vectors x such that go(z) is zero. Then, the two
spaces {x : go(x) = 0} and {x : g2(x) = g1(z)} intersect at least at one non-zero point,
implying that there exists a non-zero vector x such that

g1(z) = g2(x) = 0.
The condition g;(z) = 0 is in contradiction with the choice of P in (5.45). O

Now, the following theorem provides sufficient and necessary conditions for the
existence of a weak CQLF for the switched system (5.35).

Theorem 5.4.2. (Kouhi et al., 2014) Assume A is Hurwitz and all eigenvalues of the
matrizv A — BD7'C have negative real parts or are zero. Furthermore, assume that the
zero eigenvalue has a multiplicity of m — p, and associated with the zero eigenvalue is a
full set of m — p linearly independent eigenvectors. Suppose also that

CA'B=(CA'B)"  Vie{0,1,...,n—1}, (5.49)

D =D" >0, (A, B) is controllable, and (C, A) is observable. Then, the switched system
(5.35) is weakly quadratically stable if and only if A(A — BD~'C) has no real negative
ergenvalue and has exactly m — p eigenvalues equal to zero.

Proof of sufficiency: Recall that Lemmab5.2.1 implies that the symmetry conditions
(5.49) and D = D7 suffice for the transfer function matrix G(s) = C(sI — A)"'B + D
to be symmetric. The remainder of the proof of sufficiency consists of two parts. In
Part A, we prove that G(0) > 0 and rank(G(0)) = p. Afterwards, in Part B we use
G( %) in combination with the KYP lemma to complete the proof of sufficiency.

Part A: Following the proof of sufficiency in Theorem 5.3.1, A(A — BD~'C') having no
real negative eigenvalue implies that
det(w?I+A(A - BD7'C)) > 0
= det(D — C(W* I+ A*)'AB) >0  Vw c R \{0}. (5.50)
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Therefore, analogous to the proof of sufficiency in Theorem 5.3.1, we can argue that
1
§{G(jw) + G (—jw)} =D - C(WI+AH)AB >0 VweR\{0}.

By continuity of the eigenvalues with respect to w around zero, we conclude that the
matrix

G(0) = lim %{G(jw) 4 GT(—jw)} = D — CA'B

does not have any eigenvalue in the open left half plane, that is, G(0) = D—CA™'B > 0.
Next, we prove that G(0) has exactly m — p eigenvalues equal to zero. To this end,
consider the equality

(A—BD'C)A™'B=BD (D - CA'B),

then exploiting the Sylvester rank inequality (see Appendix A.2.5.1 and Horn and John-
son (1990)), we have

rank (BD~'(D — CA™'B)) =rank ((A— BD™'C)A™'B) >
rank(A — BD'C) + rank(A™'B) —n =
[n—(m—=p]+m—n=p.
As rank(BD™') = m > p, we must have rank(D — CA™'B) > p. On the other hand,
A — BD7!(C has exactly m — p eigenvalues equal to zero with a full set of eigenvectors,
so there exists a matrix W' € R(™=P)*" constructed from the left eigenvectors of A —
BD7IC corresponding to the zero eigenvalue, such that W' (A — BD~1C) = 0. Note

that rank(W'BD™) = m — p since W' A has full rank and W'A = WTBD!C. Tt
thus follows from

W' (A—-BD'C)A'B=0=W'BD ' (D-CA'B)=0 (5.51)

that the columns of D'BTW € C™ (™7 are indeed left eigenvectors of G(0) =
D — CA™!'B corresponding to the zero eigenvalues. Note also that the symmetry of
G(0) excludes the possibility of the existence of any generalized eigenvector for G(0).
Consequently, as rank of G(0) > p and (5.51) holds, we have rank(D — CA™'B) = p,
indicating that this matrix has exactly m — p zero eigenvalues.

Part B: Define the system G(s) := G(%) = C(sI — A)"'B + D, with the state space
representation (A, B,C, D),
A=A"'" B=-A"'B, C=CA',D=D—-CA'B.
Consequently, the symmetry of G(s) follows from symmetry of G(s). On the other hand,
(A, B) and (C, A) by construction are controllable and observable, respectively, and the
matrix D > 0 has rank p. Now, Theorem5.3.2 implies that A(A — _BD‘lC) having
no real negative and exactly m — p zero eigenvalues, is equivalent to G(s) being SPR.
Then, the Kalman-Yakubovic-Popov lemma (see Zhou et al. (1996) and Appendix A.4.1)
implies that there exist a scalar o > 0 and matrices P = P' > 0, L, and W such that
ATP+PA=—-L"L—aP, (5.52)
B'P+W'L=C, (5.53)
D+DT =W'W. (5.54)
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The first equation in (5.52) ensures that
AP+ PAT <. (5.55)

By pre- and post-multiplying of this equation by AT and A, respectively, we get AT P +
PA < 0, which verifies that (5.45) holds. Next, we show that (5.46) also holds. To this
end, first we claim that
A-TP+PAY PB-CT
_ £ - <
BP-C —(D+D7) | =" (5.56)

Note that D > 0 and we shall demonstrate that the Schur complement of the above
matrix is less than or equal to zero (see Appendix A.2.2); in other words,
S=—-(D+D"—(B'"P-C)(A"P+PAYHY Y(PB-CT)<0.
Using equations (5.52-5.54), we get
S=—(D+D")—(B'"P-C)A TP+PA Y)Y (PB-CT)
= - W'W+W'L (aP+L"L)Y'L'W =
=-W'[I—-LaP+L"L)"'LT|W. (5.57)
In (5.57), the matrix [ — L(aP + LTL)"'L" is the Schur complement of the positive
definite matrix
aP+L"L L7
L 1

with respect to the upper left block, which is also positive definite and subsequently
S < 0. Now, let reformulate (5.56) as

At B[P O N
-C -D 0 I
P 0 Al B
HAEEAR -
Since D — CAB = D, we have
At B 7t
4 5
A—AB(—-D+ CAB)"'CA —AB(-D+ CAB)™!
(-D+CAB)"'CA (=D + CAB)™!
A—BD'C —BD™!
= |: —_D- ¢ _p-1! :| ) (559)

see Appendix A.2.1. By pre-multiplying the inequality (5.58) by the transpose of the
above matrix and by post-multiplying by the above matrix itself, we end up with

(A= BD™'C)"P+ P(A~ BD™'C) —(PB+C)D™] _
~D"Y(BTP + () —2D =5
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from which it immediately follows that
(A—BD™'C)"P+ P(A—-BD™'C) <0. (5.60)

Thus, we can say that V(z) = 2 Px is a weak Lyapunov function for both i = Az and
= (A— BD 'C)z. This establishes the proof of sufficiency.

Proof of necessity: The proof of the fact that A(A — BD~!'C) does not have
any non-zero real negative eigenvalue is similar to the proof of necessity given in
Theorem 5.4.1.

The last part of the proof is concerned with proving that the product AAs, with
Ay = A— BD7C, has exactly m — p zero eigenvalues equal to zero. To show this holds,
first notice that AAs has exactly m — p zero eigenvalues with a full set of eigenvectors.
This fact can be derived by considering that

rank(AAy) = rank(Ay).

Therefore, if AA; has more than m — p zero eigenvalues, then it must contain at least
one generalized eigenvector, say v, € R" satisfying AAsvy = vy, and AAsv; = 0; see
Appendix A.2.7. This implies that

Asvy = A7y, and Ayvy = 0. (5.61)

Moreover, it can be inferred from the inequality A=TP + PA~! < 0 that the function
f(x) = 2T (A"TP + PA 1)z is always negative for all non-zero z € R, in particular for
x = v;. Recalling (5.61), we have

v (A"TP+PA Yo, <0
= vy Ay Py +v] PAyvy < 0. (5.62)
On the other hand, with regard to (5.46) the inequality g(z) = 2" (Aj P + PAy)z < 0

must hold for all z € R™. Now, choosing = = Sv; + v, with 8 € R as a parameter and
considering Asv; = 0, we should have

(Bur 4+ v2) " (Ag P+ PAy)(Bup +13) <0
= B(vy Ay Pvy +v] PAyvy) + vy (Ay P+ PAy)vy < 0. (5.63)

As the inequalities e = v] A] Pv; + v{ PAyvy < 0 and g(vg) = vy (A P + PAy)vg < 0
both hold, there exists always a € R which makes the expression e + g(vq) positive.
For instance, one can choose 8 < —g(vq)/e. However, this is evidently in contradiction
with (5.63). O

Example 5.4.4. (Kouhi et al., 2014) Consider two matrices

-1 0 0 -1
Al:{ 5 —1]”42:[0 —5]'
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Ay is Hurwitz and A, has all eigenvalues in the open left half plane except one eigenvalue
at zero. In addition A; — Ay has rank two, and with A = A;

1 2 1 0.2 10
B—{lo 5}’0_{—1 0.4]’D_{0 1}’

we have Ay = A — BD~'C. Furthermore, the transfer function matrix

s> 4+5s5+5 35 +5
3s+5 s>+2s+5

1

G(s)=C(sI —A)'B+D = GrIP

is symmetric. Note that (A, B) and (C, A) are controllable and observable, respectively.
The eigenvalues of the matrix A; Ay are 0,0 indicating that there is no weak CQLF for
the switched system associated with the two matrices A; and As.

Example 5.4.5. (Kouhi et al., 2014) Consider two matrices

—-0.9 —0.1 0 -1
Al_{ 45 —1.4}”42_[0 —5}'

Ay is Hurwitz and A, has all eigenvalues in the open left half plane except one eigenvalue
at zero. In addition A; — A, has rank two, and with A = Ay,

0.9 1.8 1 0.2 10
B:{ 9 4.5}’02[—1 0.4]’D:{0 1}’

we have Ay = A — BD~'C. Furthermore, the transfer function matrix

s>+ 5s+4.5 2.7s + 4.5
27s+45 $2+23s+4.5

1

_ -l _
Gls) =ClI A" B+ D= o

is symmetric. Note that (A, B) and (C, A) are controllable and observable, respectively.
The eigenvalues of the matrix A;As are 0,2.5, implying that there is a weak CQLF
V(x) = 2" Px for the switched system (5.35). For instance, one can choose

p_ [ 148 —0.296
| —0.296 0.3089 |-

Example 5.4.6. (Kouhi et al., 2014) Consider the switched electrical circuit illustrated
in Figure 5.4.4. The variables vy (t) and vy (t) are voltages of two capacitors with capacities
C; and Cj, respectively. Let x(t) := [v1(t) v2(¢)]" indicate the vector of the system
states. Depending on the status of the switch S, the system model can be represented
by a switched linear system with two modes & = A;x for i € {1,2}, where

—1 1

R1Ch Ri1Ch 0 0

A = Ay = . (5.64)
1 —(R1+R2) 1 0 -1

R1Co RiRy Co RoCo
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1+
+

v1(t)

Figure 5.4.4: A switched electrical circuit.

In (5.64) A; refers to the situation when S is closed and As refers to the condition
when S is open. Note that A; is Hurwitz and A, is singular including exactly one zero
eigenvalue and one real negative eigenvalue. In addition, A; and As have rank one
difference. Defining A := Ay, B:=[-1/C; 1/Cy]", C :=[1/Ry —1/Ry], and D := I, we
have Ay = A — BD™'C and the transfer function G(s) = C(sI — A)"'B + D is trivially
symmetric. Furthermore, (A, B) and (C, A) are controllable and observable, respectively.
Now, consider that the matrix

—1
0 R1R2C1Co

A Ay =
0 (R1+R2)
RiR3C3

has no real negative eigenvalue and has exactly one zero eigenvalue. Hence, according
to Theorem 5.4.2 this electrical circuit is weakly quadratically stable, implying that the
voltages of both capacitors remain bounded in spite of all possible switching events and
each initial condition.

5.5 Stabilization of controlled switched linear sys-
tems
In this part, we employ the theory elaborated for stability of switched systems associated

with symmetric transfer functions, for stabilization of controlled switched linear systems.
We consider the problem of stabilization of a class of switched linear systems defined by

i=Av+ot)Bu  o(t) € {0,1}, (5.65)

where A € R"" is a Hurwitz matrix, B € R and the pair (A, B) is controllable. The
goal is to find a set of feedback controls in the form of v = Kx, such that the switched
System

= (A+o(t)BK)x o(t) € {0, 1}, (5.66)
is quadratically stable, that is, there exists a matrix P = PT > 0 such that

(A+c(t)BK)'P+ P(A+0(t)BK) <0  o(t) € {0,1}. (5.67)
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For this purpose, we suppose K has a structure of the form K = —D~!'C. This modifies
(5.66) into the form

t=(A-oc(t)BD'C)x  o(t) € {0,1}. (5.68)

Now, our wish is to design the unknown matrices D and C' by utilizing Theorem 5.4.1.
To this end, we require D = D" > 0, and the transfer function matrix G(s) = C(sl —
A)™'B + D to be symmetric and to be strictly positive real. Referring to Lemma5.2.2
the transfer function G(s) is symmetric and has the minimal state space realization
(A, B,C, D) if and only if there exists a non-singular matrix S = ST such that

ATS=SA, B'S=C,and D=D". (5.69)
Therefore, defining Y = S~!, the matrix A satisfies the following Sylvester equation
AY —YAT =0. (5.70)

For finding a solution of this equation, similar to the proof of Lemmab.2.3
we use the Kronecker product and the vectorization operator vec(Y) =
(Y11 -« Yn1l Y12 - -Yn2 -+ Yin --- Ynn] - We can then reformulate (5.70) in the form of

(I, @ A— A®I,) vee(Y) = 0. (5.71)

Define S := Y~! and C := B"S. As (A, B) is controllable, (C, A) is also observable.
Furthermore, we must have G(jw) + G (—jw) > 0. This is equivalent to the condition

1
5{G(jw) + G (—jw)} = D — C(W*I + AH)™TAB > 0. (5.72)
Therefore, a sufficient condition for the last equation to hold is that
D > (sup,, Omax (C(W?I + A*)7'AB)) .I,,. (5.73)

Note that C(w?I + A*)7'AB is finite as w?l + A? is always non-singular, and
lim,, oo C(w?I + A?2)"'AB = 0. Consequently, the right hand side of the inequal-
ity (5.73) is always finite. This verifies that there exists infinitely many matrices
D = D" > 0 such that the inequality (5.73) holds true. This shows that the switched
system (5.66) is always quadratically stabilizable.

In a different context using a distinct approach, output feedback design for an LTI
system has been introduced for making the closed loop system to be SPR (Huang et al.,
1999).

Remark 5.5.1. Assume a Hurwitz matrix A is given. One advantage of using the
discussed approach is to specify a set of matrices A; which differ by a rank-m matrix
and share a common Lyapunov solution with A.

Example 5.5.1. Suppose we want to find a set of feedbacks u = Kz, where K € R?*2,
which stabilizes the switched linear system (5.66) with the data

~0.9 —0.1 0.9 1.8
A:{ 4.5 —1.4}’32[ 9 4.5}
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Note that A is Hurwitz and (A, B) is controllable. Now, a matrix S satisfying ATS —
SA =0 equals

g { —0.0025  0.7049 ] .

0.7049 —-0.0783

This allows us to compute C' as

C—BTS— { 6.3422 —0.07 ] -

3.1677 0.9167

Now, we derive an appropriate matrix D with regard to (5.73).  Computing
SUpP,, Omax (C(w?I + A%)71AB) = 28.41, we can pick D as any two dimensional sym-
metric positive matrix whose minimum eigenvalue is greater than 28.41. For instance,
we can choose

30 0
=% )

Then, the resulting state feedback gain and the closed loop matrix are

—1.2328 —0.1392
2.2410 —1.4821 |-

—0.2114  0.0023

e
K=-D"C —0.0792 —0.0229

], andA—BD_IC':{

The eigenvalues of A(A — BD7'C) are equal to 1.170 £ 1.515¢, which confirms that a
CQLF V(z) = 2" Pz for the switched linear system (5.66) exists. Using the MATLAB
LMI Toolbox one such P can be computed as

p_ 5.6408 —1.2073
| —1.2073  1.4448 |-

5.6 Conclusions

In this chapter, we explored conditions under which a symmetric transfer function matrix
can be associated with a given pair of Hurwitz matrices. Furthermore, we showed that
if the symmetric transfer function matrix associated with this pair is strictly positive
real, then a common Lyapunov solution for such pair of matrices exists. On this basis,
we introduced an approach for stabilization of a class of switched linear systems whose
constituent matrices differ by a rank m matrix. In the case that one matrix is Hurwitz,
and the other one has all eigenvalues with negative real parts and some eigenvalues equal
to zero, we extended our result in terms of a weak common quadratic Lyapunov function.
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Chapter 6

Control of hybrid linear systems

6.1 Introduction

In this chapter, we investigate control of hybrid linear systems including linear flow
and jump dynamics. We start with stability of such hybrid systems and establish
a link between their stability and stability of switched linear systems discussed in
the previous chapters. Moreover, we derive convenient conditions for robust sta-
bility of such hybrid systems. It turns out that the concept of stability for hybrid
linear systems is very similar to the concept of stability for switched linear systems.
In addition, we study some problems concerning optimal control of hybrid linear systems.

In the first optimal control problem in Section 6.4, we find analytic expressions
for lower and upper bounds of the optimal value of the cost function for a linear
quadratic problem in a class of hybrid linear systems. The optimization problem
involves state space constraints and switches between the continuous evolution and
jumps at fixed time instances on the boundaries of flow and jump sets. The basic
idea for our approach uses analytical solutions to continuous- and discrete-time LQR
problems with fixed initial and final states over fixed time intervals; see, for instance,
Lewis and Syrmos (1995); Bryson and Ho (1975). We show that the optimal cost of
each time interval can be represented by its initial and final state variables. Using this
fact, we propose a parameterization method with states corresponding to the initial
and end points of each generalized time domain as decision variables, and show that
we can reformulate the problem as a static optimization problem. The lower bound for
the optimal value of the cost function can be computed analytically, whereas the upper
bound can be computed numerically via solving a quadratic programming problem.
Throughout Section 6.4, we use the restrictive assumption that switching times are fixed.

Therefore, in Section 6.5, we tackle a free switching times optimal control problem for
a class of hybrid linear systems. We employ the same approach as the one for the fixed
switching times optimal control problem to describe the switching points with respect
to switching time instances. Moreover, we show that the problem of finding switching
time instances gives rise to solving a differential algebraic equation with given boundary
conditions. The resulting problem, of course, can only be solved numerically.
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6.2 Stability of hybrid linear systems with single
flow and jump dynamics

Consider a simple form of hybrid linear systems consisting of a single flow and a jump
dynamics given by
1y - r =Ax x e,
’ { xt =Gx x €D,
where the sets C' C R and D C R" denote the flow and jump sets, respectively.
In general, C' and D can be open or closed sets, but in this section we assume both
are closed. Furthermore, we assume C; D C R", C U D = R", A is Hurwitz, and all
eigenvalues of G are inside the unit circle.

(6.1)

Given a number K € Ny := N U {0}, the domain of x for such a system is a subset
of Ry x Ny defined by time instances

OI:togtlth...StK, (62)
as follows:
K-1
TK = U Tk’a
k=0
where
Ty := [tg, tre1] X {k} Vk e {0,..., K —1}. (6.3)

This time domain is called “hybrid time domain”; see, e.g., Goebel et al. (2012). Note
that in (6.2) K and tx are allowed to go beyond all bounds.

Given a number K € Ny and zg := x(t5,0) € CU D, we say = : Ty — R" is a
solution of the system (6.1) if

a) for each (t,k) € Ty where (tg,tr41) has nonempty interior and z(¢t,k) € C, the
derivative of x(t, k) with respect to t is defined and the following differential equa-
tion holds

d
El’(t, k?) = Al‘(t, /{Z) vVt € (tk, tk+1).

b) for each (¢,k) € Tk such that (¢,k+ 1) € Tk, and z(tx, k) € D, the following
difference equation holds

l'(tk+1, k —+ 1) = Gl’(tk+1, k)

Note that from item a) in this definition, one can realize that the mapping
(t,k) — x(t, k) is absolutely continuous within any interval Ty with nonempty interior.

We say the hybrid system H is quadratically stable if a quadratic function V(z) =
" Px with P = PT > 0 exists such that

AP+ PA <0,
G'PG - P <.
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Analogous to the concept of stability for switched linear systems, one would expect if
such a P exists, exponential stability of the system (6.1) is implied. We now give a short
proof for this argument. Without loss of generality assume that z(t,k) € C for some
(t,k) € Ty . For exponential stability there must exist numbers «, 5 > 0 such that

|z(t, k)| < aePEHEt)2 (14, 0). (6.6)

We show now that (6.6) holds. If both (6.4) and (6.5) hold, there exists a number
0 <7 < Amax(P), such that

ATP+ PA < —91,
G'PG — P < —9l.

This implies that for each (¢, k) € Ty, and z € C
V(z)=a2"(ATP+ PA)x < —v|z|> (6.7)

As P is symmetric positive definite, we can write
Amin(P)[|2])* < 27 Po = V(@) < Anax(P) |12 (6.8)

Therefore, defining v, := v/ Amax(P), (6.7) gives us the following upper bound for V:

Viz) =2 (ATP+ PA)z < —|z|? < ——V(z)

= V(a(t,j) S V(z(t —t;.5)e Y V() eTy, j<k (6.9

On the other hand, for each (¢,7) € Tk, such that x(t,j + 1) € Tk and z(¢,5) € D for
some j < k, we have

V(x(t,j+1)) = V(a(t,j) = 2" (GT PG = G)x < —la(t, 5)|.

Again, recalling (6.8) we can write

V(a(t,g))
>\maX<P)

Now, defining 74 := —In (1 — 7/ Amax(P)) > 0, we have

=zt 5)|I” < V(t,j) € Tk.

Via(t,j+1)) =V (x(t, 7)) <

v .
< )

< _
VGt 0) < (1= 52 )V eted)

= V(x(t,j+1)) <e "V (x(t,))) V(t,j) (t,j+1) € Tk, j <k. (6.10)
As a result, combining (6.9) and (6.10), we get

V(x(t, k) < V(a(to, 0))e Delt-tor+ak] (6.11)
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Now, considering (6.8) and defining 5 := min(~,, v4), we can write

V(2(to,0)) _ g
(¢, k)]I* < %e lt=toth) (¢ k) € Tk. (6.12)

This immediately implies exponential stability of the hybrid linear system (6.1). For such
reason, finding a convenient condition under which a CQLF for this system exists is our
point of interest. Note that (6.4) and (6.5) represent continuous and discrete Lyapunov
inequalities, respectively. Nevertheless, we can use bilinear transformation as proposed
in Mason and Shorten (2004) to unify the two inequalities in the form of continuous
Lyapunov inequalities.

Lemma 6.2.1. Let all eigenvalues of G be inside the unit circle. Then, P = PT > 0 is
a solution of the discrete Lyapunov equation

G'PG—P=-Qq withQq>0, (6.13)
if and only if P is the solution of the following continuous Lyapunov equation
C(G)'P+P C(G) = —Qq, (6.14)
where
CG)=(G-DG+D™", and Qi=2(G+1)""QuG+1)"">0.

The mapping G — C(G) = (G — I)(G + I)™" is known as the bilinear transformation;
see Mason and Shorten (2004).

Proof of sufficiency: Note that (6.14) is equivalent to
G+ D)"(G-D"P+PGC-DG+D)"==2G+1)"QuG+1)"".  (6.15)
By pre- multiplying (6.15) by (G + I)" and post- multiplying it by (G + I), we deduce
(G-DTP(G+1)+(G+1)"P(G—1)=—-2Qq. (6.16)

Thus, after simplification (6.13) results. Due to simplicity, proof of necessity is not
given. O

Lemma6.2.1 indicates that for checking the existence of a CQLF for the hybrid
linear system (6.1), it is necessary and sufficient to consider the common Lyapunov
solution existence problem for the matrix pair (A, C(G)). This problem was extensively
discussed in Chapters4 and 5, on stabilization and stability problems for switched linear
systems.
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6.3 Robust Stability of hybrid linear systems

Assume A is Hurwitz and all eigenvalues of GG are inside the unit circle. We define the
following concept of robust stability for the hybrid linear system (6.1).

Definition 6.3.1. (See Appendix A.7, Cai et al. (2007); Goebel et al. (2012)) A smooth
function V' (z) is a robust Lyapunov function for the hybrid linear system (6.1), if there

exist two increasing positive definite functions aq, ag : [0,00) — [0, 00) satisfying
ay([|l]]) < V() < as(flz]]), (6.17)
(VV(x),Az) < =V (x) Vo e C, (6.18)
V(Gr) <e 1V( ) Vz € D. (6.19)

Now, the following definition of robustness of the hybrid linear system (6.1) is adopted
from the general definition of robustness for hybrid systems introduced, for example, by
Cai et al. (2007); Goebel et al. (2012).

Definition 6.3.2. (See Appendix A.7 and Cai et al. (2007); Goebel et al. (2012)) The
hybrid linear system (6.1) is said to be robustly asymptotically stable if a continuous
perturbation function § : R™ — R%, with d(z) > 0 for z € R™\{0} exists, such that the
perturbed hybrid system given by the differential and difference inclusions

’}—[5 :: { T € Fg(I) T € C(;, (620)
xt € Gs(x)  x € Dg,
with
Cs = :(x+5() YN C # 0},
Fs(z) :={A. ((zx + 6(x)B) N C) + 6(x)B} Va € Cs,
Dy :={z: (z+(z)B)N D # 0},

Gs(x):= {v:veg+d(g)B, ge G.((x+06(z)B)N D)} Va € Dy, (6.21)

is asymptotically stable, where B denotes the closed unit ball in R".

From the results by Cai et al. (2007); Goebel et al. (2012), robust asymptotic stability
of the hybrid linear system (6.1) is equivalent to the existence of a robust Lyapunov
function; see Theorem A.7.2 in Appendix A. Now, we study the robust stability problem
for the hybrid linear system (6.1) when the robust Lyapunov function is quadratic, that
is, there exist V(z) = x" Pz with P = PT > 0 such that (6.18-6.19) hold. Note that
condition (6.17) does not limit the selection of such a Lyapunov function. Indeed, for
any P = P" > 0, two appropriate functions a; and oy exist. For instance, one can take

ar(l|zl) = Amin(P)[12]1%, ca(llz]]) = Amax(P)l|[I*,
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where Apin(P) and Apax(P) denote the minimum and maximum eigenvalues of P, re-
spectively. Now, (6.18-6.19) can be rewritten as

ATP+ PA+ P <O, (6.22)
G'PG—P+(1—-eHP<O. (6.23)

It follows from (6.22-6.23) that the matrix (A + 17) does not have any eigenvalue in
1

the open right half plane, and all eigenvalues of (e2G) lie within the closed unit disc.
Therefore, intuitively one may expect that the system (6.1) exhibits robustness properties
in the presence of some bounded uncertainties. To verify this formally, we introduce a
Lipschitz uncertainty function in the form of §(x) = ¢||z||. Then, (6.21) becomes:

Cs = {z: (z +|z[|.B) N C # 0}, (
Fs(z) :== {A((z + ¢||z| B) N C) + ¥||z||. B} Yz eCs, (6.25
Ds = {x: (z +1[lz]|.B) N D # 0}, (
Gs(xz):= {v:veg+|g|B, geG.((x+.|z|B)NnD)} VYazeDs (

In the following lemma we introduce an upper bound for such a function é(x) by
taking into account that the perturbed system Hj; should be asymptotically stable.
In addition, we show that the perturbed hybrid system is exponentially stable. Note
that our approach for the proof of this lemma is different from the one used in
Cai et al. (2007); Goebel et al. (2012) for general nonlinear differential /difference in-
clusions. We exploit some characteristics of systems with linear flow and jump dynamics.

Lemma 6.3.1. Suppose there exists a function V(z) = 2" Px with P = P" > 0 satisfy-
ing (6.22—6.23). Then, the perturbed hybrid system Hgs defined by (6.20) and (6.24—6.27)
15 exponentially stable for

5(z) = v.||z|| = mz’n(éc(as), 5d(x)>, (6.28)

where
0c(x) = Ve |lz]), with e 1= - S P;z"zo_? AT (6.29)
() = Yallall with ¢y = o2 Amin ) (6.30)

and Amaz(.) and 0.,4(.) denote the mazimum eigenvalue and singular value of a matriz,
respectively.

Proof: Our proof consists of three parts. In Part A, we present a proof for continuous
dynamics, while in Part B we state a proof for discrete counterpart. Finally, in Part C,
we prove exponential stability of the perturbed hybrid system Hs.

Part A: Define Cs, and Fj, as Cs and Fs in (6.24) and (6.25) by setting v, instead of
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1. We demonstrate that the derivative of V'(x) for all perturbations bounded by d.(x)
is negative. In other words, we show for each z # 0

max (VV(x),f) <0  VzeCs,.

fEFs (2)

First, note that by definition of Cj,, for any x € Cs, and y € C such that (y—=x) € 6.(z)B,
there exists a v € B satisfying

y=1a+.(x)v =212+ | z|v. (6.31)

On the other hand, by definition of v, in (6.29), we have 0 < 1. < 1. This means that
the closest point of the set {z € Cj, : & + ¢.||z||B} to the origin is indeed the point
x1 = x(1 — 1.). This implies

[yl = (1 =vo)llzll, and (1 —c)l[z[|.B < [ly[|.B. (6.32)

Paying attention to (6.32) and (6.31), one can write

v €y + vyl B, where = - i/’cw | (6.33)
In addition, from (6.32), we can write
el < ——llyll = ellall < —2— ] = vyl (6.34)
x — 1 _wc y c x - 1 —1/}0 y - C1 y I .

and also y # 0 when z # 0. Now, note that referring to (6.25) and (6.33) any vector
inside the set Fj ;) can be written as

f= Ay + e xllvs = Ay + der- [yl v2, (6.35)

for x € Cs,, y € C, and some vy, v3 € B. Utilizing (6.18), (6.35), and (6.33) the derivative
of the Lyapunov function is bounded by:

max (VV(z), f) = max (22" P, Ay + ¥a ||y v)

fEFs,.(x) v2€B, z€Cs,

= max (2(y+ Yerlyl-v1) P Ay + e |yl|va)

=y (ATP + PA)y + 2¢a [lyll.y " Pva + 2. [ly| o] P.Ay
202, lylP] Pos

< —y' Py + 20 [yl Pvzll + 2 [lyll [l PlI.[| Ay
+ 202 ||yl Jor ||| Pual|.

As P is symmetric and positive definite, its maximum eigenvalue equals its maximum
singular value. Thus, ||Pv;|| < Amax(P) and || Pva|| < Amax(P) . Moreover, the inequality
| Ay|| < omax(A)]ly||, in general, holds true. By the definition of v, in (6.29), we have
also Y. < % and therefore, 2103 < 1),;. Furthermore, by the definition of 1., from (6.33),
we have 1., < 21).. Consequently, the following upper bound for the derivative of the
Lyapunov function results

max (VV(2), f) < =57 Py + 203+ 20max(4) ) 1y A (P).
feFs, (x)
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Substituting ). from (6.29) into the last equation and having y # 0 lead to

1 1
max (VV(2), f) < —y" Py + =Aum(P).|Jy||* < —=y' Py < 0. (6.36)
feFs (x) 2 2

Part B: Let us define Ds, and Gj, similar to what defined for Ds and G5 in (6.26) and
(6.27), respectively, by changing the role of ¢ to ;. We show that during a jump the
following Lyapunov inequality holds
max V(g) —V(x) <0 Vo € Ds,\{0}. (6.37)
9EGs,(x)
With the similar argument as presented in Part A, for each x € Ds, and y € D such
that (z — y) € d4(z)B, there exists a vector v; € B satisfying

v =yt ol where g = — 21 (6.38)
— Ya

Notice also any vector g € Gy,, in accordance with (6.27), can be formulated as

g = Gy + 14.||Gyl|va, y € D, vy, € B. (6.39)
Thus, recalling (6.39) we have
-
max V(g) = V(z) = max (Gy+valGyllez) P(Gy+valGylles) — (6.40)
9€Gs () v1,v2€B

— (g + Yar-yllo) TP + ar-lyllon)
= yTGTPGy — yTPy
+ max (2| Gyllv] P.Gy + 31| Gyl*] Pos
V1,02
— 2. yllo] Py — i lylPo] Poy).

Note that from the definition of ¢4 in (6.30), we have ¢y < 1/2 . Therefore, from the
definition of 14 in (6.38), we can deduce ¥y < 2ty < 1. Moreover, the following
inequalities are valid

max Y| Gyl[vs P-GY < ¥a Tmax(G) Amax(P)-Ily 1,

max VF{|Gy|*v3 Pua < tha Oraax(G) Aunax(P)-1y]*
Tores (—=var-lyllvy Py) < 2604 Amax (P)-|ly]|%,

max (= [yl0] Pvr) < 200 A (P)- |19

Then by substituting the value of 14 from (6.30) into (6.40) and using (6.19) for = €
Ds, \{0} and consequently y € D \{0}, we have

ggﬁ}é)‘/(g) — V() < e7'V(y) = V(y) + 3¢y (0max(G)? + 2)Amax(P)

< (et =1)V(y)+0.02V(y) < —e2 V(y) < 0. (6.41)
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Now, we observe that if §(x) is less than d.(z) and d4(x) defined by (6.29) and (6.30), re-
spectively, then the two inequalities (6.36) and (6.41) are valid. Therefore, the Lyapunov
function V(z) and the perturbed hybrid system Hs satisfy the requirements of Theo-
rem A.7.1. Hence, asymptotically stability of the origin for this system is guaranteed.
Thus, we confine the perturbation function to the uncertainty ¢ defined by

5(x) = min (5C(x), 5d(x)>.

Part C: Another interesting characteristic of the system (6.1) satisfying Lemma6.3.1
is that robust asymptotic stability is equivalent to the robust exponential stability for
this system, which indeed is a more appreciated notion of stability in control systems
theory. To show this fact, we can again define a hybrid time domain for Hs, denoted by
T, for a given number K € Ny. For exponential stability, for each given (¢, k) € Tk,
we must show there exist positive scalars a and  such that (6.6) holds. Let’s define

=(1 ¢C)22/>\r:,]1:x(];3) Referring to (6.36) and then (6.32), in any time interval (¢, j) € Tk
such that x(t, j) € Cs, we can write

V(a(t.9) < =3V < ~3hum(PIIP <~ = P2V ot )

= V(z) < V(x(t —t;,j))e 7t) V(t,j) € T, j<k (642
Now, recalling (6.41) and (6.38) for the points (¢, j) € Tk such that (¢,7+1) € Tk and

x(t,j) € Ds, and defining

2 Amin(P) >7

Yd = _ln<1_(1_¢d) 2/\max(P)

we can write

Via(t.j + 1) = Vialt.d)) < =7V < (1= b 52 BV a(.)
S V(1) < Vet j)e ™ V() €Tk, j<k (643

Thus, from (6.42) and (6.43) and defining 5 = min(y., 74), the norm of the states of Hs
is bounded by

lz(t, k)||* < V(x(to,0))eAlt+h—to) V(t, k) € Tg.

1
Amin(-P)
This implies exponential stability of Hs. ]

6.4 LQR design for a class of hybrid linear systems
(Scenario I)

In this part, we discuss a linear quadratic control problem for a class of hybrid linear
systems. The results of this section have been published in Kouhi et al. (2013b).
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Consider a controlled hybrid linear system defined by

H:{x = Az + Bu x e C, (6.44)

xt =Gx+ Hv r € D.

Suppose the pairs (A, B) and (G, H) are controllable. Let us assume that the sets
C, D C R" are given by

C =V C;, D=U Dy, (6.45)
where I is a finite index set, and C; and D; satisfy the following conditions:

1) for each i € I, C; and D; are polyhedral sets; namely, there exists matrices E;, F;
and vectors e;, f; with appropriate dimensions such that

C,L' = {SC e R": EliC +e; < 0},
D; = {zeR": Fa+ f; <0}. (6.46)
2) Uier (C; U D;) = R™,

3) for each i,4" € I, the intersection between the interiors of C; and D;/, between C;
and Cj; when i # ¢/, and between D; and Dy when ¢ # i’ are empty.

This particular form of the polyhedral sets implies that there exist matrices W, and
vectors w, such that for each point  on the boundary between two polyhedral sets C;
and D; with nonempty intersection the following relationship holds

qu’ + Wy = 0 z€ Cl N Di/, (647)

where i, ¢/ € I and ¢ = (4,7').
Although the hybrid time domain discussed in Section 6.2 can be used as domain of
x, we introduce a different form of generalized time domain for the hybrid linear system

(6.44), which is more suitable for our problem in this section. We define the domain of
x for the hybrid system (6.44) as:

K-1

Tk = U (Ter U Tar) < Rso x Ny,
k=0

with the time intervals T, and T, defined by

Te == [tk th1] X {Jr}, (6.48)
Tap = {thr} ¥ {Jk, - Jrrals (6.49)

where we assume the time instances

O=ty<ti <ty...<tg:=T, (650)
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to tp ty ..tk tg =

Figure 6.4.1: Pictorial description of a generalized time domain in Section 6.4.

the jump indices
0:=go<j1<Jo...<Jg:=4, (651)

and the number K € N are given; see Figure6.4.1. Then, we use the notation (t,j) for
expressing any time instance, where ¢ indicates the flow time and j refers to the jump
index. Note that the definition of Ty is different from the notion of hybrid time domain
in Goebel et al. (2012).

Although many classes of solutions can be investigated for the hybrid system
(6.44), we only study a particular form of trajectories which are characterized by
Definition 6.4.1. Figure6.4.2 depicts such a desired trajectory schematically.

Definition 6.4.1. Given inputs u and v, and the fixed indices ix,7;, € I such that
Ciy, N Dy and Dy NG, are nonempty for k € {0,..., K — 1}, we say z : T — R is

Tkt1

a desired trajectory of the system (6.44) if
a) x starts at a given point zy in C;,, i.e.,

xo = x(to, jo) € Ciy = {z: Ejyr +¢;, < 0}.

b) x ends at a given point z; in Dy, i.e.,

—_1?
Ty = x(tK7jK) S Di'K_l = {ZL’ : El}(—lx+fill<—1 < 0}

c) for each k € {0,1,..., K — 1}, we have
cl) x(t,ji) € Ci, ={z: Ej,x+e;, <0} V€ [ty tiga)
c2) (t,7x) — x(t, ji) is continuously differentiable for all ¢ € (tx,tx11).
C3) %‘T(tv]k) = Ax(t7]k) + Bu(ta.]k) for all ¢ € (tkatk-‘rl)‘

d) for each k € {0,1,..., K — 1}, and (tgy1,J) € Tay such that (tx1,5 + 1) € Tay,
we have
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X0 =X

Figure 6.4.2: Pictorial description of a desired hybrid trajectory.

dl) z(tkt1,)) € Dy ={z: Fyz + fi <0}
d2) @(tps1,j + 1) = Ga(teyr, 1) + Hotrit, ).

e) foreach (tgi1,7x) with k € {0,1,..., K—1}, and (341, Jes1) with k € {0,1,..., K—
2}, we have

el) x(tk+1,jk) c C N D‘/ .
62) :L’(tk+1,jk+1) < D NC;

Lk+1°”

Then, recalling iteme) in Definition 6.4.1 and Equation (6.47), with some abuse of no-

tation, we define qi,¢o,...,qx—1 to index the matrices W,,,..., Wy, , and vectors
Wg,, - - -, Wy, , such that the following relations hold
Weopin® + Wy, =0 reCyNDy, ke {0,1,..., K — 1}, (6.52)
Wt +twg, =0  z€Dy NGy, ke{0,1,..., K -2} (6.53)

Now, interpreting x as x(t, jx), u as u(t, ji), ; as x(ty41, ), and v; as v(ty4q, ) in
the sequel, we define the LQ problem for the hybrid system (6.44) as follows:

Problem 6.4.1. Given ). > 0, R, > 0, Q4 > 0, R; > 0, K € N, time instances
as in (6.50), jump indices as in (6.51), and the symmetric matrices Se(tgy1,jk) > 0,
Sa(trst, jer1) > 0, k € {0,1,..., K — 1}, find controls u and v such that x(¢,7) with
(t,j) € Tk is a desired trajectory for the hybrid system (6.44), and the following opti-
mization problem is solved:

K-1

minimize Z ek +Jak) (6.54)
k=0

H defined by (6.44),
subject to x(to, Jo) = Iy, (6.55)
l‘(t}(,]}() =Xy,
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where

Jer = l‘(tk+1,jk)T Se(tis1s i) (tesr, Ju)+

1 tet1
+3 / 2" Q. z+u" R dt, (6.56)
tg

1
2

& (terrs grar) | Salthar, Jerr) T(trsr, Jesr)+

N —

Jar =

Jk41—1
Z [:cJT Qq = + va Rqv;]. O (6.57)

J=Jk

+

N | —

In this problem setting, J.; and Jg; are the cost variables associated to the time
intervals T, and Ty for £ € {0,..., K — 1}, respectively. The symmetric matrices
Sc(tk—i-l;jk) with k € {O, .. ,K - 1}, and Sd(tk—i-hjk—l-l) with k& € {O, . .,K - 2} are
used to specify the costs on the boundaries of the flow and jump sets, and Sy(tg, jr) is
used to specify the cost at the terminal point x(7, J) = x;. Note that Problem6.4.1
incorporates two control objectives: it seeks controls u and v which move the trajectory
from the initial condition x, to the final destination x; with 2K — 1 switching between
flow and jump dynamics, and additionally minimizes the cost J defined by (6.54).

Due to the state space constraints and hybrid nature of the system (6.44) solving
Problem 6.4.1 is non-trivial. Consequently, we instead determine controls v and v which
provide suboptimal solutions for the cost (6.54). The approach we follow for finding
these controls, is first to consider the LQR problems associated to each hybrid time
interval parameterized by their initial and end states. For these problems, we introduce
analytical suboptimal controls by neglecting the inequality constraints arising from the
description of the polyhedral sets in (6.46). We further show that the closed-loop system
can be written in affine form with respect to unknown parameters. Later, introducing
static optimization problems, we compute the parameters and hence derive suboptimal
solutions to Problem 6.4.1.

6.4.1 Suboptimal solutions to flow equations

Consider a piece of a desired trajectory that evolves on the flow set C;, within the interval
T, for some k € {0,..., K — 1}. Recalling the principle of optimality, given the initial
and end conditions in T.j the control v which solves Problem 6.4.1 must also minimize
the cost J., associated to this time interval. On the other hand, if we assume the initial
state vector Xor := x(fx,jr) and final state vector Xoxi1 := (tgy1,Jk) as parameters,
then finding the control u which addresses item c) of Definition 6.4.1 as a constraint and
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solves the following optimization problem, is motivated by Problem 6.4.1:

minimize Jek (6.58)

T = Ax + Bu,

x<tk7.]k') = Xok,

subject to )
) T(tey1, Jr) = Xokt1,

Eix+e¢; <0.

\

Here, we formally need the convention xy, = xg to allow k taking value 0.

Given S.(tgi1,jx) > 0, Q. > 0, and R. > 0, a lower bound for this problem can
be given in analytical form by neglecting the inequality constraint in (6.58) and only
considering the fixed initial and end states as the constraints. This solution can be
written as (see, e.g., Lewis and Syrmos (1995), pp.224)

u=—(K,— R'B"V.P"'V."x — R;'BTV.P, "% 1, (6.59)
where

—S.=A"S,+S.A—S.BR.'B"S. + Q.,

K.=R'B'S,,
—V.= (A= BK,)'V,,
P.=V.'BR:'B'V,, (6.60)

for (¢, jx) € T.x, and with the boundary conditions

‘/C(tk-‘rl?jk) = Ia Pc(tk'—i-lvjk?) == 07

and the given S.(tx11,jk); see Appendix A.8.3.

In (6.60), the auxiliary variable V. € R™™ is a “modified state transition matrix”
for the adjoint of the linear time varying closed loop system, and —P.(¢, j,) € R™*™ is
a sort of weighted reachability gramian. If det(P.(t,jx)) = 0 for all (¢,jx) € T.x, the
problem is abnormal and no solution exists. For this reason, we assume P, is non-singular
within these time intervals. Note that if (). = 0, non-singularity of P. is implied by
controllability of the pair (A, B); see Lewis and Syrmos (1995). Moreover, the variables

Ocs = 0c(t, k) = —Po(t, ji) " [Ve(t, k) " @ — Xokgi]
are constant in the interval T, and the costate parameters \.(t, ji) are given by
Ae(t, i) = Se(t, jx) @+ Ve(t, jr) Oci- (6.61)

Furthermore, referring to (6.59) and (6.61), the relationship between the costate and the
control is given by
u=—=RIBIA(, ji)-
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Note that in (6.60), the first Riccati equation for S., as well as the differential equations
for V. and P,, are solved backwards in time up to (x, jx), within any time interval T ;
see Lewis and Syrmos (1995).

Now, a suboptimal value of the cost J., with the state feedback control given by
(6.59) can be analytically computed in the following. Note that throughout this chapter
the symbol * denotes an optimal value of a variable and must be distinguished by the
conjugate transpose symbol used in the previous chapters.

Lemma 6.4.1. (Kouhi et al., 2013b; Bryson and Ho, 1975)) A lower bound for the
optimal value of the cost J.j, in Problem (6.58) with the control (6.59) is given by

. ‘ . T
Jék = 2 %9, Se(tr, ji) Xon — 5 [Velte, k) | Xox — Xops1]

X Po(tr, ji) ™" [Velte, jr) T Xor — Xopg1]- (6.62)

Proof: Rewrite the control (6.59) in the more convenient form
w=—R'BT (Scx - VCPc_lz>, (6.63)
where for reducing the computation we defined the variable

2(t,gx) = Velt, ji) " @ — Xopsa.
From the definitions of K., V., and P, in (6.60), and the definition of u in (6.59), we
have
t=Ve+V i
= —V."(A— BK,) + V., (Az + Bu)
= VI BR'BTV.P [Vilt )T & — Xops1]
= PCP*IZ.

c

Consequently, we can obtain the following equality

C C

=2 PP P 2. (6.64)

% [ZTP_lz} =2:"P:— zTPc_lpcP_lz

Then, by utilizing (6.60), (6.63) and (6.64), we have
xTch +u' Rou =
— 2T Qur + [Scx - VcPc_lz] 'BRBT [Scm - VCPC—lz}
=2 (=S, —A"S.— S.A+S.BR;'B'S,) x
+2" S.BR;'B"S. v — 22" S.BR.'BV.P;! 2+ 2" P7'P.P! 2
— [—xTSC r— (Az+ Bu)' S, v — 2" S.(Azx + Bu)] + 4T Pt 2

=4z’ S,x+z" P72 (6.65)
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Hence, from the definition of J.j in (6.56), the suboptimal cost equals

Jf;*k = 22(tisr, k) " Selturts ji) T(thrrs i)
%[x(tu?k)—r Sc(t>]k) x<t7]k)]iz+l

3 [at 50T Pelt i) 20|
T T

tet1

ty

= 1%, St Ji) Xon — 3 2(tk, k) | Polti, ji) ™" 2 (s i)

Note that in the last equation we used the fact
2(trsrs i) T Pebierrs i) ™" 2(tksrs gi) = 0. o

Now, with the control (6.59), the resulting closed-loop system turns out to be a linear
time varying system
T = M0<t7jk) T+ Nc(t7]k) X2k+15 (666)

with
M.t i) = A= BRZBT (St i) = Velt, ) Pelt, )™ Vlt i) 7).
and

N,(t,jx) = =BR;*BTV.(t, j1) P.(t, 1)

As a consequence, the solution of (6.66) is affine with respect to xg;, and Xgp,1; namely

x(t, jr) = Me(t, tr, jr) Xor + Ne(, Jk) Xok+1, (6.67)

where M..(t, tr, jr) € R™™ and N.(¢t, jx) € R™" are given by

Mc(ta tk’a]k) = Mc(tajk) Mc(t7 tk?]k) MC<7—7 T, jk) = [717

t
N.(t, jo) = / ML (8,7, j) Nu(roji) dr; (6.68)
ty

see Appendix A.5. The function M, represents the state-transition matrix. The com-
putation of M.(t, tx, jx) can be accomplished by solving the corresponding differential
equation forward in time.

6.4.2 Suboptimal solutions for jumps

Consider a piece of a desired trajectory which evolves on the jump set D and satisfies
item d) in Definition 6.4.1 corresponding to the interval Ty . Then, the optimal control v
which solves Problem 6.4.1 must minimize the cost Jq in (6.56) associated to this time
interval. On the other hand, if we consider the initial state vector X1 := x(tg11, ji)
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and final state vector Xog o := x(tx11, jrs1) as parameters, then finding a control v which
minimizes the cost J4 in the following problem is required in Problem 6.4.1:

minimize Jak
xt = Gz + Hv,
T(ths1, Jk) = Xow1,
subject to i i (6.69)

(ths1, Jrt1) = Xog2,
Fprx+ fy <0

Here, we need the formal convention Xox = x5 to allow k taking value K —1. Neglecting
the inequality constraint in (6.69), Problem (6.69) will be again a standard discrete LQR
problem with initial and final states as parameters. Its solution is known and available
analytically (see Lewis and Syrmos (1995), p.p 250). For simplicity of notation, we
denote

Sa; = Sa(tkt1,7), Paj = Pa(tet1,7)s Vay; = Valtes, J)-
Then, given Sy(txs1, jri1) = 0, Qq > 0, and R, > 0 the suboptimal control reads

V; = —Kj T+ KJU V;l,j+1 Pd_’Jl [V;i:l'] Ty — X2k+2}7 (670)
where

Kj=(H" Sgjs1 H+ Rg) ™ H' Sa;11 G,

Saj =G Sajp1 (G— HEK;) + Qu,

Vaj = (G —H K;) Vg,

Pyj= Py — VdeH H(H" Sgj1 H+Ry) " H' Vg,

KY=(H" Syj11 H+Rg) " H', (6.71)

and the boundary conditions

Pi(tig1: Jrs1) = Pajery = 0, Valtesr, Jes1) = Vagen = 1, Saje = Sa(tirts Jrr1),

hold; see Appendix A.8.4. Note that Sy(txy1,Jk+1) according to the assumption of
Problem 6.4.1 is given.

In (6.70), the auxiliary variables V,; € R"*™ are the “modified state transition ma-
trices” for the adjoint of the time varying closed-loop system, and —F;; € R"*" is a
sort of weighted reachability gramian; see Lewis and Syrmos (1995). The problem has
a solution if and only if det (Py(tg+1,Jx)) # 0. Thus, it is natural to assume that non-
singularity of P; holds within these time intervals. Note that if Q4 = 0, controllability
of (G, H) suffices for non-singularity of P;; see Lewis and Syrmos (1995). If for some
Jk < J < Jkt+1, det(Py;) =0, then the control (6.70) needs to be modified to

o v -1 T
v = —Kj x;+ KJ Vo Py, [Vaj, Xor+1 — Xopra)-
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Moreover, in this form of solutions the co-state parameters \;(tx, j) are given in the form
of

>\d,j = Sd,j Z; + Vd,j Qd,j, (672)
where the variables
Oa = baj = —Pczjl Vi @5 — Xopya), (6.73)

are constant in each discrete interval Tyy. Furthermore, referring to (6.70) and (6.72),
the relationship between the co-state and the control is given by

v; = —R;l GT )‘dJ'

Similarly to the continuous evolution, the first Riccati equation for S, as well as the
difference equations for V; and P, in (6.71) are solved backwards in time up to (tg+1, ji)
within any interval T;;. Now, the suboptimal value of the cost Jq; with the state
feedback control given by (6.69) can be given in analytical form as follows:

Lemma 6.4.2. (Kouhi et al., 2013b)) A lower bound for the optimal value of the cost
Jax in Problem (6.69) with the control (6.70) is given by

Jld’tk: = % X2Tk+1 Sd(tk+17jk) X2k+1 — % [Vd(tmhjk)T X2k+1 — X2k+2]TX
X Py(trst, je) ™" [Valtrar, i) T Xorsr — Xonia]. (6.74)

Proof: Let us define a new variable
Zj = Vd—l:J Ty — Xok42-
Then, recalling the equations for V;; from (6.71) and v; in (6.70), we can deduce

o T T
zj— zjp1 =V 25— Vo Tin
o T T
=V (G—HEK;) x5 =V, (Gry + Huy)
_ T v —1
==V H K Vo B oz

Therefore, using the difference equation for Py; and the equation of K7 from (6.71), we
can compute 2,1 as

zj1 = (Pag+ Vi HK) Vo) Pl oz
= Pd,j+1 Pd_’]1 Zje
It follows that

T —1 —1 _
z; Pri (Paj— Pajn) Prj 2=

j J
_ T p-1 T p-1
=z; Py 2j— 21 Prjgy Zim (6.75)
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Furthermore, from (6.71) we have
IJ-TH Sd,j—i—l Tj41 =
= (Gzj + Hv;)" Sgj11 (Gzj + Hoj)
=] G Syjp1 G aj+2x] G Syj1 H vy
—v] Ryvj+v] (H' Sy H+ Ra) v;. (6.76)
Then, from the last equation we can compute
va Ry v; = —93]11 Sdj+1 Tjp1 + 93; G Sy G xj
+2x] GT Sy H vi+ v/ (H' Sqji1 H+ Rg)v;. (6.77)

To prove (6.74), we now exploit (6.70), (6.71), (6.75), and (6.77) for the evaluation of
the summing terms in the cost variable. To this end, introduce a new variable

Yj =; Saj T — T Sajer Tin
to simplify the computations. Then, we have
(IZZ;F Qd LUj—i‘UjT Rd v =
=} |S4; — G Suje1 (G- H Kj)]%’ — @41 Saje1 Ty
+ l’; el Sd,j—f—l G i+ 21‘;— G’ Sd,j—l—l H v —|—UJT (H S£j+1 H+ Rd) v;
=Yj + I;— GT Sd,j+1 H (Kj Z; + Uj)
—_—
KY Va1 P oz

+[v] +a] G'Sajer H (H" Sgje1 H+ Ry)™" ] (H' Sajr1 H+ Ra) v;

J/

KT
J
T AT T(HT 7 o
=Y;+ [xj G Sajy1 H+v; (H' Sijy1 H+ Ry) | Kj Vi Fyj oz
2 P Vi K§T (HT Sajp HtRa)
o Tp—1y,T T -1t -
=Y+ 2 Py Vo HH Sajn H+ Ra)™ H Vaj By 5z
N —~ d
Py j41—Pa;

e —1 ) T -1 )
=Y — 2 Paj 2+ 20 Prj Zin

Now summing up the terms resulted from the previous equation with the terminal cost
of this time interval, J4, defined by (6.57) equals

Jor=4%x (tess Jisr) - Sa(tirs i) (et o)+
Je+1—1
—i—% Z [x]T Qq xj+va Ry vj]
J=Jk
3 (terrs grer) T Saltis, Jern) ©(terss Jrer)
Jr+1—1
+3 Z ly; — ZJT Pd_,jl zZj + ZjT+1 Pd_,'1+1 Zjs1]
J=Jk
=3 X;—k—H Sa(tr+1, Jr) Xokt1

— 2 2(tesr, i) T Patesr, k) ™" 2(tess i),
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where we used the identity

2(thits o) Patesr, drn) " 2(tksts jra) = 0. O

Note that the closed-loop system with the affine control defined in (6.70) is again
described by a linear time varying difference equation:

Tiy1 = My(tes1,7) 5 + Na(trs1, J) Xorto, (6.78)
with the coefficients
Maltysj) = G — H KY (Sajer G = Vaga Pt VD),

and
Na(trs1,§) = —H Kj Vaja Py}

The solution to (6.78) is an affine function in xo;1; and Xgx 2, that is,

x; = My(tet1,7) Xop41 + Na(ter1, 7) Xop+o, (6.79)
where the coefficients are given by

J=Jk

Ma(trin,4) = [ Maltesn,d —r), Maltiir,di) = In,
r=0
j—1 j—r—1

Na(trin, ) = Y [ Maltesr,d —p) Naltri,r),
r=jr p=1

and Ng(tgs1,Jk) = 0. This fact will be utilized in the next section for imposing the
inequality constraints for deriving a desired trajectory.

6.4.3 Constrained QP problems for the hybrid linear system

Having discussed the analytical suboptimal solutions to the optimal control problems
separately for the flow and jump dynamics, in this section we consider them jointly
for establishing a link to Problem 6.4.1. From the elaborations in the previous two
subsections, we know that neglecting the inequality constraints of the polyhedral sets,
the suboptimal cost in each hybrid time interval can be parametrized quadratically
by parameters Xo; and Xgri1 given by (6.62), or Xgr+1 and Xogio given by (6.74) for
ke {0,1,..., K —1}. Hence, the overall suboptimal cost equals

=

] 1
J=> (I +35) = 5XUDX +QX +R, (6.80)
0

b
I
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where
Xo=[x) x5 ... Xpp ],
includes all unknown parameters, and P = [P;] € REE-UnxCK=n ig 5 symmetric
matrix of the form
i P11 P12 0 . 0 )
Py Py Pos e 0

P = 0 Py
Py _2oKk—2 Porx_22K-1
0 0 ... Prg_i2x-2 Pox_12x-1 ]

with the symmetric matrix elements
b {_Pc(tk—lajk—l)_l + Saltr, jr—1) — Valtr, jr—1) Palte, je—1) " Valte, jx—1)", k odd,
ek =
—Py(tr, jr—1) "t + Seltr, jx) — Veltr, jx) Pe(tr, i)~ Veltr, gi) T k even,

and

Va(te, jr—1) Pa(te, jx—1)"", k odd

Prjr1 =Pl = {
Veltr, gi) Pe(tr, ju) =t k even.

The element QX + R in the cost (6.80) appears when k£ = 0 and k = K are considered.
The row vector @ € R>*[CK=Dnl ig given by

Q = [xg Ve(to, jo) Po(to, jo) ™" 0 -+ 0 afValtw, jx—1)Paltr, jx—1)"",
and R is a scalar which is given by
R=3 g Se(to, jo) To — % zg Ve(to, jo) Pulto, jo) ™
X Ve(to, jo) " o — 5 o Paltx, jx—1)"" 5.

Now, the cost defined in (6.80) is parameterized only by the decision variable X. Note
that since chkaLJiZk > 0 foreach k € {1,..., K—1}, we have that %XTPX+QX—|—R > 0.
In particular, when zp = 0 and ¢ = 0, we have that %XTPX > 0 for all X # 0. This
implies that P > 0.

6.4.3.1 Lower bound for optimal control problem

Now, we intend to determine the unknown parameters xi,...,Xox_1 in a way that we
obtain a lower bound for the optimal cost of Problem 6.4.1. To this end, we consider the
Equations (6.52) and (6.53) as constraints for the minimization of the cost (6.80). Thus,
we define a static optimization problem as follows:

minimize J = 1 X "PX + QX + R

subject to CX + R =0, (6.81)
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where matrix C and vector R are given by
C = diag (W, Wea, - -+ Waae 1))

R:[wT w. ow] ]T. (6.82)

q1 q2 P2K-1

The Lagrangian for Problem (6.81) then reads

L(X,\) =3iXTPX+QX +R+ )\ (CX +R),

where \ is the Lagrange multiplier. As P > 0, Problem (6.81) has always a minimum.
For finding this optimal value, we assign OL/0X = 0 and use equality constraint in
(6.81) to compute an analytical solution for X, denoted by X/, as follows:

X;=-P'[QT-C'(CP'CT)"(CP'Q" —R)]. (6.83)

Hence, the optimal value of J in Problem (6.81), denoted by J}, is given by

J=1%[Q+((@P'CT—RT)(CP'CT)'C] P!
x [— Q +c’(cp'ch)y(cP'Q" —R)] + k. (6.84)

Note that J; is indeed the optimal cost for Problem 6.4.1 when the inequality constraints
given in Problems (6.58) and (6.69) for £ = 0,..., K — 1, which capture the flow and
jump sets, are neglected. Therefore, we have J; < J*.

6.4.3.2 Algorithm to compute solution and an upper bound

Now, we aim at determining the controls u and v, such that the solution of the hybrid
system (6.44) becomes a desired trajectory, and an upper bound for the cost J* defined
in Problem 6.4.1 is derived. To this end, we consider the inequality constraints given in
Problems (6.58) and (6.69) for minimization of the cost (6.80) in order to ensure that all
criteria (a-f) in Definition 6.4.1 hold. Notice (6.67) and (6.79) indicate that each point
of the suboptimal trajectory has the affine representation with respect to the decision

variables X1, ..., Xax 1. Now, we insert z(t, ji) from (6.67) into the inequality constraints
(6.58),

E;, x(t, i) + e, <0 (6.85)

for all time (¢, jx) € T, and insert z(ty41,7) from (6.79) into the inequality constraint
given in (6.69), namely

for all (tg11,7) € Tyg. Thus, for each £ € {0,..., K — 1}, (6.85) and (6.86) can be

expressed in the matrix form as
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and
where
( [EZ'ONC(tij) 0... 0] \V/(t,j) € Tc,07
X.(t,j) =
\ [0 .. Eiko<t,tkajk) Eich(t7jk) ... 0] V(t,]) c chk, k>1,
[2g MLe(t, to, jo) "E;L +ei 0 ... 0]" V(t,j) € Tep,
Yc(taj) -
[0 .e] 0T V(t,5) € Tep, k> 1,
([0 ... FyMq(te,j) FyNg(tr,7) 0 ... 0] V(t,j) € Tap, k <K -2,
Xd(taj) =
\ 0 ... 0 Fy_ My(tk,J)] V(t,j) € Tax-1,
and
'[O flz O]T V(t,j)ETd7k,]€§K—2,
Yd(th]) =
\[O ... 0 {E}rNd(tK,j)TF;;Ir{71+ fl;;,l]—r V(t,j) € Td,K—l-

Now, considering the inequality constraints (6.87) and (6.88) for minimization of the cost
(6.80), and for k € {0,..., K — 1} we define the following static optimization problem:

minimize J = X TPX + QX + R (6.89)

Xe(t, )X + Y (t,7) <0 V(L j) € Tep,
subject to
Xat, )X +Ya(t,7)<0  V(t,j) € Ty

Problem (6.89) consists of a quadratic cost and a set of infinitely many affine inequalities
due to the continuity of time. However, note that the matrices X.(¢, j) and the vectors
Y.(t, j) implicitly depend on the variables S, P., and V. which are computed numerically
via solving the ODE in (6.60) with certain sample times. Therefore, the number of
inequalities in (6.89) is finite from a numerical point of view. Suppose the number of
the time samples are N € N. Therefore, (6.89) can be rewritten as

minimize J = IXTPX + QX + R (6.90)

X. X +Y. <0,

subject to{ X, X +Y, <0,
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where the matrix X, € RV*CE-Dn and the vector Y, € RV, the matrix X, € R/*@K-1)n
and the vector Y, € R’ are defined by

X.(0,0) Y.(0,0)
X, = : , Y, = : ;
| X (T, jx-1) | Y (T, k1)
[ X4(0,0) [ Y,4(0,0)
Xy = : ;o Yy = :
| X,(T, ) Y (T, )

Problem (6.90) consists of a quadratic cost and a finite set of inequalities defining
a standard quadratic program (QP). It is well known that if P is positive definite,
then the entire problem is convex and can be solved in polynomial time; otherwise, the
problem is NP hard. Quadratic problems are well understood and plenty of established
numerical and analytical algorithms are available, including interior point methods,
active set, etc; see Nocedal and Wright (2006); Bayon et al. (2010).

Next we want to provide a numerical algorithm for solving Problem (6.90) by employ-
ing the dual optimal control theory and gradient projection method (see, e.g., Boyd and
Vandenberghe (2004)), provided that the problem is feasible. To this end, the Lagrangian
of the cost reads

L(X, A, M) = 5X T PX + QX + R+
F A (XX 4+ Y,) 4+ A (XgX + Yy),

where
Ae >0, \g >0,

are Lagrange multipliers. Then, the dual problem of (6.90) is given by

maximize g(Ae, Ag),

subject to A, Ag > 0, (6.91)
where the function g is defined by
9 A, Aa) = i?{f L(X, A\, A\a).

Since all inequalities in (6.90) are affine with respect to X and P > 0, strong duality
is given by the Slater condition (Boyd and Vandenberghe, 2004), implying that optimal
solutions to the dual and primal problems are identical. Starting from an arbitrary initial
condition A\ and /\1(10), the solution to the dual problem is determined by an iterative
algorithm for computation of the Lagrange multipliers

ATHD = A (X, X0 Y,
AU A0 (X, X0+ Yy). (6.92)
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where 0 < o < 1 represents a fixed step size, r represents the 7" update of the variables,
and the index u in X, refers to the upper bound control algorithm. After each iteration,
the Lagrange multipliers A and /\g are projected in accordance with

AU, ATTY] = fmax(0, ATHY), max(0, A{ V). (6.93)

C

The variable X" in the last equation can be analytically computed in terms of the
Lagrange multipliers by differentiating the Lagrangian L(Xq(f), AU ,/\&r)) with respect to
X" and setting it to zero, that is,

XIAD+ XA+ QT+ P X =0
= XD = —PUXIAD + XA + Q). (6.94)

T

Then, replacing (6.94) into (6.92), the update law for the gradient projection method
reads (see Boyd and Vandenberghe (2004)):

I+aX . PIX] oX.P7IX] Y. - X.P1QT

(r+1) _ (r _
AT = aX PIX] T+ aXyPIX] M=oy, _x,pigr |- (69

Equation (6.93) contains a nonlinear operation, thus we are not able to compute AT
analytically. However, we can describe the equation (6.94) in the matrix form as

XM =P (QT+X AN, (6.96)
where X := [X] X]]. It follows from the gradient projection method that

lim X" — X7 and lim A©) — A*.
=00 r—00

Therefore, the optimal cost results to be:

Jr = %(—QT +XANTPTHQT + XA*) + R. (6.97)
The cost J* indeed provides an upper bound for the optimal cost J* in Problem 6.4.1.
The reason is that the trajectory which uses the solutions of Problem (6.90) with controls
u, defined by (6.59), and v, defined by (6.70), satisfies all conditions of Definition 6.4.1.
Nevertheless, the equality J* = J* does not necessarily hold since the controls u and v
in (6.59) and (6.70) are computed via neglecting the inequalities given on (6.58) and
(6.69). Thus, this trajectory is not necessarily optimal in the sense of Problem 6.4.1.

The following theorem summarizes this result.
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Theorem 6.4.1. Consider the linear quadratic problem for the hybrid linear system
(6.44) defined by Problem 6.4.1. Suppose that the optimization problem (6.90) is feasible.
Then, the optimal cost J* defined in Problem 6.4.1 is bounded by

I <JI<T, (6.98)

with Jf and J%, given by expressions (6.84) and (6.97), respectively. O

Example 6.4.1. (See also (Kouhi et al., 2013b)) Consider the hybrid linear system

-1 11
x—{ 2_3:|ZC+|:21:|U x e,
H:
0.7 05 0.125 0.5
+
x_{o 0.8}‘”{0.5 0.2}” veb,

where denoting x = [z1 25", the sets C' and D are specified by
C={xecR*: 22, — 1, <0}, D=R2\C.

The corresponding cost variables are defined by

tr4+1
Jc’k:%/t (mT{gg]ijuT{é?]u)dt,
k

1 21 10
_ T T
Jd,k—§ Z T, [1 l}xj—i—vj {O 1}%,
J=ik
where K = 2 is a fixed parameter, indicating that only three switching between the flow

and jump sets must occur. Then, the overall cost J is defined by (6.54). The switching
time instances are fixed and given by

(thjo) = (0‘270)7 (tlajl) = (0'274)7 and (t27j1) = (174)7

and the fixed final time equals (s, jo) := (T, J) = (1, 8). Thus, the time domain equals

Tr =([0,0.2] x {0}) U ({0.2} x {0,...,4})
U([0.2,1] x {4) U ({1} x {4,...,8}).

The fixed initial and final states are given by o =[3 7]" € Cand z; =[3 —1]" € D,
respectively. The cost associated to the switching points and to the terminal point are
zero. Two trajectories computed via our algorithm are depicted in Figure6.4.3. The
flow evolution is represented by the curves with solid lines, and the jump evolution by
small circles. The top picture refers to the solution obtained by lower bound control for
the hybrid system with neglected inequality constraints arising from the definition of the
flow and jump sets. One can observe that inequality constraints in definition of the flow
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Figure 6.4.3: (Top:) The trajectory resulting from the control policy achieves the
provided lower bound of the cost by ignoring the inequality constraints. (Bottom:) The
system trajectory resulting from the control policy achieves the provided upper bound
of the cost.

and jump sets are violated. Note that this trajectory principally does not belong to the
solution set of this system since a trajectory of the hybrid system cannot jump within the
set C'. In contrary, in the bottom picture the solution resulting from the upper bound
control is a desired trajectory of the hybrid system. The parameters x;, X, and x3 in
the lower bound optimal control problem defined in Section 6.4.3.1 are computed to be

x; = [-0.9512 —1.9024]", x, = [0.60 1.20]", x3 = [0.60 1.20]",

incidentally, with two latter variables being identical. The parameters for the upper
bound control problem defined in Section 6.4.3.2 are computed to be

x; = [1.0820 2.1640] ", x5 = [0.0446 0.0893]", x5 = [0.0095 0.0189]".

For this problem the following upper and lower bounds for the optimal cost J* are
computed as

585.3010 < J* < 658.3335.
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6.5 LQR design for a class of hybrid linear systems
(Scenario II)

In this section, we address a problem that relates maximum principle (Sussmann, 1999;
Caines et al., 2006; Johansen et al., 2002; Liberzon, 2011) to a class of hybrid linear
systems.

Let us consider a hybrid linear system H consisting of different linear flow dynamics
given by

T = Ag(tw)l‘ -+ Ba(m)u x e,
M (6.99)

xt =x x €D,

where o(t,z) € £ :={1,...,} is the switching signal between different dynamics. We
assume that switching to a new dynamics can only occur when the states of the system
belong to the jump set. Suppose also

Ag(tﬂ;) ceAe {Al, L. ,Ag}, Ba(t,z) e B:= {Bl, Ce Bg}, (6100)

where u(t) € R™, A; € R B, € R™ and the pairs (A4;, B;) are controllable for all
1 € L. Further, we assume C' = R" and

where the jump set D is the union of switching manifolds given by the affine equations
in the state space as

D;={zeR":c;x+r; =0} Vi e L (6.102)

In (6.102), I is a finite index set, ¢; are matrices, and r; are vectors with appropriate
dimensions, for all i € I. Given K € N and T € R+, assume the switching time instances
t1,...,tx_1 between different dynamics exist such that

O=tg<ty1...<tg_1<tg=:T. (6103)

For this system, we define the hybrid time domain as follows:

K—1
TK = U Tka
k=0
where
Ty = [te, trsa] x {k} Vk e {0,..., K —1}. (6.104)

Note that with these assumptions and the definition of the hybrid system in (6.99), the
mapping (¢, k) — x(t, k) is absolutely continuous over the hybrid time domain. For a
definition of absolute continuity see Appendix A.6.1. Interpreting x as z(t, k), we define
an LQ problem for the hybrid system (6.99) as follows:
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Problem 6.5.1. Given a number K € N, matrices (), > 0 and R, > 0 for each
k € {0,..., K — 1}, symmetric matrices S.(ty1,k) > 0 for each k € {0,1,..., K — 1},
and a sequence of switching, that is, A, = A;, € A and By, = Bj, € B for all
(t,k) € Tk are fixed. Moreover, assume that the final time tx = T is given and either:

a) the time instances ti,...,tx_; satisfying (6.103) are given.
b) the time instances t1,...,tx 1 satisfying (6.103) are unknown.

Find the control u (and the switching time instances for case b)), such that the following
optimization problem is solved:

K-1
minimize ~ J =) " J; (6.105)
k=0

H defined by (6.99),

subject to 2(to,0) € D, io e, (6.106)
2(thir, k) € D Vke {0, K -1}, irel,

lk+1

where

1 1
Ji :§w(tk+1, k) TS (g, k) (b, k) + 5

tr4+1
2/ 2" Qrx+u’ Ryu] dt,  (6.107)

ty

for all k € {0,..., K —1}. O

In (6.107) the given symmetric matrices S(tx41, k) for each k € {0,1,..., K — 2} are
used to specify the cost variables corresponding to the switching time instances, and
S(tx, K —1) is used to specify the cost variable at an end point (T, K —1) =z € D;,..
Problem 6.5.1 is fairly general and we can solve the following scenarios by finding a
solution to this problem.

i) The switching times with regard to case a) in Problem 6.5.1 are fixed. We call this
problem “fixed switching times problem”.

ii) The switching times are free as represented by case b) of Problem 6.5.1. We refer
to this problem as “free switching times problem”.

iii) The initial state vector x, and the terminal state vector s are fixed. This condition
is equivalent to have

Cip =1, 1iy = 20, Cig =1, 15y = xy.

iv) Item iii), and the conditions D;, = R™ for all k € {1,...,K — 1} and i, € 1
hold. Then, o(t,z) = o(t) and Problem6.5.1 is reduced to computation of
an optimal control u and switching time instances ¢,...,tx_1, which minimize
the cost (6.105). In this case, a switching can occur at each point of the state space.
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Our solution approach is based on parameterization of the optimal control problem
with respect to initial and end points of each switching time interval, similar to the
approach for solving Problem 6.4.1. To this end, first we represent the LQR problem for
a piece of trajectory and parameterize the problem by the initial and end points of each
switching time interval. We derive an analytical expression for the optimal cost using
the sweeping method presented by Lewis and Syrmos (1995). This allows us to find an
analytical expression for the entire cost J. Afterwards, we determine the switching times
and states in the next step.

6.5.1 Optimal solution for a piece of a trajectory

Consider a piece of hybrid trajectory that evolves with the dynamics as described by
(6.99) within a time interval (¢,k) € Ty for some k € {0,...,K — 1}. Referring to
the principle of optimality, if Problem 6.5.1 has an optimal solution, then each piece of
the optimal trajectory between two consecutive switching points x; and x;,; must be
optimal. In other words, if we assume the initial state vector x; := x(tx, k) and the final
state vector Xgy1 := x(tg41, k) are parameters, then solving the following optimization
problem for a trajectory x(¢, k) that satisfies the differential equation (6.99) for o (¢, z) =
jk € L, is motivated by Problem 6.5.1:

minimize Ji

T = Ajk T + Bjk u,
subjectto { =(tk, k) =xy, (6.108)
T(trr1, k) = Xgy1.

Now, Problem (6.108) represents an optimal control problem with initial and end
points as parameters. The solution is given by (see Lewis and Syrmos (1995), pp.224)

u=-R' B (Sz—-VP 'V z—x41]), (6.109)
where
—S=A] S+5S A, -8 By, R,' B} S+Qx,
Ki,=R;" B S,
~V = (4, - Bj, K"V,
P=V' B, R;' BV, (6.110)
for each (¢, k) € Ty and with the boundary conditions

V(tk+1, k) = I, P(tk+17 k') = 0, and given S(tk+17 k') 2 0.

In the solution (6.110), the auxiliary variable V (¢, k) € R™ ™ is a “modified state
transition matrix” for the adjoint of the linear time varying closed loop system, and
—P(t,j) € R™" is a sort of weighted reachability gramian. If det(P(¢,k)) = 0 for all
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(t,k) € Ty, the problem is abnormal and no solution exists; see Lewis and Syrmos (1995).
However, if @, = 0 for all k£ € {0,..., K — 1}, controllability of the pairs (4;,, Bj,) is
sufficient for the existence of solutions. Moreover, in this form of the solutions the
co-state parameters A(t, k) are given in the form of

At k) = S(t, k) x =V (t, k) P(t,k)™" [V(t, k)" z(t, k) — Xp1] (6.111)
where the elements
O = 0(t, k) = —P(t, k)" [V(t, k)" x(t,k) — Xp11], (6.112)

are constant in the interval (¢,k) € Ty. Furthermore, referring to (6.109) and (6.111),
the relationship between the co-state and the control is given by

ut,k) = —R;" B] A(t,k)  V(t,k) € Ty;

see Lewis and Syrmos (1995). Note that in (6.110), the first Riccati equation for S, as
well as the differential equations for V and P, are solved backwards in time within any
time interval.

Now, for simplification of notation, in the sequel, we signify the values of the functions

S, V, and P at the specific time instance (¢, k) by the index k. For example, Sy should

be interpreted as S(tx, k). As stated by Lemma6.4.1 the optimal value of the cost Jy

with the state-feedback given by (6.109) can be represented in analytical form as follows:
T

V" i —xp1] Pt [V xi — xpqa]- (6.113)

* 1T 1

6.5.2 A QP problem for finding the switching points

Having discussed the analytical solutions to optimal control for each piece of the trajec-
tory, in this section we consider all of them together. Hence, by (6.113) the overall cost
equals

K—1 1
J=) I = 5XTMX, (6.114)
k=0
where X = [x] x{ ... x4|" includes an initial point xo = x(ty,0) € D;,, switching

points Xi,...,Xg_1, and a terminal point xx = z(tg, K — 1) € D;.. M = [M;] €
RIPEADIX D] s o symmetric matrix of the form:

i MO,O M071 0 e 0
MLQ Mll M12 Ce 0

M=1| 0 My - : :

0 0 MK,Kfl MK,K
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with the matrix elements
(Moo = Mgy = So— Vo Py ' V'

Mj; = M, = S; = VP 'V,T — P} vie{l,...,K—1},
) Mgk = My = —Pgly,

| M; i1 = M, ;= V}.pj—l Vje{0,...,K —1}.

Note that the cost defined in (6.114) is parameterized by the decision variable X. Now,
we add the required constraints to the optimal cost J to ensure that x; € D;, for each
k € {0,..., K}. This defines a static optimization problem as

1
minimize J = EXTMX
subject to CX +R =0, (6.115)

where the matrix C and the vector R include the parameters characterizing the equations
of the jump sets D;, for i, € {0, ..., K}, namely

C = blockdiag([ciy, - - -, cir]), R=1[r] ... 7 ]". (6.116)

20 1K

Now, the cost defined in (6.115) is parameterized only by the decision variable X. Note
that since Jj > 0 for each k € {0,..., K — 1}, we have that %XTMX > (. This implies
that M > 0 and Problem (6.115) is convex.

Now, introducing the Lagrange multipliers in the form of A =
blockdiag ([Ao, . .., Ak]), the Lagrangian of the cost (6.115) reads

L(X,A) =1XTMX +AT(CX +R). (6.117)

6.5.3 Computing optimal switching points

Now, if we set the derivative of the Lagrangian (6.117) with respect to X to zero, then the
optimal switching points can be computed. Consequently, as M > 0, Problem (6.115)
has a globally optimal value X given by

X*=-M'C"(CM™'C")'R:=G(S,V,P), (6.118)

where G is a function of S := (Sp,...,Sk-1), V = (Vo,...,Vk_1), and P :=
(Py, ..., Pk_1). Hence, the optimal cost equals

1
J* = 5RT(CM—lcT)—lR. (6.119)

Note that the matrix M is a function of switching times ty,...,tx_1. Thus, for the
problem of fixed switching times which is specified by case a) in Problem6.5.1, M is
given. However, for the problem of free switching times M is not known so far, and has
to be determined in the following.
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6.5.3.1 Transversality condition and solutions of fixed switching times
problem

Now, we show that our optimal solution wu, given by (6.109), satisfies the so called
“transversality conditions” (see Sussmann (1999); Caines et al. (2006); Liberzon (2011))
for the points belonging to the jump sets. To this end, recalling (6.113) the Lagrangian
of Problem (6.115) can be reformulated as

L(X,A) = %XTMX +AT(CX +R) =

K—1
T~
= %{Z X Sexp— [V ) —xpp1] Py [V xp — X414 +A;(Cz'kxk+'f’ik)} A (Cip X+ i)
=0

Recall that the optimal value of X in Section 6.5.3 was computed by differentiating the
Lagrangian with respect to x; and setting it to zero. For an initial condition, this is
equivalent to have

OL(X, A
% =0= (Soxo—Vo Py [V x0—x1]) + ¢ Ag=0. (6.120)
Xo
Likewise, for a point belonging to the jump set D;,, we should have
OL(X, A)

5 = 0= (Skxx— Vi PV xp = Xpa]) +
Xk

+ (P VL xim —xi]) +of A=0  Vke{l,...,K -1}, (6.121)
and finally for a terminal point

OL(X. A
—gx’ ) =0= (Pgl, V.1 xx-1 —xk]) + c;; A = 0. (6.122)
K

As discussed previously, the co-states are defined by (6.111) and the variables 6(t, k) in
(6.112) are constant in the time interval T}, for all & < K — 1. Therefore, the co-states
can be rewritten in the form of

)\(ka, k‘) = Sk Xk — Vk Pk_l [VkTXk - Xk+1], vk € {0, ce ,K—l},
Mtk —1) =Stk —1) x, — P, Vil < —xi),  Veke{l,...,K}. (6.123)

Thus, (6.121) and (6.123) reveal that

Ato,0) + ¢ Ag =0, (6.124)
A(ti, k) = A(ti, k= 1) + Sty k — 1) x4+ ¢ Ay =0, (6.125)
— AMtg, K = 1)+ S(tg, K — 1) + ¢, Axg =0. (6.126)

In the literature, conditions (6.124-6.126) are referred to as transversality conditions
on the initial point, switching points (jump points), and terminal point, respectively
(Sussmann, 1999; Liberzon, 2011). Now, we can present a theorem concerning the fixed
switching times problem.
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Theorem 6.5.1. The control (6.109), computed by the ordinary differential equations
(6.110), and switching parameters, computed by (6.118), solve the case of the fized
switching times in Problem 6.5.1. Moreover, the optimal cost (6.105) is equal to
(6.119). O]

Now, solving the free switching times case of Problem 6.5.1 entails deriving the ap-
propriate switching time instances tq,...,tx_1. This will be presented in the sequel.
6.5.4 Computation of optimal switching time instances

For computing the optimal switching times, we set the partial derivative of the cost
function in (6.115) with respect to the switching time ¢ to zero. In other words,

oJ* oJ;_, 0J;
=0 =0 vk ..., K —1}. 6.127
oty, ~ oty + oty 6{ ’ ’ } ( )
Now, we aim at showing that the following relations hold
oJ; 1
815: = _H<)‘?Xl€7 (tka k)) - - |:§ (X;Qkxk + u<tk7 k>T Rk u<tk7 k)) +
At k)T (A, %+ B, ulte b)) |
A 1
8—];; = H(}\,Xk, (tk, k— 1)) = 5 (X,;r Qk,1 X + u(tk, k— 1)T Rk,1 u(tk, k— 1))

+ At k=1 (A, xp+ By, ulty, k—1)). (6.128)

Note that (6.128) in fact represents the Hamilton-Jacobi-Bellman equation at the time
instances (t, k) and (tx, k — 1) (see Appendix A.8.2 and Lewis and Syrmos (1995)). For
this purpose, similar to the computation (6.65), at time instance (tx, k), we can write
% X;— Qk X + % U(tk, k)TRk’LL(tk, k’) = —%X;— Sk Xk — X;— Sk:(A]k X + Bjku(tk, ]{))
+ 1 WV xk—xi]” POU VY By R B Ve P IV X — X
= —% XkT Ska — A(tk, /{Z)T(A]k X + Bjku(tk, k))"‘
O Vi (Aj, xi + Bju(ty, k) + 36:V, By, Ry Bj Vi O,

where 6y is given by (6.112). Using (6.109) for u and (6.113) for the cost J}, we deduce
Lxp Quxp + dulty, k)T Riu(ty, k) + Mg, k) T (Aj,xi + Bju(ty, k) =
= —Ix Sexp+ 0] V| (4, xk — Bj, Kp xi) — 1 00 V" B, R;' B] Vi 0,
Z—%X; Ska—Q; VkTXk—%HJ Pkek
_ _9Jj
ot
Furthermore, at time instance (¢, k — 1), we observe that
oJ;_, 1
Oty 2

X;— S(tk, k— 1) Xg + 0;—_1 V(tk, k— 1)T X + % (9]1—_1 P(tk,k - 1) Hk—l'
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Then, similar to the above computation we can show dJ; ,/0ty=H ()\, X, (tg, k — 1)>

Consequently, (6.127) and (6.128) indicate that the Hamiltonian is continuous with re-
spect to time. This fact complies with the maximum principle for hybrid systems; see
Sussmann (1999); Liberzon (2011). Now, employing (6.123) for A(tx, k) and A(tg, k— 1),
and substituting into the following equation

H (X (o)) = H (A, (6 k= 1)),

condition (6.127) can be expressed by the following boundary condition
X"™™M®(S,V,P)X =0, (6.129)

where the matrix M®*) for each k € {1,..., K — 1} has the form

B k k k 7]
M
k k k
M M M,
M®*) = , . ' , VEe{l,...,K —1}.
M}j)l M;;g .. Mgy
( _ _ _
ng; =Qr—[Sk— Vi P V"B, Ry'B] S, — Vi PV

Sk — Vi B ViITTT Ay, + Al [Se— Vi POV — Qi
+[S(tr, k —1)+ P 1T By, R B [S(te, k— 1)+ P Y]

k—1 Jk—1
_[S(tk’ k— 1) + Pk_fll ]TAjk—1 - Aka_l [S(tk7 k— 1) + Pl:jl]’
M) =M, =[S~ Vi PLY VT By, Ry Bl Vi B - BUL VT A,
kk+1 = V41 — [ k k 4k k ] Jr T e Yk Lk k k Jko

k _ _ _
M,ﬁjMH = P V| B, R;'B] Vi P\,

-1 T -1 T
k—1 ]%k—l'E%k,l'F%—l v%—l?

Ml(ck—)l,k—l = Vi PI;—ll B

k k)T — — —
Ml(c—)lk - Ml(c,l)c—l - _Pk—ll VkT—l Bjkﬂ Rk—ll Bka,l[S(th k— 1) - Pk—ll]
+AL | Vi B,
| M =0, j,0€{0,...,K} otherwise.

Note that in the above formulation all matrices with index “—1”, and “K +1” should
be set to zero. Now we can substitute the optimal value X* = G(S,V,P) from (6.118)
into (6.129), and obtain an expression which is independent of the variable X and only
depends on the time instances ¢1,...,tx_1. The difficulty still remains that in (6.110)
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several ODE’s exist which are defined on different time scales and different initial and
end times. To overcome this problem, for each time interval T, we define a positive
variable oy, as

=

o = (trer — 1) /T, g =1.
0

and K set of variables (S®) V) P®) for k € {0,..., K — 1} as

i

S®(t) = S(af t4ty, k), VIO(t) = V(aj t+ty, k), PE(t) = P(aj t+ty,k), Yt € [0,T).

This definition establishes the following boundary conditions for the variables
(S®) Y &) ph))y:.

SUN(T) = S(tyy1, k) given, S®(0) = S(ty, k),
VE(T) = Viti, k) = 1, VE(0) = V(ty, k),
P®(T) = P(tpy1, k) =0, P®(0) = P(ty, k), (6.130)

for each k € {0,..., K — 1}. Now, for finding the switching times ¢y, ..., tx_1, we need
only to solve one differential algebraic equation, with given boundary conditions and
unknown parameters a4, as follows:

—50 = a2 (AT §® 4 50 4, — 50 B, RV BT 5W 4 ) Vitel0,T],
K™ =Rt Bl §®,

VW = a2 (4, — B, KT 7®), (6.131)
PW =2 POT B R B V™ vke{o,...,K —1}.

subject to: {  G(S,V,P)T M®(S,V,P) G(S,V,P) =0,
kK:_Ol O‘i =1,

where § = (5©),..., §5-D), v = (VO VED) and P = (PO, PED),

The algorithm (6.131) is solved backwards until its boundary conditions and the
criteria for the numbers «; are satisfied. Solving this differential algebraic equation can
be done by the Matlab command “bvp5c¢”. Now, we present the next theorem concerning
the free switching times problem.

Theorem 6.5.2. The solution of the differential algebraic equation (6.131) determines
the switching time instances for Problem 6.5.1. Then, the control (6.109), computed
by the ordinary differential equations (6.110), and the switching points, specified by
(6.118), solve the free switching times case of Problem 6.5.1. Moreover, the optimal cost
(6.105) is equal to (6.119). O
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Remark 6.5.1. For the free switching times case of Problem 6.5.1, when the switching
signal does not depend on the states, and the initial state vector z(tp,0) = zo and the
end state vector z(tx, K — 1) = xy are fixed, that is,

C = blockdiag([/,0,...,0 I]), R=[zy 0 0 zf]", (6.132)
the optimal switching times problem can be computed similar to (6.118), and the whole
algorithm can be followed similar to what discussed in this section. In this case, the
transversality condition (6.125) has a simpler form as:

)\(tk, k — 1) — )\(tk, k) = S(tk, k — 1) X (6133)

Example 6.5.1. Consider the hybrid linear system (6.99) with ¢ = 3, and the system
parameters

[ -1 1] 1 1]

Al__ 2 =3 Bl__z 1|

[ -1 1] (1 1]

AZ‘_ 0 -2’ BQ__Ol_

-1 0 1 2]

A3__ 0 -3 |’ B3__1 1|

The corresponding cost variables are given by
LM77 720 10

Jo_ﬁ/to (x {0 9 r+u 01| dt,

11720 120372 1] 1 0]
Jl—x_OQ $+2t1 x_ll_as+u Ol_u dt,
1+[20 10 +[1 0] +[1 0]
J2—$_02 x+2t2 x_01_a:+u Ol_u dt,

where K = 3 has been chosen, indicating that two switches between the different flow
dynamics occur. The aim is to minimize the overall cost J defined by (6.105). Define
x = |1 x5)". Let’s assume that to =0, txg =3, 20 =2 7]", 2y =[4 —1]T, and the
equations of the manifolds are given by

DO :{Ig}, D1:{$ER222I1—$2+2:O},
DQI{.%ERZZQH—.%’Q:O}, Dgz{mf}

The optimal trajectory computed via our algorithm is depicted in Figure6.5.1. The
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Figure 6.5.1: The optimal solution to the control policy in Example6.5.1.

switching times computed via a differential algebraic equation are given as t; = 1.0942
and o = 1.5123. Hence, this defines the hybrid time domain as

T = (0,1.0942] x {0}) U ([1.0942,1.5123] x {1}) U ([1.5123, 3] x {2}).
The switching points for this problem are computed to be
x; = [~1.5716 —1.1432]", x, = [0.0169 0.0169] .

The optimal costs equal J§ = 13.2904, J7 = 1.9566, and J5 = 67.2008. Consequently,
J* = 82.4478.

6.6 Conclusions

This chapter considers stability, robust stability, and optimal control of several classes of
hybrid linear systems. Concerning the stability problem, we established a link between
stability of hybrid and switched linear systems. Furthermore, we found an upper bound
for the maximum uncertainty under which stability of a perturbed hybrid linear system
having a quadratic robust Lyapunov function is guaranteed.

We discussed two problems regarding optimal control of hybrid linear systems. In
the first problem, an algorithm for analytical computation of lower and upper bounds
for the fixed initial and end states LQR problem in a class of hybrid linear systems
including a single linear flow and linear jump dynamics was proposed. In the next
scenario, we considered the LQ problem for a different class of hybrid linear systems with
free switching time instances. We showed that the switching times can be determined
by solving a differential algebraic equation with given boundary conditions.

Acknowledgement: The results of Sections6.2, 6.3, and 6.5 have been developed
through discussions with Prof. Sanfelice at the University of Arizona, and have not
yet been published anywhere.
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Chapter 7

Conclusions

In Chapter2 we have dealt with distinct problems concerning left eigenstructure
assignment for multi input systems, and partial and complete pole placement for single
input systems. Special attention has been devoted to systems with (n— 1) control inputs
due to the nice mathematical properties. The results of this chapter are particularly
suitable for stabilization of certain classes of switched linear systems.

In Chapter 3 we have studied stability and stabilization of switched linear systems
with state dependent switching signals. In our problem setting, we have assumed
certain restrictions on switching manifolds. The stability analysis and stabilization
of switched systems have been based on the concept of common left eigenvectors and
left eigenstructure assignment introduced in Chapter2. The main challenge here is
to appropriately select a set of desired common left eigenvectors for guaranteeing the
simultaneous stabilization of all linear subsystems, while avoiding the intersection of
the common invariant subspace of the closed loop subsystems with the given switching
manifold in the state space. These results are restrictive as an adequate number of
control inputs and special assumptions on the geometry of the switching manifolds are
required.

In Chapter 4 we have employed the concept of a common invariant subspace and left
eigenvectors assignment for stability and stabilization of switched linear systems with
arbitrary time switching signals. Our main result in this chapter discusses stabilization
of controlled switched linear systems whose open loop constituent matrices share an
invariant subspace to which a common quadratic Lyapunov function can be associated.
Then, we have broadened this class by assuming that open loop matrices have invariant
subspaces with sufficiently small distances from each other, such that a positive definite
matrix which satisfies special forms of Riccati inequalities can be associated to those
subspaces. For this approach, in addition to the required assumptions on the open loop
matrices, an adequate number of control inputs is needed. Moreover, we have discussed
robust stability of switched linear systems when their Hurwitz matrices share (n — 1)
real left eigenvectors.

In Chapter5 we have investigated the problem of quadratic stability and weak
quadratic stability of a class of switched linear systems with two modes. We have
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shown that the results by Shorten and Narendra (2003) and Shorten et al. (2009) on
stability of rank-1 difference switched systems can be extended to the more general
form of switched linear systems whose constituent matrices have rank m > 1 dif-
ference, provided that a symmetric transfer function matrix can be associated with
the pair of matrices. Moreover, we have defined sufficient and necessary conditions
for a pair of matrices for which a suitable symmetric transfer function matrix exists.
Finally, we have introduced an approach for computing a set of stabilizing control
inputs for a class of switched systems whose constituent matrices have rank m difference.

In Chapter 6 we have studied stability and stabilization of hybrid linear systems.
We have shown that the stability problem for a hybrid linear system is equivalent to
the stability problem for a switched linear system, by using bilinear transformation
for converting the discrete evolution of jumps to continuous dynamics. The main
results of this chapter, however, have been related to the optimal control of hybrid
linear systems. We have investigated two scenarios. In the first scenario, we have
considered a problem in which a fixed sequence of switching between flow and jump
sets occurs at fixed time instances. In this problem, the hybrid linear system is
specified by a single flow and jump dynamics, and state space constraints are repre-
sented by polyhedral sets. We have found upper and lower bounds for the optimal
value of the cost function via solving a constrained quadratic programming (QP)
problem in which the state variables at switching time instances are the unknown
parameters. The lower bound value has been obtained by relaxing the inequality
constraints, whereas the upper bound value has been computed by solving the dual
problem by means of gradient projection method. 1In the next scenario, using a
similar approach we have considered an optimal control problem for a class of hybrid
linear systems including multiple flows and a fixed sequence of switching with free
switching time instances. The optimal switching times have been computed via solving
a differential algebraic equation. High dimensions and large number of constraints
in these optimal control problems cause difficulties in computing the numerical solutions.
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Appendix A

Preliminaries

A.1 Vectors

Throughout the dissertation, N, Z, R, and C denote the fields of natural, integer, real,
and complex numbers, respectively. We denote n-dimensional real (complex) Euclidean
space by R™ (C™") and the space of n x n matrices with real (complex) entries by R"*"
(C™™). Consider a complex number a = « + j/3, then we denote the real part of a by
Re(a) = «, and its imaginary part by Im(a) = 5. The complex conjugate of a, denoted
by a*, is defined by a* = o — j 5.

Consider a vector v = [v; ... v,]" € C". Then, Re(v) = [Re(v1) ... Re(v,)]" and
Im(v) = [Im(v) ... Im(1,)] " denote the real and imaginary parts of v, respectively. The
conjugate transpose of v is defined by v* = [vf ... v}]. The vector 2-norm is defined by

[oll = (A1)
where |v;| = \/Re(v;)2 + Im(1;)2. Then, the infinity norm of v is defined by
|v]|oo = max |v;] ie{l,...,n}. (A.2)
The following inequality between 2-norm and infinity norm holds
[0l < [lvl] < nl[v]le. (A.3)

A.2 DMatrix properties

In this part we give some elementary concepts concerning matrix properties.
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A.2.1 Inverse of a matrix

Inverse properties of a matrix can be found, for example, in Horn and Johnson (1990).
Consider a non-singular matrix A € C*™". The inverse of A, denoted by A, equals

 adi(4)
det(A)’

At (A.4)

where adj(A) is the adjoint of A. Consider a partitioned matrix

All A12
A= A5
{Am Azz] ’ (4.5)

the inverse of A is computed by

AT =

A+ AL ARS T AN A — A ARSTE
; (A.6)

— S Ay A7 S

where S is the Schur complement of A with respect to the block Ay;, that is, & =
Agy — Ag1 AL Ara; see Horn and Johnson (1990).

A.2.2 Positive definite matrices

See Horn and Johnson (1990). Consider a Hermitian partitioned matrix

A= E/f g} , (A7)

Then A is positive definite (A > 0), if and only if X > 0 and its Schur complement with
respect to the block X is positive definite, that is, S = Z — Y*X 'Y > 0. A Slightly
different statement can be presented for a matrix A to be negative definite (A < 0), by
considering that —A > 0 .

A.2.3 Some determinant properties

See Horn and Johnson (1990). Let A € C™*" be nonsingular and Ay € C**™. Then, the
following relationships hold

det(A™) = 1/det(A), (A.8)
det(AT) = det(A), (A.9)
det(AAy) = det(A) det(Ay). (A.10)

If Ae C"™™ and B € C™*", then

det(I, — AB) = det(I,, — BA). (A.11)
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A.2.4 Kronecker product

Suppose A is an m x n matrix and B is a p X ¢ matrix. Then, the Kronecker product of
A and B, denoted by A ® B, is an mp X ng block matrix defined by

auB algB N alnB
anB aypB ... a9, B

AgB=| = BT (A.12)
amiB 2B ... agnB

A.2.5 Matrix rank

The rank of a matrix A, denoted by rank(A), is the number of the largest collection of
linearly independent columns of A.

A.2.5.1 Sylvester rank inequality

See Horn and Johnson (1990). Suppose A € C**™, B € C™*9, and m > n. Then, the
following property for the rank of matrices holds

rank(AB) > rank(A) 4 rank(B) — m. (A.13)

A.2.6 Eigenvalues and eigenvectors

For the concept of eigenvalues and eigenvectors see, for example, Horn and Johnson
(1990). Consider a matrix A € C"*". A number \; is an eigenvalue of A if

det(\MI — A) = 0. (A.14)

For each eigenvalue \; there exists a vector v € C" (called a right eigenvector of A
corresponding to the eigenvalue \;) satisfying the property

Av = Mo,

and there exists a vector w € C" (called a left eigenvector of A corresponding to A;)
which satisfies the equation

w'A = w'\.
The polynomial
det(\ — A) = A"+ a A"+ -+ ay, (A.15)

is called the characteristic polynomial of A. The roots of the characteristic polynomial
specify the eigenvalues of A. Therefore, if A\{,..., A, are eigenvalues of A, the following
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relationships hold

d N =tr(A) = -—a, (A.16)

Z )\Z)\j = Qy, (Al?)
3,j=1
i#]

ﬁ)\i =det(A) = (—1)"a,. (A.18)

A € R™" is said to be Hurwitz if its eigenvalues have negative real parts, i.e., Re()\;) < 0
forall i € {1,...,n}.

A.2.7 Eigenvalue decomposition

See Horn and Johnson (1990). Any diagonalizable matrix A € R™*" has a decomposition
of the form

A=T AT = VAW*, (A.19)

where A is a diagonal matrix whose diagonal entries are eigenvalues of A. T7! =V €
C™™ is a matrix whose columns are eigenvectors of A. W &€ C™"™ is a matrix whose
columns are the set of left eigenvectors of A.

When A is not diagonalizable, that is, the algebraic multiplicity of at least one eigen-
value, say Ai, is greater than its geometric multiplicity, A has a generalized eigenvector.
Then, there exist nonzero vectors v; and vy such that

(A — )\1[) v = 0, (A — )\1[) V9 = V1, (AQO)

where in this formulation v; is the eigenvector of A corresponding to A;, and vy is the
generalized eigenvector of A corresponding to A;.

A.2.8 QR- decomposition

The concept of QR-decomposition can be found, for instance, in Horn and Johnson
(1990). Any matrix A € C™*™ with n > m can be factorized as the product of an n x n
unitary matrix @), that is, Q*Q) = I, and an n x m upper triangular matrix R, in the
form of

a-qr=foedl [ ] - (A21)

where R; is an m x m upper triangular matrix, ()1 is an n X m matrix, and ), is
n x (n —m) matrix. In this description, @); and () both have orthonormal columns.
The Q1 Ry-factorization is called reduced QR- factorization (decomposition).
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A.2.9 Real Schur decomposition

For the concept of real Schur decomposition, one is referred to, e.g., Arbenz and Kressner
(2010). For each A € R™" there exists a decomposition

A=QRQ, (A.22)

with an orthonormal matrix ) € R™" and a quasi triangular matrix R € R"*" having
the form

Riu Ry ... Rip
S R a2)
0 0 0 Ry
where any R;; for each i € {1,...,m} is either a 1 x 1 matrix equal to a real eigenvalue

of A, or is a 2 x 2 matrix having a pair of complex conjugate eigenvalues corresponding
to two eigenvalues of A.

A.2.10 Singular value decomposition

The concept of singular value decomposition can be found, e.g., in Horn and Johnson
(1990). Any matrix A € C**™ with m < n can be factorized in the form of

A=USV", (A.24)

where U € C™" and V € C™™ are unitary matrices and X' € C"*™ is a matrix with
real non-negative entries in the form of

_0'1 0 0 T
0 ()] 0
: 0
=14 ¢ .| (A.25)
: : 0
0 0 0 |

where o1 > 09...0,, > 0 are referred to as singular values of A.

A.2.11 Matrix norm

See Horn and Johnson (1990). Various definitions for matrix norms exist in the literature.
However, we only introduce the norm of a matrix A € C™*™ induced by Euclidean vectors
(2 norm), that is,

[ Aw]]
Alls := max—— = max ||Aw|| = omax(A), A.26
H ”2 w0 ||w|| Hw”:lH ” a ( ) ( )
where opax(A) is the maximum singular value of A, and ||w|| is the vector 2-norm of w.
Note that the following inequality for the matrix norm holds

Al < /tr(A*A). (A.27)
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A.2.12 Similarity

The definition of similarity can be found, for example, in Horn and Johnson (1990). Two
matrices A € C"™" and A € C™™*" are similar if there exists an invertible matrix 7" such
that

A=T1AT. (A.28)

A.2.13 Invariant subspace of a matrix

This information can be found, for example, in Gohberg et al. (2006). An m dimensional
subspace X, of C" is said to be A invariant if for each v € X,,,, we have Av € X,,,. Let
the columns of V' = [vy ..., v,,] be a basis for X,,, then there exists a matrix L € C"™*™,
such that

AV = VL. (A.29)

Moreover, the set of eigenvalues of L is a subset of the set of eigenvalues of A.

A.2.13.1 Distance between subspaces

For this part we refer the readers to Truhar (1996). Let V; and V; for some 4,5 € N
be bases for the two m dimensional subspaces &j,, and X ,,, respectively. Define the
orthogonal projection matrices Py, = V;(V;*V;)7'V;* and Px,,, = V;(V;V;)7'V}". Then,
the distance between the two m dimensional subspaces &;,, and &, is defined by the
norm of the difference between the corresponding orthogonal projection matrices

dist (X; m, Xjm) = || Px,,, — P,

,m‘

Moreover, we have
H}%hﬂn-_ }%WJHH ::Sin 0U7

where 0;; is the greatest canonical angle between &; ., and X, which is defined by

*

yx

cos 0;; = min max . (A.30)
w€Xim yeXym |||y
x#0 y#0
A.3 Controlled linear systems
Consider an LTT system
& = Az + Bu, (A.31)

where A € C"*" and B € C"*™. The controllability matrix ®.(A, B) for this system is
defined by

o.(A,B)=[B AB ... A"'B). (A.32)

The pair (A, B) is said to be controllable if rank(®.(A, B)) = n.
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A.3.1 [A B] invariant subspace

This part is taken from Gohberg et al. (2006). An m dimensional subspace &, of C" is
said to be [A B] invariant, if there exists a matrix F' € R™ "™ such that for each v € X,
(A+ BF)v € X,,. When F' = 0, this is interpreted as the familiar relation AX,, C &,

for A invariant subspace X,,.

A.3.2 Controlled block similarity

This definition has been taken from Gohberg et al. (2006). We say two controlled pairs
[A B] € C"™™ x C™™ and [A B] € C"*" x C™*™ are block similar, if there exists an
invertible transformation matrix S € Cm+Wx(m+n) i the form of

N O
S:{L M}’ (A.33)
such that
A Bl = N4 B] { M ] . (A.34)
A.4 Input/Output linear systems
Consider an LTT system
t = Ax + Bu,
{ (A.35)
y = Cz+ Du,

where A € C"", B € C"™ (C € C™" and D € C™* ™. The observability matrix is
defined by

C
a0 A)=| | (A.36)
CAnfl

Then, (C, A) is called observable if rank (®,(C, A)) = n; see Kailath (1980). The transfer
function matrix of the system (A.35) equals

G(s)=C(sI — A)'B+ D. (A.37)

We say (A, B, C, D) is a realization of the transfer function matrix G(s). This realization
is minimal if and only if (A4, B) is controllable and (C, A) is observable.
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A.4.1 Kalman-Yakubovic-Popov (KYP) lemma

The KYP lemma gives algebraic conditions for the existence of a certain type of Lyapunov
functions for strictly positive real systems; see Boyd et al. (1994), and Zhou et al. (1996).

Lemma A.4.1. Consider the LTI system (A.35). Let A € R™™ be Hurwitz, B € R™™,
C € R D e R™™ (A, B) be controllable, and (C,A) be observable. Then, the
transfer function matriz G(s) = C(sI — A)"'B + D s strictly positive real if and only if
there exist matrices P = P' > 0, matrices L and W, and a number o > 0, satisfying

AP+ PA=—-L"L—aP, (A.38)
B'P+W'L=C, (A.39)
D+DT =W'W. (A.40)

A.5 Linear time varying systems

The concept of solutions for linear time varying systems can be found, for instance, in
(Kailath, 1980). Consider the linear time varying system

&= A(t)x(t) + B(t)u(t) x(to) = xo. (A.41)

The solution to this system is given by

t
z(t) = o(t, to)xo +/ o(t, 7)B(T)u(r) dr. (A.42)
to
In this representation, ¢ is called state transition matrix and satisfies the conditions
Ob(t,t
0I) _ Attt o). (A.43)
o(r,7) = 1. (A.44)

A.6 Differential equations and inclusions
Here, we summarize some important concepts concerning the theory of differential

equations and inclusions. They can be found, for example, in Cortes (2008); Smirnov
(2001).

A.6.1 Absolute continuity

The function v : [a,b] — R is absolutely continuous in the interval [a, b], if there exists
a Lebesgue integral function & : [a, b] — R such that

v(t) = v(a) + /t k() dr  t€a,bl. (A.45)
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Absolute continuity is a stronger notion than continuity and weaker than differentiabil-
ity. Every continuous differentiable function is absolutely continuous, but the inverse
is not true. However, every absolutely continuous function is differentiable almost
everywhere.

A.6.2 Solutions of differential equations

For a definition of the different classes of solutions for differential equations see, e.g.,
Cortes (2008). Consider the differential equation

= f(a(t)  a(to) = o, (A.46)

where f : R™ — R” represents the direction of the vector field at each point z. If f is
continuous, then the solutions to (A.46) are continuously differentiable. These solutions
are called classical solutions. If f is not continuous, then different notions of solutions for
differential equation (A.46) are defined. In the following, we point out couple of them.

A.6.2.1 Caratheodory solutions

See Cortes (2008). Caratheodory solutions are absolutely continuous solutions x(t),
which result from integrating (A.46)

z(t) = x(to) —i—/t f(z(7)) dr. (A.A47)

Caratheodory solutions may not always follow the direction of vector fields, for example,
at points of measure zero.

A.6.2.2 Filippov solutions

See Cortes (2008) and Filippov (1988). The Filippov set valued map considers the
directions of vector fields around any point in the state space. For defining the Filippov
solutions, the vector field in the right hand side of (A.46) is replaced by the so-called
Filippov set-valued map defined by

F(z) =) @ f(B(z,8)\9), (A.48)

§>0 pu(S)=0

where ¢o denotes the convex closure and i denotes the Lebesgue measure. Then, the
Filippov solutions are solutions of the following differential equations

& € F(x). (A.49)

For instance, the differential equation

. 1 x>0,
S x <0,
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is modified to the differential inclusion defined by

1 x>0,
T € [—1,1] x =0,
-1 r < 0.

Consider a differential inclusion & € F(z). In the theory of differential inclusions,
often some restrictions on set valued map F' are assumed. We explain some related
concepts; See Cai et al. (2008) and Goebel et al. (2012).

A.6.3 Outer semi-continuous set valued map

A set valued map F : R" — 2®" is said to be outer semi-continuous at the point z, if

lim sup F(z) C F(z). (A.50)

T—T

A.6.4 Convex set valued map

A set valued map F : R” — 2R" is said to be convex, if the set is convex for all z. In
other words, for each zg,z; € R"

F((1—a)rg+ar;) D (1 —a)F(xg) +aF(z1) VYVael0,1]. (A.51)

A.6.5 Locally bounded set valued map

A set valued map F' : R® — 28" is said to be locally bounded at the point Z, if for some
neighborhood N(z), for each V' € N (Z) the set F(V) C R™ is bounded. It is called
locally bounded on R™ if it is locally bounded at every point z € R™.

A.7 Hybrid systems

Consider a hybrid system described by the four tuples (C, F, D, G), i.e., a differential
and a difference inclusion in the form of

€ F(x) z e C,
H:

(A.52)
zt € G(v) reD.

The sets C' and D are referred to as flow and jump sets, respectively. Typically, it is
assumed that the set valued map F : C' — 2®" which contains the set of all possible flow
directions within the closed set C', is nonempty, convex, and outer semi-continuous. The
set valued map G : D — 2%" which represents the set-valued jump function, is assumed
to be nonempty and outer semi-continuous. These assumptions on H are called “basic
assumptions”; see Goebel et al. (2012).
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A.7.1 Perturbed hybrid systems

Given a hybrid system (A.52) and a continuous function 6 : R® — Rsq, the hybrid
system Hjs described by the four tuple (Cs, Fs, Ds, Gs) and

{ i € Fy(x) r € Cs,
zt € Gs(x) x € Ds,
with the data
Cs:i=A{z: (x+6(x)B) N C # 0},
Fs(x) = F((z+(z)B)NC)+(z)B Va € Cy,
Ds :={x: (x+d(x)B)N D # 0},
Gs(x):= {v:veg+d(9)B, g€ G((z+d(x)B)ND)} V x € Ds, (A.54)

is called the perturbed form of H with respect to the uncertainty function 4. In this
form, B denotes the closed unit ball and the uncertainty ¢ is typically a continuous
function.

A function a : Rs>y — R is said to be increasing positive definite or belong to the
class K, if it is continuous, zero at zero, and strictly increasing. We make use of the
following theorems, concerning robust stability of the hybrid system H or stability of
the perturbed hybrid system H.

Theorem A.7.1. See Cai et al. (2008) and Goebel et al. (2012). Consider the hybrid
system H defined by (A.52) satisfying the basic assumptions and C'UD = R™. Suppose a
compact set A C R™ exists such that G(D N A) C A. If there exists a smooth Lyapunov
function V- : R" — Ry for the pair (H,A), that is, V is positive on (C'U D)\ A,
lim, 4 V(z) =0, and

(VV(z), f) <0 z€C\A, f e F(z)

(A.55)
V(g) —V(x) <0 r € D\A, g€ G(z)\A,

then the set A is asymptotically stable, and the basin of attraction contains every forward
movariant compact set.

Theorem A.7.2. See Cai et al. (2008) and Goebel et al. (2012). Consider the hybrid
system H defined by (A.52). If the compact set A is globally asymptotically stable, then
there exist a smooth function V : R™ — R, and oy, ay € K, such that

ay(([z]la)) < V(z) < ax(l|z]la) Vo € R",

fgnch)WV(x), [y < =V(), Vz € C, (A.56)
maz V(g) < e 'V(z) V€ D,

9€G(v)

where ||x|| 4 denotes inf,c 4(|[x — yl|). Moreover, the set A is asymptotically stable
for the perturbed hybrid system Hs = (Cs, F5, D5, Gs) with some continuous function
6 : R™ — RY, where 6(x) is positive for v € (CUD)\A .
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A particular case of Theorem A.7.2 is obtained by assigning D = () and C = R". In
this case,

Fs(xz):=c0 F (z+6(x)B) + 6(x)B Ve e R", (A.57)
and the equations (A.56) concerning the Lyapunov function will be modified to

ar([|z]a)) < V(z) < ao(l[z]l.a),

max (VV(z), f) < =V(z); (A.58)

fer(z)

see Teel and Praly (2000). We use the former description for robust stability of hybrid
systems, and the latter illustration for robust stability of switched linear systems.

A.8 Optimization

Now, we present some basic concepts of optimization.

A.8.1 Projection onto a linear subspace

See Boyd and Vandenberghe (2004). The projection of a point xy onto the set
X ={reR": Az — b= 0},
denoted by Proj.(zg), equals
Projy(z0) = 2o — AT(AAT) ™Y (Azg — b). (A.59)

A.8.2 Hamilton-Jacobi-Bellman equation

See, e.g., Lewis and Syrmos (1995). Consider the following problem

u

subject to  &(t) = f(x(t),u(t)), (A.61)

J(x(0),0) = min {/0 C(z(t),u(t)) dt + D (a:(T))} (A.60)

where C[] is the scalar cost function, D[.] is a function that specifies the cost at the
final state x(7T), x(t) is the system state vector, x(0) is assumed to be given, and u(t)
for 0 <t < T is the control input vector that must be computed. For this problem, the
Hamilton Jacobi Bellman partial differential equation is defined by

J(z,t) + min{VI(z,t) - f(z,u) + C(z,u)} =0, (A.62)
subject to the terminal condition
J(z,T) = D(z), (A.63)

where V is the gradient operator.
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A.8.3 Optimal control with fixed time and fixed final state in
continuous time

See Lewis and Syrmos (1995) and Bryson and Ho (1975). Consider the optimal control
problem

1 I
Jto) = 5o(T) SO a(@)+5 [ @ Qrru’ Ruyd (Ao
to
T = Az + Bu t > to,
subject to z(to) = o, (A.65)

Cx(T) =,

with the given initial condition xg, final time 7', S(T7') > 0, @ > 0, R > 0, the matrix
C', and the vector r. Then, the optimal control law which minimizes the cost (A.64) is
given as follows:

u(t)=—(K({t)— R 'B'V#)P(t)"'V(t)")a— R'B'V({)P(t) " r(T),  (A.66)
where

—S=A"S+SA—SBR'B'S +0Q,

K=R1'B'S,
~V=(A-BK)'V t<T,
P=V'BR'B'V = t<T, (A.67)

and the following boundary conditions hold
V(T)=C", P(T) =0, S(T) >0 is given.

If det(P(t)) = 0 for all ¢t € (tp,T), the problem is said to be abnormal and there is no
solution. Note that the parameter

:=Pt)" (r(T)— V() z(t)), (A.68)
is fixed for any ¢ € [0, T, where det(P(t)) # 0.

A.8.4 Optimal control with fixed time and fixed final state in
discrete time

See Lewis and Syrmos (1995). Consider the optimization problem

K-1
1 1
J:Em;{ Sk :EK+§ ;[ngxk—l—uZRuk], (A.69)
xt = Axp+ Bu, k>,
subject to r;  given,

CQ?K =Tk,
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with the given final time K, Sx > 0, @ > 0, R > 0, the matrix C', and the vector rg.
Then, the optimal control is given by

up = — Ky vp + K Vieyr PO [V 2 — 7k, (A.70)
where

Ki=(B" Sgy1 B+ R)™ BT Siy A,

Sk =A" S (A= BKR) + Q,

Vi = (A= B Kp) Vi,

Py =Py — V' B(B" Sgp1 B+ R)™ BT Vi,

K= (B" Sgy1 B+ R)™ BT, (A.71)

with the boundary conditions
Vi =C", P =0, Sk >0 is given.

If det(P;) = 0 for all ¢« < k < K, the problem has no solution in the interval {i,7 +
1,...,K}. In this case the problem is said to be abnormal. Note that the parameter

0 =P (rg — V, xp), (A.72)

is fixed for any k € {i,i +1,..., K}, where det(P;) # 0.
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