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Preface

The success of any control system depends on the precision of the model (non-
linear or linear) of the plant to be controlled. This model can be obtained us-
ing physical laws or identification techniques. Practicing control engineers can
use models to synthesize the appropriate controller to guarantee the required
performances.

For the nonlinear case, the techniques are few and in general hard to ap-
ply. However, if we linearize the nonlinear model to get a linear one in the
state-space representation, for instance, we can find in the literature many
techniques that can be used to get the controller that guarantees the desired
performances. There are now many controllers that we can design for linear
systems, such as the famous PID (proportional, integral, and derivative) con-
troller, the J% controller, the 7%, controller, the state feedback controller, the
output feedback controller, and the observer-based output feedback controller.
The linear model we will design for our dynamical system will be locally valid
and, to prevent performance degradations, uncertainties will be introduced to
describe the neglected dynamics or any other phenomena, such as aging.

In the literature we can find different types of uncertainties, among them
the norm bounded, the polytopic, and the linear fractional transformation.
Nowadays, there are interesting results for the analysis and design of the class
of linear systems with or without uncertainties. We are also able to control
systems with some special nonlinearities, like saturation, using different types
of controllers such as the state feedback controller and the output feedback
controller. The last two decades we have brought new control design tools that
can be used to design control systems that meet the required specifications.

In practical systems, the state vector is often not available for feedback
for practical reasons such as, the nonavailability of the appropriate sensor
to measure the components of the state vector or limitations in the budget.
Therefore the design of an appropriate filter is required to estimate the state
vector that can be used for control purposes. Many techniques can be used to
estimate the state vector, including %3 filtering and 7% filtering.
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In practice, some industrial systems, such as those with abrupt changes
in their dynamics, can not be appropriately described by the famous linear
time-invariant state-space representation. Such systems can be adequately
described by the class of stochastic switching systems called piecewise deter-
ministic systems or jump systems, which have two components in the state
vector. The first component of this state vector takes values in R™ and evolves
continuously in time, it represents the classical state vector generally used in
modern control theory. The second takes values in a finite set and switches
in a random manner between the finite number of states. This switching is
represented by a continuous-time Markov process taking values in a finite
space. The state vector of the class of piecewise deterministic systems is usu-
ally denoted by (x(t),r(t)). This class of systems has been successfully used
to model different practical systems such as manufacturing systems, commu-
nications systems, aerospace systems, power systems, and economics systems.

This book gives up-to-date approaches for the analysis and design of con-
trol systems for the class of piecewise deterministic systems with or without
uncertainties in the system matrices and/or in the transition probability rate
matrix. This book can be used as a textbook for graduate-level engineer-
ing courses or as a reference for practicing control engineers and researchers
in control engineering. Prerequisites to this book are elementary courses on
mathematics, matrix theory, probability, optimization techniques, and control
system theory.

We are deeply indebted to our colleagues P. Shi, V. Dragan, S. Al-Amer,
A. Benzaouia, H. Liu and O. L. V. Costa for reading the manuscript, in full
or in part, and making corrections and suggestions. We would also like to
thank students J. Raouf and V. Remillard for their help in solving some of
the examples in the book.

The draft of this book was completed in April 2004. We added new results
that are related to the topics covered by this book as we became aware of them
through journals and conference proceedings. However, because of the rapid
developments of the subjects, it is possible that we inadvertently omitted some
results and references. We apologize to any author or reader who feels that
we have not given credit where it is due.

El-Kébir Boukas
Montréal, Canada
April 25th, 2005
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Introduction

This chapter introduces the class of stochastic switching systems we discuss
in this book by giving the motivation for studying it. After giving some prac-
tical systems, it also defines the problems we deal with. The contents of this
book can be viewed as an extension of the class of linear time-invariant sys-
tems studied extensively in the last few decades. As will be shown by some
examples, this class of systems is more general since it allows the modeling
of systems with some abrupt changes in the state equation that cannot be
described using the class of linear time-invariant systems. In this volume we
concentrate mainly on the linear case, which has been extensively studied and
reported in the literature. References [52, 12, 45, 51] and the references therein
are particularly noted. But we would like to advise the reader that nonlinear
models have also been introduced; we again refer the reader to [12, 45, 52]
and the references therein.

1.1 Overview

Linear time-invariant systems have been and continue to be the engine of con-
trol theory development. They have been successfully used to model different
industrial systems. Most running industrial plants are designed based on the
theory of such a class of systems.

Systems with nonlinear behavior are generally linearized around an op-
erating point; the theory of linear systems is then used for the analysis and
design. Sometimes, when the nonlinearities are critical, it is preferable to use
a nonlinear model for the analysis and design.

Nowadays there are interesting results on such a class of linear systems
that can be used to analyze and design control systems. Among the problems
that have been successfully solved are the stability problem, the stabilization
problem, the filtering problem, and their robustness. Controllers such as the
state feedback and the dynamic output feedback (or the special observer-based
output control) are usually used in the stabilization problems. Various design
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approaches that use the algebraic Riccati equation (ARE), linear matrix in-
equalities (LMIs), among others, have been developed. For more details on
these results, we refer the reader to [31, 41, 59, 66, 12] and the references
therein.

In practice, some industrial systems cannot be represented by the class
of linear time-invariant model since the behavior of the state equation of
these systems is random with some special features. As examples we mention
those with abrupt changes and breakdowns of components. Such classes of
dynamical systems can be adequately described by the class of stochastic
switching systems or the class of piecewise deterministic systems, which is the
subject of this book.

If we restrict ourselves to the continuous-time version, this class of systems
was introduced by Krasovskii and Lidskii [48]. These two authors built the
formalism of this class of systems and studied the optimal control problem.
In 1969, Sworder [60] studied the jump linear regulator. In 1971, Wonham
[63] extended the formalism of the class of systems to include Gaussian noise
in the state equation and studied the stability problem and the jump linear
quadratic optimization problem. In 1990, Mariton summarized the established
results, including his results and those of other researchers in his book [52]. In
1990, Ji and Chizeck [44] studied the controllability, observability, stability,
and stabilizability problems. They also considered the jump linear regulator
by developing the coupled set of Riccati equations. In 1993 de Souza and
Fragoso [33] studied the .7, control problem. In 1995, Boukas [9] studied the
robust stability of this class of systems. In all these contributions, the results
are stated in the form of Riccati equations for the optimization problem or
Lyapunov equations for the stability problem.

In the last decade, with the introduction of LMIs in control theory, we
have seen the use of this technique for some results on the class of piecewise
deterministic systems. Most of the problems like stability, stabilization, %,
control, and filtering. have been tackled and LMI results have been reported
in the literature.

Among the authors who contributed to the stability problem and/or its
robustness are Wonham [63], Ji and Chizeck [44], Feng et al. [40], Boukas [9],
Dragan and Morozan [34, 35], Shi et al. [57], Benjelloun and Boukas [6], Boukas
and Liu [14, 11, 13, 10], Boukas and Shi [16] , Boukas and Yang [20, 19], Costa
and Boukas [25], Costa and Fragoso [28, 27], and Kats and Martynyuk [45].
For more details on the recent review of the literature on this topic, we refer
the reader to Boukas and Liu [12], Kats and Martynyuk [45], Mahmoud and
Shi [51], and the references therein. The existing results are either in the form
of Lyapunov equations or LMIs. The stabilization problem has also attracted
many researchers and interesting results have been reported in the literature:
Ji and Chizeck [44], Benjelloun et al. [8], Boukas and Liu [13, 15, 11], Boukas et
al. [18], Cao and Lam [22], Shi and Boukas [56], de Souza and Fragoso [33], Ait-
Rami and El-Ghaoui [1], Bao et al. [5], Dragan and Morozan [34, 35], Ezzine
and Karvaoglu [39], Costa et al. [26]. For more details, we refer the reader to
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Boukas and Liu [12] and Mahmoud and Shi [51] and the references therein.
Among the stabilization techniques that were studied are the state feedback
stabilization, output feedback stabilization, J#, state feedback stabilization,
and J7%%, output feedback stabilization. Among the authors who tackled the
state feedback stabilization are Ji and Chizeck [44], Ait-Rami and El-Ghaoui
[1], Bao et al. [5], Benjelloun et al. [8], Boukas and Liu [15, 11], Boukas et al.
[18], Costa and Boukas [25], Dragan and Morozan [34, 35], and the references
therein. For the J#, stabilization we quote the work of Aliyu and Boukas
[2, 3], Benjelloun et al. [7], Boukas and Liu [10, 13, 14], Boukas and Shi [17],
Cao and Lam [22, 23], Cao et al. [24], Costa and Marques [30], Dragan et
al. [36], and the references therein. The filtering problem has been studied by
Boukas and Liu [11], Costa and Guerra [29], Dufour and Bertrand [37, 38],
Liu et al. [50], Shi et al. [58], Wang et al. [62], Xu et al. [65], and the references
therein.

Manufacturing systems, power systems, communications systems, and
aerospace systems are some applications in which this class of systems has
been used successfully to model industrial plants. In manufacturing systems,
for instance, piecewise deterministic systems were used to model production
planning and/or maintenance planning. Olsder and Suri [54] were the first
to use the formalism in manufacturing systems and studied the production
planning with failure-prone machines. After 1980, the model was extended by
many authors and other optimization problems were considered. Among the
authors who contributed to the field are Gershwin and his coauthors, Zhang
and his coauthors, and Boukas and his coauthors. The books of Gershwin
[42] and Sethi and Zhang [55] and the references therein summarize most of
the contributions in this area up to 1994. In this direction of research, most
of the authors are interested by developing production and/or maintenance
planning. Their methodology, used to develop the production and/or main-
tenance policies is, in general, dynamic programming and some computation
tools.

1.2 State-Space Representation
Mathematically a dynamical system can be interpreted as an operator that
maps the inputs to outputs. More specifically, if the system represents an

industrial plant P that has as inputs u(t) and w(t) and outputs y(t) and z(t),
the relationship between these inputs and outputs is given by the following

equation:
ng] =P [Zz((?)] : (1.1)

The vectors y(t) and z(t) are referred to, respectively, as the measured
output and the controlled output. More often, the measured output y(t) is
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used to design a control law u(.) that, maps this output to an action that will
give to the closed loop system the desired behavior for the controlled output
z(t), despite the presence of exogenous input w(t). Mathematically, this is
represented by

u(t) = K(y(t)). (1.2)
2(t) —— — w(t)
P
y(t) — u(?)
— K

Fig. 1.1. Feedback system block diagram.

Control engineers often represent this operator when controlled in a closed
loop by block diagram as illustrated in Figure 1.1. The inputs and the outputs
are almost time varying and are linked by the following dynamics:

), (1.3)
)

where z(t) € R"; u(t) € R™; y(t) € RP, 2(t) € R?, and w(t) € R® represent,
respectively, the state vector, input vector, measured output vector, controlled
output of the system at time ¢, and exogenous input that has to satisfy some
conditions as it will be presented further, f(.), g(.), and h(.) are given smooth
vector-valued functions.

Remark 1. In (1.3) the functions f(.), ¢g(.), and h(.) are in general nonlinear in
their arguments. The first equation is a differential equation that is referred to
as the state equation and the second and the third are pure algebraic equations
that represent, respectively, the output equations for y(t) and z(t).

This nonlinear model can always be linearized around the equilibrium
point (0,0), which gives
z(t) = Ax(t) + Bu(t) + Byw(t),
t) + Dyu(t), (1.4)
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where A, B, B, Cy, Dy, C, and D, are appropriate constant matrices with
appropriate dimensions.

In general, this linearized model will never represent adequately the non-
linear dynamical system. The following model is used to take care of the
uncertainties that may represent the neglected dynamics, for instance, and
the effect of external random disturbances:

dz(t) = [A+ AA(t)] z(t)dt + [B + AB(t)] u(t)dt

+Bywdt + Wiz (t)dw(t),
y(t) = [Cy + ACy ()] 2(t) + [Dy + ADy(1)] u(t) + Waw(t),
2(t) = [C, + AC, (V)] z(t) + [D, + AD,(t)] u(t),

(1.5)

where the matrices A, B, B, Cy, Dy, C, and D, keep the same meaning;
as before; AA(t), AB(t), AC,(t), AD,(t), AC,(t), and AD,(t) represent,
respectively, the uncertainties in the matrices A, B, Cy, Dy, C,, and D,; W,
and Wy are given matrices with appropriate dimensions; w(t) and w(t) are
external disturbances that have some properties to be discussed later in this
book.

Sometimes systems cannot be put in the previous form for physical reasons.
These systems are referred to as singular systems. The state equation of such
a class of systems is given by the following:

Edzx(t) = Az(t)dt + Bu(t)dt + Byw(t)dt
+Wyz(t)dw(t),

y(t) = Cyalt) + Dyu(t) + Wau(),

z2(t) = Crz(t) + Dyu(t),

(1.6)

where the matrices A, B, By, Cy, Dy, C,, D,, Wi, and Wy keep the same
meaning as before and F is singular matrix that has a rank equal to ng, which
is less than n (the dimension of the system).

The uncertain model is given in a similar way to the regular one as follows:

Edx(t) = [A+ AA®)] z(t)dt + [B + AB(t)] u(t)dt
+Byw(t)dt + Wiz(t)dw(t),

y(t) = [Cy + ACy ()] x(t) + [Dy + ADy(8)] u(t) + Waw(t),

2(t) = [C, + AC, ()] z(t) + [D, + AD,(t)] u(t),

(1.7)

where the different components keep the same meaning as before.

The models (1.4)—(1.7) have been extensively used to describe different
type of systems. In the literature, we can find many references that deal
with problems like stability, stabilizability, /#%, control, filtering, and their
robustness. For more information on these topics, we refer the reader to
[31, 41, 59, 66, 12] and the references therein. Unfortunately these state equa-
tions cannot represent adequately some systems, such as those with abrupt
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changes. In the next section we will present a model that generalizes this one
and that appropriately models the behavior of systems with breakdowns and
abrupt changes in their dynamics.

1.3 Stochastic Switching Systems

Let us consider a simple system with the following dynamics:
#(t) = a(t)a(t) + bu(t), 2(0) = a0, (1.8)

where z(t) € R, u(t) € R, b is a given constant, and a(t) is a Markov process
that switches between two values a; and as with the following transition rates

matrix:
|: :| ’
q q

where p and q are positive scalars.

The switches between the two modes are instantaneous and they occur
randomly. Based on probability theory, we can find the steady-state probabil-
ities that give how long the process a(t) will spend in mode #1 and in mode
#2, respectively. These two probabilities can be computed using the following
relations:

The resolution of these equations gives

_ 9
T = —)»
p+gq
S 2
p+q

When time t evolves, the state equation of the system will switch in random
between the following two dynamics:

z(t) = a1z (t) + bu(t),
&(t) = agx(t) + bu(t).

This simple system belongs to the class of stochastic switching systems or
piecewise deterministic systems. This class of systems is more general since it
can be used to model practical systems with special features like breakdowns
or abrupt changes in the parameters.

The question now is how to handle, for instance, the stability of such a
system. Also, when the system with some appropriate scalars ay, as, p, and ¢
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is unstable, how can we design the appropriate controller that stochastically
stabilizes the system? We can continue our list of problems until it is clear
that the theory of LTI systems does not apply and some extensions are needed
to handle the new problems raised.

Since the behavior of the system is stochastic, all the concepts should be
stochastic. For the stability problem, the concept has been extended and two
approaches are available. The first approach is due to Gihman and Skorohod
[43]. The second one is due to Kushner [49] and is a direct extension of the
Lyapunov approach that we will use extensively in the rest of this volume.
Kushner’s approach generalizes the Lyapunov approach to handle the stability
of the class of systems we are dealing with here.

The class of piecewise deterministic systems is a switching class of sys-
tems that has two components in the state vector. The first component takes
values in R™, evolves continuously in time, and represents the classical state
vector that is usually used in the modern control theory. The second one
takes values in a finite set and switches in a random manner between the
finite number of states. This component is represented by a continuous-time
Markov process. Usually the state vector of the class of piecewise determin-
istic systems is denoted by (z(t),r(t)). The evolution of this class of systems
in time is comprised of two state equations, the switching and the continuous
state equation described below.

e Switching: Let ¥ = {1,2,--- , N} be an index set. Let {r(t),t > 0} be a

continuous-time Markov process with right continuous trajectories taking
values in . with the following stationary transition probabilities:

Aijh + o(h), i # 7,

)
1+ Xish+o(h), otherwise,

PV@+MﬂMﬂﬂ{

( ) —

where h > 0; limj,_o 5% = 0; and X;; > 0 is the tran51t10n probability

rate from the mode ¢ to the mode j at time ¢ and \;; = Z Aij-

J#z
e Continuous state equation:

dx(t) = A(r(t),t)x(t)dt + B(r(t), t)u(t)dt + B, (r(t))w(t)dt
+Wi(r(t))z(t)dw(t),
y(t) = [Cy(r(t) + ACy(r(t
+[Dy(r(t)) + AD, (T(t )] u(t) + Wa(r(t))w(t),
2(t) = [Ca(r(t)) + AC.(r(t), )] 2(t
+[D(r(t) + (

where z(t) € R™ is the state vector at time ¢; u(t) € R? is the control at
time ¢; w(t) € R™ is an arbitrary external disturbance with norm-bounded
energy or bounded average power; w(t) € R is a standard Wiener process

(1.10)
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that is supposed to be independent of the Markov process {r(t),t > 0},
By(r(t)); and Wy (r(t)) and Wy (r(t)) are known matrices; A(r(t),t) and
B(r(t),t) are, respectively, the state matrix and the control matrix that
are assumed to contain uncertainties and their expressions for every i € .
are given by

A(i,t) = A(i) + Da(i)Fa(i, t)Ea(d),
B(i,t) = B(i) + Dp(i)Fs(i,t) Ep(i),
with A(7), Da(i), Fa(i), B(i), Dp(i), and Ep(i) are known matrices; and

Fa(i,t) and Fp(i,t) are the uncertainty of the state matrix and the control
matrix, respectively, that are assumed to satisfy the following:

Fjy(i,t)Fa(i,t) <1,
Fjy (i,t)Fp(i,t) <L
Cy(i), Dy(3), C,(2), and D, (i) are given matrices with appropriate dimen-

sions. The matrices AC,(¢,t), ADy(i,t), AC,(4,t), and AD,(i,t) are given
by the following expression:

Cy(ist) = Dc,(i)Fc,(i,t)Ec, (i),
D,(i,t) = Dp,(i)Fp,(i,t)Ep, (i),
C:(i,t) = Dc. (i)Fc. (i, t)Ec. (i),
D.(i,t) = Dp.(i)Fp.(i,t)Ep. (i),

where Do, (i), Eo, (i), Dp, (i), Ep, (i), Do. (i), Fo. (i), and D, (i), Ep. (i)
are given matrices with appropriate dimensions and Fe,(i,t), Fp,(i,t),
Fe,(i,t), and Fp_(i,t) are the uncertainties on the output matrices that
are assumed to satisfy the following:

An example of the evolution of the mode r(¢) and the state vector z(t) in
time ¢ is illustrated in Figure 1.2 when . = {1,2} and z(t) € R.

Remark 2. It is well known that every sample path of the process {r(t),t > 0}
is a right-continuous step function (see Anderson [4]).

When the Wiener process is not acting on the state equation for all ¢ > 0,
the previous state equation becomes

@(t) = A(r(t), t)x(t) + B( (#), )u(t) + Bu(r(t)w(t), z(0) = zo,
y(t) = Cy(r(t), )z (t) + Dy (r(t), tu(t), (1.11)
2(t) = C.(r(t), )a(t) + D= (r(t), tyu(t).
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Fig. 1.2. Evolution of the mode 7(¢) and the state z(¢) in time ¢.

To these dynamics we associate those of the nominal system that supposes
all the uncertainties equal to zero, that is,

&(t) = A(r(t)z(t) + B(r(t))u(t) + Bu(r(t))w(t), z(0) = o,
y(t) = Cy(r()z(t) + Dy (r(t))u(t), (1.12)
z(t) = C.(r()=(t) + D= (r(t))u(t).

For the singular stochastic switching systems we have the following dy-
namics:

Edx(t) = A(r(t), )z (t)dt + B(r(t), t)u(t)dt + By, (r(t))w(t)dt

W (r(8)) 2 (6)d(8), 2(0) = o (1.13)
) = C(r(8).)2() + Dy r(e), Du®) + Walr ()l |
(1) = C=(r(t), )a(t) + D=(r(t), ult),

where the matrices keep the same meaning as before and F is a singular
matrix.

This book studies the class of piecewise deterministic systems (regular and
singular). For the regular class of stochastic switching systems, we focus on the
stochastic stability problem and the stabilization problem by using different
types of controllers like the state feedback controller, the static output feed-
back, the dynamic output feedback controller (or the observer-based output
feedback control), the %, control problem, and the filtering problem. For the
singular case an introduction to the subject is provided and only the stochas-
tic stability and the stochastic stabilization using state feedback controllers
are tackled.

In the next few pages we define each problem. Let us start with the stochas-
tic stability problem. In theory there exist two different concepts of stability,
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which we refer to as internal stability and input-output stability. Therefore,
a linear system is internally stable if the solution of the state vector corre-
sponding to a zero input will converge to zero for any initial conditions. For
the input-output stability, a linear system is said to be input-output stable
if the state system remains bounded for all bounded inputs. If we denote by
x(t; xo,m0) the solution of the system (1.12) at time ¢, the system will be
stochastically stable if the system state remains bounded for any initial con-
ditions z¢ and 7g, respectively, of the state vector x(¢) and the mode r(t).
There are different concepts of stochastic stability and for more details on
these concepts, we refer the reader to Chapter 2 as well as the References
section.

The stochastic stabilization problem consists of designing a stabilizing con-
troller that forces the system state to be stochastically stable and have the
desired behavior. Different approaches of stochastic stabilization exist and can
be used to attain the desired goal. Among these techniques are

e state feedback stabilization,
e output feedback stabilization.

These techniques will be discussed in Chapter 3 for nominal and uncertain
systems.

Practical systems are always affected by external disturbances that may
degrade the system performance. To overcome the negative effects of the ex-
ternal disturbances that are supposed to have finite energy or finite average
power, the 7%, technique was proposed. Contrary to optimal control, which
handles the case of external disturbances that must satisfy some special as-
sumptions, J%, control requires only that the external disturbance have finite
energy or finite average power. %, control is a way minimize the worst-case
gain of the system. This optimization problem can be stated as a game opti-
mization problem with two players; the designer, who is seeking a controller
that minimizes the gain, and nature, which seeks an external disturbance that
maximizes the gain.

The goal of . control is to seek a controller (state feedback, dynamic
output feedback, static output feedback) that minimizes the J#%, norm of the
system closed-loop transfer matrix between the controlled output z(¢) and
the external disturbance w(t) that belongs to %[0, T], with AA(r(t),t) =
AB(r(t),t) =0, that is,

t
Colo = sup L0l (114)

lw(®)ll2.j0.2120 [W(E)ll2,10,77

where |G || is the transfer matrix between the output z(¢) and the external
disturbance w(t).

The 7, control problem can be defined on either finite or infinite horizon
(T' — o0). In the rest of this section, we develop the finite horizon case. To
get the infinite horizon case, we let T go to infinity with the appropriate
assumptions.
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The .#%-norm cost function (1.14) is not acceptable as an objective func-
tion since this cost depends on the controller; that is, the supremum makes
this function independent of a particular disturbance input.

A quadratic objective function that yields tractable solutions of the dif-
ferential game is referred to as a suboptimal solution to the S, optimization
control problem. It can be obtained by considering the following bound on
the closed-loop 7%, norm:

[[2(8) |2, 0,7
||szHoo = sup # <7,

w(t)]2.0.2y70 10 (@)|2,0,7)

where +y is referred to as the performance bound.
This suboptimal controller must also satisfy the following bound:

12(t)
|G ||Z = sup
O @ o o,y 20 lw(D)]

2
|2,[O,T] 2 (115)

2
2,(0,T7]

To make the supremum satisfy this inequality, the following should hold:

2(t)]2
TEOW: o1y 20T <2 g2, (1.16)
w113, 10,7
which gives
1213 0,71 = ¥ Iw O3 jo.11 < =€ lw ()13 0,7y- (1.17)

Note that the satisfaction of this inequality for all disturbance inputs and
some ¢ is equivalent to the bound on the closed-loop %%, norm (1.16). There-
fore, the left-hand side of (1.17) can be used as an objective function of our
o optimization control problem. The optimization problem we should solve
is given by

. T 2 T
ril({r)lE[/O =T (0)2(t) — 2w (Bw(®)] dt],

subject to the autonomous state equation (1.12).

When the uncertainties are present in the dynamics, the robust ., con-
trol consists of making the gain from the exogenous w(t) to the controlled
output z(t), (Z%-gain) less than or equal to v > 0, that is,

T T
/0 () |dt < o2 / w(t)|2dt,

for all T' > 0 and for all admissible uncertainties. Note that T' can be chosen
to be infinite.



12 1 Introduction

Mathematically the robust 4%, control problem can be stated as follows.
Given a positive =, find a controller that robustly stabilizes the system and
guarantees

2
2

wp I3

w(.)e2s10,00] lwel3
for all admissible uncertainties. More details on this subject can be found in
Chapter 4.

The state vector most often is not accessible for feedback for many practical
and technological reasons, which limits the use of state feedback control. To
overcome this, either we use output feedback control or get an estimate of
the state vector using the filtering techniques and then use state feedback
control. The filtering problem consists of determining an estimate Z(t) of the
state vector z(t) or £(t) of the controlled output z(t) using the measurement
of the output y(t). There are many techniques that can be used to accomplish
such an estimation depending on the structure of the studied systems. Among
these techniques are

Kalman filtering,
65 filtering,
I filtering.

The different filtering techniques will be covered in Chapter 5. In the rest
of this section, we restrict ourselves to %, filtering and determine how the
filtering problem can be solved using 7%, control theory. For this purpose, let
the control u(t) = 0 for all ¢ > 0. Notice that this is not a restriction since if
the control is not equal to zero, the way to handle this case is similar to the
one we develop here. J7, filtering can be stated as follows. Given a nominal
dynamical systems with exogenous input that can be deterministic but not
known and measured output, design a filter to estimate an unmeasured output
such that the mapping from the exogenous input to the estimation error is
minimized or no larger than some prescribed level in terms of the J#, norm.
Mathematically, the 7, filtering problem is stated as follows. Given ~ > 0,
find a filter such that

t) — 2(t)||2
wp OB _
wezno,e]  lw(®)3

holds for all w(t) € £2[0, 0.

The filtering problem can be regarded as a special %, control problem
that keeps the 7%, norm of the system transfer matrix between the estimation
error and the exogenous disturbance less than a given positive constant ~.

The design of a linear time-invariant filter of order n for system (1.12)
with the following form:

{:‘c(c(t) = Kaz.(t) + Kpy(t), z.(0) =0, (1.18)

z t) = Kc.%'c(t),
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is brought to an 7., control problem that can make the extended system
{(z(t),e(t)),t > 0} asymptotically stable when ¢ goes to infinity and the
estimation error e(t) = z(t) — £(t) satisfies the following condition:

le(®ll2 < yllw(®)]]2- (1.19)

When the uncertainties are acting on the system dynamics, the robust J#%,
filtering can be treated in the same way as the robust J#,, control problem.
It consists of making the extended system {(z(¢), e(t)),t > 0} asymptotically
stable when ¢ goes to infinity and the estimation error e(t) = z(t) — 2(t)
satisfies (1.19) for all admissible uncertainties.

1.4 Practical Examples

As a first example, let us consider a production system with failure-prone
machines. For simplicity of presentation, let us assume that the production
system consists of one machine and produces one part type. Let us also assume
that the machine state is described by a continuous-time Markov process
{r(t),t > 0} with finite state space . = {0,1}. r(¢) = 0 means that the
machine is under repair and no part can be produced. r(t) = 1 means that
the machine is operational and can produce parts. The switching between
these two states is described by the following probability transitions:

Prir(t+ At) = j|r(t) =1i] =

14 X\i; At + o(At),  otherwise,

with )\ij Z 0 when 7& j, /\“ = — Zj;ﬁi )‘ij7 and 1im4t_‘0 O(AA;) =

Let 2(t) denote the stock level of the production system at time t. When
x(t) > 0, it represents a surplus and when z(t) < 0 it represents the backlog.
Let us assume that the produced parts deteriorate with time with a constant
rate p. Let u(t) and d(t) represent, respectively, the production rate and the
constant demand rate at time ¢.

The stock level is then described by the following dynamics:

#(t) = —pa(t) + b(r(t))u(t) —d(?),

with

, ifr(t) =1,
0, otherwise.

When the stock level x(t) is negative there is no deterioration of the stock.
The production rate u(t) is assumed to satisfy the following constraints:

0<u(t) <a,
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with @ a given positive constant. If we assume that the demand rate d is given,
one of the problems that we can solve is determining the production rate w(.)
such that the stock level remains always close to zero.

The previous model can be extended to handle the more general cases
of a production system producing p parts. The Markov process in this case
represents the different state that the system production can occupy and that
belongs to a finite set . = {1,2,--- | N}. The stock level x(¢) for this system
is described by the following system of differential equations:

#(t) = Az(t) + B(r(t))u(t) — Id(t),

where
z(t) € RP u(t) € RP,
A= diag[—p1, -, —pp],
B = diag[bi(r(t)), -+, bp(r(t))],
I= diagll,---,1],
with p;, i = 1,---, p is the deterioration rate of the part ¢ and b;(r(t)) is

defined as previously. Similarly, if we fix the demand rate, how can we keep
up production to ensure that the stock level z(t) is always close to zero?

Our second practical example is borrowed from the aerospace industry.
It consists of a VTOL (vertical take-off and landing) helicopter. The corre-
sponding model presented here was developed by Narendra and Tripathi [53]
and was used recently by de Farias et al. [32]. This system was also used by
Kose et al. [47] in the deterministic framework. Let z1(¢), x2(t), z3(t), and
x4(t) denote, respectively, the horizontal velocity, vertical velocity, pitch rate,
and pitch angle at time ¢t. The evolution of the state vector with time can be
described by the following system of differential equations:

z(t) = A(r(t))x(t) + B(r(t))u(t) + Byw(t),
y(t) = Cya(t) + Dyu(t),
z(t) = CLx(t) + Dyw(t),

where z(t), y(t), and z(t) represent, respectively, the state vector, measured
output, and controller output; w(t) is the external disturbance that is sup-
posed to have finite energy. The different matrices in this model are assumed
to be given by

[—0.04 004 0.02 —05
0.05 —1.01 0.0 —4.0
AT = | 01 aga(r(t)) 0.7 asa(r(t)) |
| 0.0 0.0 1.0 0
0.44 0.8 0.10.0
| bar(r(t)) =7.60 0001
B(r(t)) = ~5.52 449 |° By = 0.10.0 |’
0.0 0.0 0.0 0.1
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0.0 0.1 0.0 0.1 1010
B = {0.1 o.o} - Be= {0.1 o.o} o G= [o 10 1} ’

00100 0101 0.1 0.0
Dy{ooo.m]’ 02{1010}’ DZ[o.om]'

The parameter r(t) is modeled by a continuous-time Markov process tak-
ing values in a finite space . = {1,2,3} and describing the changes in the
air speed, which we assume to have instantaneous switches. These modes cor-
respond, respectively, to 135, 60, and 170 knots. The speed 135 corresponds
to the nominal value. The switching between these modes is assumed to be
described by the transition matrix that belongs to the polytope represented
by

[—2.09 1.07 1.02
Ay =1 0.07 —0.07 0.0 |,
| 0.02 0.0 -0.02

[—0.02 0.01 0.01
Ay = | 0.001 —0.001 0.0
| 0.09 0.0 -0.09

[—0.05 0.002 0.048
A3 = 0.02 —0.02 0.0
| 0.09 0.0 -0.09

The global transition matrix A is described by

3
A= Zaj/lj’
j=1

with a; = 0.80, az = 0.1, and a3 = 0.1.

The parameters aga(r(t)), asa(r(t)), and bey (r(t)) are supposed to take the
values of Table 1.1. This model will be used in different chapters to show the
effectiveness of the developed results.

lAirspeed (knots) ‘ asz2(r(t)) ‘a34 (r(t)) ‘b21 (r(t)) ‘

135 0.37 1.42 3.55
60 0.07 0.12 1.0
170 0.51 2.52 5.11

Table 1.1. Parameters of the state and the input matrices.

As a third example, we consider an electrical circuit that can give us a
stochastic singular system, illustrated by Figure 1.3. We assume that the
position of the switch follows a continuous-time Markov process {r(t),t > 0}
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with three states, . = {1,2,3}. This Markov process is the consequence of a
random request that may result from the choice of an operator. Let us assume
that at time ¢, the Markov process r(t) occupies the state 2, r(t) = 2. Letting
the electrical current in the circuit be denoted by i(t) and using the basic
electrical circuits laws, we get

u(t) = vr(t) +vr(t) +va(t),
UR(t) = Rl(t)?
i (t) = Ld;(tt),
ety = 20,
with

o ifr(t) =1,
a(r(t)) = (,% if r(t) =2,
o ifr(t) =3

These equations can be rewritten in matrix form as follows:

di(t)

L000 a 0 1007 [ i)
0010 [ 228 Tar)000| |vL(t)
0000 | | duclt) —R 001 [vc(t)
0000] | dntr) 0 111 [wr()
[0
0
+ 0 u(t)
| -1

Ca | |Cs

Fig. 1.3. Electrical circuit.

If we choose =T () = [i(t),vr(t) + vi(t), vr(t) + vi(t) + vc(t), vr(t)], We
get the following equivalent state representation:
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L0 00 0  11-1
L1 -10{., | —a(r®) 11-1
0-110* D= |ap@))—roo 1 |*®
L0 00 ~R 100
-1
-1
+1 o [v®),
0

which gives the following model:

where

L0 00 0 11-1

L1 =10 | —alr(t)) 11-1
E=lg_1 10| AC®)= a(r(t)) —R0O0 1 |’

L0 00 R 100

~1

~1

B=1y

0

This model gives the form of stochastic singular systems that we will treat in
Chapter 6.

The three models in this section present the framework of the class of
systems we will be considering in this volume. The second model will be used
in the rest of this book to show the effectiveness of the proposed results in
each chapter and the last example will be used in Chapter 6.

1.5 Organization of the Book

The rest of the book is organized as follows. Chapter 2 treats the stochastic
stability problem and its robustness. Different concepts of stochastic stability
are studied. The uncertainties are supposed to affect the system state matrix
and/or the transition probability rate matrix. Most of the developed results
are in the form of LMIs, which makes them solvable using the existing tools
in the marketplace.

Chapter 3 deals with the stabilization problem and its robustness. Different
types of controllers such as state feedback and output feedback, including the
special case referred to as observer-based output control, are considered and
design procedures for each controller are developed. LMI synthesis methods
are developed for each controller. Many numerical examples are worked out
to show the usefulness of the developed results.
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In Chapter 4 we consider systems with external disturbances that can be
arbitrary with the only restriction being bounded energy or bounded average
power instead of Gaussian as it is the case for the linear quadratic Gaussian
regulator. Different types of controllers that stochastically stabilize the class
of systems that we are considering in this book, and assure the y-disturbance
rejection, are discussed. LMI design approaches are developed for this purpose.

Chapter 5 considers the filtering problem of the class of piecewise determin-
istic systems and its robustness. Kalman filtering and 2 filtering problems
are treated and LMI conditions are developed to synthesize the gains of these
filters.

In Chapter 6, the singular class of piecewise deterministic systems is in-
troduced and some appropriate tools for the analysis and synthesis of this
class of systems are developed. More specifically the stochastic stability and
stochastic stabilization problems and their robustness are treated. LMI results
are developed.

In all the chapters numerical examples are given to show the usefulness
of each result. We include simple examples to allow the reader to follow the
steps of the development.

1.6 Notation and Abbreviations

The notation used in this book is quite standard in control theory. The study
of dynamical piecewise deterministic systems is mainly based on state-space
representation; therefore, we will extensively use vectors and matrices in all
our developments. Vectors and matrices are represented by lower and upper
letters, respectively. The matrices in our volume will always depend on the
system mode. When the mode occupies the state, 7(t) = ¢, and any matrix
A(r(t)) will be written as A(7). The following table summarizes most of the
symbols used in this book.

Symbol Meaning

R™ Set of real n-dimensional vectors
Rrxm Set of real n x m matrices

N Set of natural numbers

5 Mode state space, ¥ = {1,2,--- ,N},

where N is a positive natural number

z(t) State vector at time ¢, z(t) € R™

y(t) Measured output vector at time ¢, y(t) € RY
z(t) Controlled output vector at time t, z(t) € R?
u(t) Control input vector at time ¢, u(t) € R™

w(t) Exogenous input that has finite energy

w(t) External disturbance vector at time ¢, w(t) € R

(Wiener process)
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Symbol Meaning

I Identity matrix (the size can be obtained
from the context)

{r(t),t > 0} Markov process describing the system mode
at time ¢

P[] Probability measure

ANij) Transition probability rates matrix between the
different modes of the system that belongs to .

Aij Jump rate from mode i to mode j, (i,5 € .¥)

A7) State matrix, A € R™"*"

AA(G,t) Uncertainty on the matrix A(i) € R™*"

B(i) Input matrix B(i) € R"*™

F(i,t) Norm-bounded uncertainty

II-]2 2-norm (vector, signal, or system)

II-]l o oo-norm (vector, signal, or system)

E[.] Mathematical expectation

2500, 00| Set of integrable functions on [0, ool,

5500002 F(D] 7 7 () (s)ds < o0}

diag [A44,- -+, A,] Real matrix with diagonal elements A,--- , A,

tr (A) Trace of the square matrix A, A € R**"

AT Transpose of the real matrix A, A € R"*™

S:(X) Si(X) = [V Xo vV o Xs, - i Xy,

VAiip1 X, - ,\/HXi]

Xi(X) Xi(X) = diag [Xy, -+, Xi1, Xog1, -, Xn]

Amaz(A) Maximum eigenvalue of the square matrix A

Amin(4) Minimum eigenvalue of the square matrix A

V(z(t),1) Lyapunov candidate function that depends on the
State vector z(¢) and the mode i

ZV(.,.) Infinitesimal operator of the Lyapunov function

P >0 Symmetric and positive-definite matrix

P >0 Symmetric and semi-positive-definite matrix

P <0 Symmetric and negative-definite matrix

P <0 Symmetric and semi-negative-definite matrix

Q>0 Set of symmetric and positive-definite matrix
(Q=(Q1, -+ ,Qn) >0, each component @Q; > 0,
i=1,---,N)

Q>0 Set of symmetric and semi-positive definite matrix
(Q =(Q1, -+ ,Qn) >0, each component Q; > 0,
i=1,---,N)

Q<0 Set of symmetric and negative definite matrix

(Q=(Q1, - ,Qn) >0, each component Q; > 0,
i=1,---,N)

19
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Symbol Meaning

Q<0 Set of symmetric and semi-negative definite matrix
(Q =(Q1, -+ ,Qn) >0, each component Q; < 0,
i=1,---,N)

X>Y Means that X — Y is symmetric and positive-definite
matrix for symmetric and positive-definite
matrices X and Y

P=T(4) Inverse and the transpose of the nonsingular
matrix P(i)

SS Stochastically stable

MSQS Mean square quadratically stable

LMI Linear matrix inequality

GEVP Generalized eigenvalue problem




2

Stability Problem

Consider a linear time-invariant system with the following dynamics:

where z(t) € R” is the state vector at time ¢, zo € R™ is the initial state, and
A is a constant known matrix with appropriate dimension. The stability of
this class of systems has been extensively studied and many interesting results
can be used to check the stability of a given system of this class. Lyapunov
equations or equivalent LMI conditions are often used to check stability.

Since stability is the first requirement in any design specification, it con-
tinues to attract many researchers from the control and mathematics commu-
nities. For the class of systems we are considering in this book, the developed
results for the class of linear time-invariant systems cannot be used directly
and must be adapted to take care of the stochastic effect in the dynamic.
For piecewise deterministic systems, the concept of stochastic stability is used
since the state equations of these systems are stochastic. The stochastic sta-
bility problem is, in some sense, more complicated compared to the one of
the deterministic dynamical systems. As we will see later in this chapter, the
stability of the system in each mode does not imply the stochastic stability of
the whole system. The reverse is also not true. Our goal in this chapter is to
develop LMI-based stability conditions for the class of piecewise deterministic
systems.

The rest of this chapter is organized as follows. In Section 2.1 the stochastic
stability problem is stated and some useful definitions are given. Section 2.2
presents the results of stability. Both Lyapunov equations and LMI results are
given. In Section 2.3 the robust stochastic stability is studied and LMI results
are developed. Section 2.4 covers the stochastic stability and its robustness
for the class of piecewise deterministic systems with Wiener process. Most of
the results are illustrated by numerical examples to show the effectiveness of
the results.
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2.1 Problem Statement

Let us consider a dynamical system defined in a probability space (£2, F,P)
and assume that its state equation is described by the following differential
equation:

{j:(t) = A(r(t), t)z(t), (2.1)

2(0) = xo,

where x(t) € R™ is the state vector; o € R™ is the initial state; {r(¢),¢ > 0}
is a continuous-time Markov process taking values in a finite space ./ =
{1,2,--- , N} and describing the evolution of the mode at time ¢; A(r(t),t) €
R™ ™ is a matrix with an appropriate dimension that is supposed to have the
following form for every i € .7

A(iyt) = A(i) + Da(i)Fa(i, t) Ea(i), (2.2)

with A(7), Da(i), and E4 () are real known matrices; and F4(4,¢) is an un-
known real matrix that satisfies the following:

Fi(i,t)Fa(i,t) <1 (2.3)

The Markov process {r(t),t > 0} with values in the finite set .#, describes
the switching between the different modes and its evolution is governed by
the following probability transitions:

Plr(t+ h) = j|r(t) =1

) Aijh +o(h), when 7(¢t) jumps from i to j , (2.4)
|1+ Aih+o(h), otherwise, '

where A;; is the transition rate from mode ¢ to mode j with A;; > 0 when

i#jand Ay = — Zj’vzu;ﬂ Aij and o(h) is such that limj,_ 0:) =0.

Notice that it is difficult to get the exact transition probability rate ma-
trix, A = [\;;], of the Markov process we are using to describe the switching
between the different modes of the system. Therefore, uncertainties should
sometimes be included in the model to correct the used dynamics that de-
scribe the switching. The analysis and the design approaches we will use
should take care of these uncertainties. In the rest of this chapter we will

assume sometimes that the matrix A belongs to a polytope, that is,

A= Zak/lk, (25)
k=1

where k is a given positive integer; 0 < a < 1; and Ay is a known transition
matrix and its expression is given by
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/\’fl >‘11€N
Ap=1 1+ . |, (2.6)
k k
)\Nl e )\NN

where )\fj keeps the same meaning as previous, with ZZ=1 ai = 1.

Let z(t;x0,70) be the solution of system (2.1)-(2.5) at time ¢ when the
initial conditions are (2, 7). In the rest of this chapter we will use z(t) instead
of z(t; xo,70).

Remark 3. The uncertainties that satisfy conditions (2.3) and (2.5) are re-
ferred to as admissible. The uncertainty term in (2.3) is supposed to depend
on the system’s mode r(t) and on time ¢. The results developed in the rest of
this chapter will remain valid even if the uncertainties are chosen to depend
on the system’s state x(t), the mode r(t), and time ¢.

Our aim in this chapter is to develop conditions that we can use to check if
a dynamical system is stochastically stable and if it is robustly stochastically
stable. It is preferable that these conditions be in the LMI formalism to allow
the use of existing powerful tools such as Matlab LMI Toolbox or Scilab.
Before giving results on stochastic stability and its robustness, let us define
the different concepts of stability used in the rest of this book.

For system (2.1), when F4(i,t) = 0, for all modes and for ¢ > 0, that is
we drop the system’s uncertainties, we have the following definitions.

Definition 1. System (2.1), with F(i,t) =0 for all modes and for all t > 0,
is said to be

1. stochastically stable (SS) if there exists a finite positive constant T(zg,7q)
such that the following holds for any initial condition (xq,r0):

E [/000 llz(t)||2dt|zo, ro| < T(x0,70); (2.7)

2. mean square stable (MSS) if

Jim E|j2(t)||* = 0, (2.8)

holds for any initial condition (xo,70);
3. mean exponentially stable (MES) if there exist positive constants « and [3
such that the following holds for any initial condition (xq,r):

E [[lz(t)[I*|zo, ro] < al|zolle™ 7. (2.9)

Remark 4. From the previous definitions, we can see that MES implies MSS
and SS.
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When the system’s uncertainties are not equal to zero, the concept of sto-
chastic stability becomes robust stochastic stability and is defined for system
(2.1) as follows.

Definition 2. System (2.1) is said to be

1. robustly stochastically stable (RSS) if there exists a finite positive constant
T(x0,70) such that condition (2.7) holds for any initial condition (xo,7¢)
and for all admissible uncertainties;

2. robust mean exponentially stable (RMES) if there exist positive constants
a and B such that condition (2.9) holds for any initial condition (xg,7o)
and for all admissible uncertainties.

Remark 5. From these definitions, we can see that RMES implies RSS.

In the next section we give results on stochastic stability that can be used
to check if a dynamical system of the class of piecewise deterministic systems
is stochastically stable.

2.2 Stability

Let us now consider a dynamical system of the class of systems described by
(2.1) and let the uncertainties be equal to zero for all the modes and for all
t>0.

Theorem 1. Let Q@ = (Q(1), -+ ,Q(N)) > 0 be a given set of symmet-
ric and positive-definite matrices. System (2.1) is stochastically stable if

and only if there exists a set of symmetric and positive-definite matrices
P =(P(1),---,P(N)) > 0 such that the following holds for each i € .7 :

N
AT (@) P(i) + P(i)AG) + Y A\ijP(j) = —Q(5). (2.10)
j=1
Furthermore, the stochastic stability implies the exponential mean square sta-
bility.

Proof: First notice that the joint process {(x(t),r(t)),t > 0} is a time-
homogeneous Markov process with the infinitesimal operator £ acting on
smooth functions V (x(t),r(t)).

Let us now start by the necessity proof. For this purpose, suppose that the
system (2.1) is stochastically stable, which means that the following holds:

E[/ (¢ 0, 7o) |2dt| < oo,
0

for all g € R™. The last inequality implies that
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1'0,T0:| < 00,

E UOOO T ()Q(r(t))x(t)dt

for any given symmetric and positive-definite matrix Q(i) > 0,7 € .%.
Let the function ¥ : RT x RT x R™ x . be defined by

A T
U(T,t,x(t),i) =E /t z (8)Q(r(s))x(s)ds|z(t) = z,r(t) = Z‘| . (2.11)

Using the time-homogeneous property, we have, with a slight abuse of
notation, that

W(T,t,2,i) = W(T — t,z,i)

=E /0 - z'(s)Q(r(s))x(s)ds|zy = z,79 = z}

T—t
= mT(t)E / @T(S)Q(T(S))@(S)dsh“o = Z‘| x(t)
0

22T (W)P(T — ti)a(t),
where @(s) is the transition matrix.

Since the system is stochastically stable, P(-,7) is a monotonically increas-
ing and positive-definite matrix-valued function and bounded from above.
Thus

P(i)= lim P(T,i) (2.12)

exists. Here, P(i) > 0 is also positive-definite. Let T be an arbitrarily fixed
time. For any T' > s >t > 0,

d
@E (T —t,x,i)| evaluated along the system trajectory]
1
= lirr% ; [E (T — s,z(s),r(s))|x(t) =z, () =4) —¥(T —t,z,1)]
s—t § —
0

= —U(T —t,x,i) + LY (T —t,x,17)
=a' (t) [AT(@)P(T —t,i) + P(T — t,i)A(i)] z(t)
N
+ Z g T (OP(T —t,§)x(t) + 2 (¢ );P(T —t,z,1)z(t)

=z () {;P(T —t,3)+ AT (@)P(T —t,i) + P(T — t,i)A(7)

+Z)\”P —tj] (t). (2.13)
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On the other hand, by (2.11) we have

EW(T - s,2(s),7(s))|z(t) = z,r(t) = 1] —¥(T — t,,1)
= []E(![/(T -3 CC(S), ( )) - ![/(T - t,.%', Z)‘.%‘(t) =z,r(t) = Z)}

- E{E

T
—-E {/t 2T (0)Q(r())z(v)dv|z(t) = z,r(t) = z} |x(t) = x,r(t) = z}

/ xTw)Q(r(v))x(v)dvm(s),r<s>]

= {/STxT(v)Q(r(v))z(v)dv - /thT(v)Q(r(v))x(v)dv|x(t) =z,r(t) = z}
=-E {/()S_tmT(u)Q(r(u))x(v)duxo =x,r9 = z}
==& { [ oWt e = i} - (214)

Jim — t]E{/“qu( )Q(r(u))B(w)dulro :i}

s—t § —

= lL“%E{st/ Q) dulr(®) = z}
= E{Q(i)|ro =i} = Q()

since ¢(0) = L.
This implies

%EW(T —t,x,i) = —x' Q(i)z. (2.15)
Let T go to infinity in (2.13) and note that %P(T —1,7) tends to zero
as T tends to infinity. Then (2.13), (2.14), and (2.15) give (2.10). This proves
necessity.
For sufficiency, let us assume that P(i) > 0, for ¢ € . solves (2.10).
Define a stochastic Lyapunov function candidate V (z(t), r(t)) by the following
expression:

V(x(t),r(t) = 2 (1) P(r(t))z(t), (2.16)

If at time ¢, 2:(t) = « and r(t) = 4, for ¢ € ., the infinitesimal operator
acting on V(.) and emanating from the point (z,4) at time ¢ is given by:

Z)\”V j) +aTAT @) =V (@(t), 1)
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Y AiP) + AT P(i) + P)A(D) | a(t)

jES
= 2" (H)Q(i)x(t). (2.17)
Thus,
2LV ((1),4) < —min A [Q(0)] a 't (t)z(t). (2.18)

By Dynkin’s formula, we obtain
IV (2(0) )] - Van.ro) = | / LV(a(s),r(s)ds|
< min{ A (QU0)E [ / () <>ds|<a:o,ro>},

implying, in turn,

This yields that

E [V(x(o)v 7ﬁO)]

holds for any ¢ > 0. Letting ¢ go to infinity implies that

E { /O t xT(s)x(s)ds(xo,To)} <

E { /O - xT(s)x(s)ds(aﬁo,ro)}

is bounded by a constant T'(xg, 7o) given by

E[V(2(0),70)]
mlnzey{)\mzn(Q(Z))} ’

which implies that (2.1) is exponentially mean square stable and therefore sto-
chastically stable. This completes the proof of sufficiency. The last statement
of Theorem 1 is already proved in the proof of the sufficiency. This completes
the proof of the theorem. O

Note that when a set of symmetric and positive-definite matrices { P(7),i €
S} is given and we must solve for Q(i),i € ., via (2.10), the positive defi-
niteness of Q(i),4 € . is only sufficient for the stability of the system (2.1),
but not necessary. This can be illustrated by a simple example.

T(x07 TO) =
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Example 1. Consider a system with one mode and the system parameters are

given by
-1 4
e
If we choose @ in (2.10) equal to the identity matrix, I, then using (2.10) we
obtain
-2 4
r=[75]

which is not positive-definite. However, this system is obviously stable since
both poles of A are negative.

Note that if the system has only a single mode, then (2.10) reduces to the
condition for deterministic stability. That is, the stochastic stability becomes
one of the deterministic systems. However, for jump linear systems with mul-
tiple modes, stability in each mode is neither necessary nor sufficient for the
stochastic stability of system (2.1).

To illustrate that the stochastic stability of system (2.1) does not imply
that each model is deterministically stable, let us consider an example.

Ezample 2. Consider a system with two modes, that is, . = {1,2}. The
system parameters are given by

e mode #1: A(1) = 0.25,
o mode #2: A(2) = —1.5.

Let the switching between the two modes be described by the following
transition matrix:
-11
A= [ X _1] |

This system is not stable in mode 1 because A(1) > 0. With this set of
data and Q(i) = 1, (2.10) becomes

—~0.5P(1) + P(2) = —1,
[413(2) +P(1)=-1.

Solving the above equations yields P(1) = 5.0 > 0, P(2) = 1.5 > 0. So this
system is stochastically stable. This means that the stability of A(i),i € .7 is
not necessary for the system to be stochastically stable.

Theorem 1 provides a sufficient and necessary condition for system (2.1)
to be stochastically stable, which is not easy to test. The following corollary
gives a necessary condition for stochastic stability that is easier to test.
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Corollary 1. If system (2.1) is stochastically stable, then for each i € 7,
the matriz A(i) + %)\“-]I is stable; that is, all its eigenvalues have negative real
parts.

Proof: Since system (2.1) is stochastically stable, letting Q(i) = T in
(2.10), we obtain that the set of coupled Lyapunov equations (2.10) has a set of
symmetric and positive-definite solutions, denoted by (P(1),---,P(N)) > 0,
that is,

AT P(i) + P(i)A(i) + Y \ijP(j) = -Li€ .7,
jes

which can be rewritten as

[AT(Z') + ;)\MJI] P(i) + P(i) {A(i) + ;AM]I}

= — Z)\UP(.])—FH 1€ 7.
J#i
Since 3, ; Aij P(j)+1is symmetric and positive-definite, the last equation
implies matrix A(i) + %)\iiﬂ is stable, that is, all its eigenvalues have negative
real parts. This completes the proof of Corollary 1. g

The above corollary gives a necessary condition for system (2.1) to be
stochastically stable, but the following example shows it is not sufficient.

Example 3. Consider a two-mode system with the following data:

e mode #1: A(1) =1,
e mode #2: A(2) = 0.5.

The switching between the two modes is described by the following tran-
sition matrix:
-3 3
a-[23].

For this set of data, we obtain from (2.10)

2P(1) — 3P(1) + 3P(2) = —1,
[P(2) —2P(2) +2P(1) = —1.

The solution of this system is P(1) = —%, P(2) = —2. P(1) and P(2) are
not positive-definite. Thus, by Theorem 1, this system is not stable. But we
have A(1) + $A\11 = —3 and A(2) + $A22 = —3. That is, they are both stable.
Therefore, we see that this necessary condition given by Corollary 1 is not
sufficient for stochastic stability.

From the above theorem, we obtain the following one.
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Theorem 2. System (2.1) is stochastically stable if and only if there exists
a set of symmetric and positive-definite matrices P = (P(1),--- ,P(N)) > 0
such that the following coupled LMIs are feasible:

AT(@)P(i) + P(i)A(i) + Y X\ijP(j) < 0,i € .. (2.19)
J#i
Proof: First let us prove the necessity. Suppose that system (2.1) is sto-

chastically stable. By letting Q(7) = I and using the theorem on stability, we
have that

AT P(i) + P(i)A(i) + Y A\P(j) = -Li€ s
J#i
have a set of feasible solutions P(i),i € . satisfying P(i) > 0. The last
equation means that this set of matrices P(i),i € .7, satisfies (2.19).
On the other hand, if (2.19) has a set of feasible solutions P(i),i € ., by
defining Q (%) = —[AT(@)P>i)+ P(i)A(i) + > ji i P(4)], which is symmetric,
positive-definite, and satisfies

AT(D)P(i) + P()A() + Y A\ P(j) = —Q(i),i € .,
i

we conclude that system (2.1) is stochastically stable. O
Theorem 2 provides an LMI-based condition for the stability of system
(2.1), which can be checked easily by using LMI Toolbox of Matlab or Scilab.

FEzample 4. To show the usefulness of Theorem 2, let us consider a system
having dynamics (2.1) and the system parameters as follows: . = {1,2,3}
and

[—10 5 5 [2.50.30.8

A= 1 -2 1|, A1)=]|0 302

| 0.7 0.3 -1 | 0 05 2
[—2.51.20.3 [—21.5 -0.4
A2)=|-05-5 1|, AB)=|22-3 07
| 0.25 1.2 -5 1109 -2

With this set of data, solving (2.19) yields

[35.8075 17.3278 7.7457
P(1) = | 17.3278 35.8390 9.5721 |,
| 7.7457 9.5721 19.1130

[10.8900 3.3784 1.1620
P(2) = | 3.3784 7.4710 2.0628 | ,
| 1.1620 2.0628 5.2354
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20.6740 10.6676 1.7184
P(3) = |10.6676 12.4321 1.8633
1.7184 1.8633 9.1467

Since the eigenvalues of A(1) are (2.5, 3.0916, 1.9084), mode 1 is not stable.
However, direct computation gives

AT@)P@) + P()AG) + Y NijP(j)
i#i

—21.2175 6.8695  3.9122

= | 6.8695 —23.8719 4.6806

3.9122  4.6806 —26.5458

with eigenvalues (—30.4096, —28.3270, —12.8985). This means that this system
is stochastically stable.

Next we proceed to consider the almost-sure stability. For this purpose,
let us give the lemma.

Lemma 1. Consider a matriz in the following companion form:

010--0
001--0
A= , (2.20)
000 : 1
aj ag as -+ ap

with distinct-real eigenvalues A1, -+, Ay, satisfying [N, — Aj| > 1, (i # j), then
there exists a constant M > 0 and a positive integer k, both independent of

A1y, An, and a nonsingular matriz T such that
k k
1T < M (max |/\i|> T <M ( max |)\i|) : (2.21)
1<i<n 1<i<n
and

TYAT = diag{\1, Xo, -, An}.

Proof: Because A has distinct real eigenvalues, A can be put in diagonal
form. The transformation matrix is given by

1 1 1 - 1
A A A3 e A,
T—| M A A A

n—1 \n—1 \yn—1 n—1
APl ATl Am=l L e
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and T~YAT = diag{\1, A2, -+, A\, }. To prove that T satisfies the required
condition, we use the 1-norm. Recall that all matrix norms are equivalent
over the real field. First notice that

1 adj(T) _ adj(T)

©det(T) [licicjeni = 25)

With [N, — ;| > 1, [|[T7Y < |ladj(T)||. All entries of T and adj(T) are

polynomials of A1, -, A, and there exists an M > 0 and a positive integer
k > 0, both independent of Aq,--- , A, such that (2.21) holds. This completes
the proof. O

Let us consider the following dynamics:

{i:(t) = A(r(t)z(t) + B(r(t))u(t), (2.22)
x = X,

(0)

where all the parameters of these dynamics keep the same meaning as before
with B(4) a known matrix for each i € ..
Let us now consider a state feedback controller of the form

u(t) = K(i)z(t), when r(t) = i,
and show the results of the following theorem.

Theorem 3. Assume that {r(t),t > 0} is a finite-state ergodic Markov chain
with invariant measure w. If there exists an i € ¥ such that m; > 0, then
(2.22) is almost surely stabilizable. As a consequence, we conclude that indi-
vidual mode controllability implies almost-sure stabilizability.

Proof: We first prove the second statement, i.e., the individual mode con-
trollability implies the almost-sure stabilizability. Without loss of generality,
we only prove the single input case. For any j € .¢, the individual mode con-
trollability assumption implies that (A(j), B(j)) is controllable. Therefore,
there exists a nonsingular matrix 77 (j) such that

0 1 0 0
0 1 0
TL()AG)TT() = 2 A4,(5),
0 0 0 1
L a1(5) a2(j) az(j) -+ an(y)
[0
0
T()BG) = | | 2 Bi(j).
0
1
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Let A1,- -+, A, be negative-real numbers satisfying 2n > [A; — Aj| > 1(i #
j). Choose a matrix K (j) such that

A1(G) = B K1 () 2 A(j)

has eigenvalues \;,---,\, for any j € .#. Now A(j) is in companion form
and from Lemma 1 there exist [ > 0, M; > 0, and nonsingular matrices
T2(5)(j € ) satisfying

l
IT20) | < M, (max m) ,

1<i<n

l
175 G)l) < M, (max w) ,

1<i<n

such that - A
Ty, A(G)To(j) = diag{\i, -, \u} = D,j € 7.

Choose the feedback control u(t) = —K(r(t))x(t) where
K(j) = Ka()Th (), T(G) = Ty ' Ta(4), 5 € 7
Then the closed-loop system becomes
i(t) = T()DT(j)a(). (2.23)

From the choice of T}(j) and T»(j), there exists an My > 0 and m > 0,
both independent of Ay, -+ ;A\, and j, such that

1<i<n

ITG)I < Mo (max w) ,

L < 1)
1T ()]l < Mo (&%M)

With A\; <0, let A = maxi<ij<n A;, then there exists an M3z > 0, indepen-
dent of Aq,---, A, and j, such that

Pt < Mzer,t > 0.

From the sojourn-time description of a finite-state Markov chain, (2.23) is
almost surely stable if and only if the state transition matrix @(.,.) satisfies
the following:

&(t,0) = AT (R) (t—t1) fA(r(k=1))(T—1) ., JA(ro)T0 _, 0,a.5.(t — 00),(2.24)
where A(j) = T(§)DT~'(4), (j € .). A simple computation yields

12(8,0)[| = 1T (r (k)P =T (r (k)T (r(k — 1))e”™ T (r(k — 1))
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+T(ro)e” T (ro) |
< T )M NT = rRDINT (k= 1)) 1lle”™
T o)l T (ro)ll
mA 2(k+1)
[Mg (max )\i> ] MEHL ATt T 14 70)

1<i<n

IN

[MeA<m+-~+m>/<k+1>} o

(2.25)

where M = (Mzmax;<i<, |Mi|')2Ms. Since {r(t),t > 0} is a finite-state er-
godic Markov chain and from the Law of Large Numbers, there exists a non-
random constant a > 0, the average sojourn time, such that

Tt T
lim —~— 10

Jm 1 =a,a.s.

Hence
lim MmN < [M(|A] + 2n)!2Me — 0,
(A = —00).

Thus, we can choose |\| sufficiently large so that Me*® < 1.
From (2.25) we have

tlgglo &(t,0) =0, a.s. (2.26)
that is, (2.23) is almost surely stable. Therefore, (2.1) is almost surely stabi-
lizable.

Next we prove the first statement. Without loss of generality, we assume
that (A(1), B(1)) is controllable and 7 > 0. We choose K(2) = K(3) =--- =
K(N) =0, and choose K (1) and X as in the first half of the proof. Then there
exists an M > 0 and «, both independent of A, such that

4O < Mest, (i # 1), (2.27)
[eAM=BMEOI| < p(x)eM, vt > 0, (2.28)

where p(A) is a polynomial with degree independent of A. Let 7,1 denote the
time occupied by state 1 during the time interval (0,¢x) and 7 denote the
time occupied by the states 2,3,--- , N during the interval (0,tx). From the
ergodicity of {r(t),t > 0},

1
lim T _ w1, lim Tk
k—oo tg k—oot + k

=1-7. (2.29)
As in the first half of the proof, we obtain that

t
[ @(t, 0)| < [(Ap(x) < tw Mok /troni/un T (2.30)
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and the term [(Mp(\))'/@emA+(1=m)e] has the limit
(Mp<)\)>1/a€7r1>\+(1—7r1)a _ 0()\ N —OO).

Therefore, we can conclude that the system is almost surely stabilizable. This
completes the proof of Theorem 3. g

The above discussion reveals that for jump linear systems, stochastic sta-
bility and mean square stability are equivalent. In fact, this conclusion holds
only for the case that the mode process has finite states. The following ex-
ample shows that when the system has an infinite number of modes, this
conclusion is false.

Ezample 5. Consider a one-dimensional system with the system mode repre-
sented by a Poisson process 6(t) with parameter A. Then the state equation
system is described by

() = —bpya(t), t > 0, (2.31)

where z(t) € R and b;,i > 1, are scalars defined by
A i+ 1
b= log (H >,¢>17 (2.32)
i

which means that b; are positive and tends to zero when i increases (goes to
infinity). In this setting, the trajectories of the state process are decreasing
and connected solutions of (2.31) given by

x(t) = anefbn+90_1(t77n71) a.8. Tp—1 <t < Tns (233)

where a1 = zg and 79 =0 < 7y < 79 < --- is the sequence of jump times, and
we appeal to the fact that once the Poisson process is known to be in state
i, it can only arrive to state ¢ + 1 through one jump. A consequence of the
continuity of (2.33) on every jump point is that

lim 2(7,) = ape oot m=mm-1) — ¢ 0 >1, (2.34)

t—Tn

from which calculation of as and ag easily show us that

n—1
Ap = Lo €XP {— Z bi+9071(7-i — 7’1;1), n=23---, } . (235)
i=1

Furthermore, the sequence of jump times 7o =0 < 73 < T2 < -+ < T, < 0O
a.s. Now, since —\;; are bounded from above, it follows that in any interval
[0,d],d < oo, almost all sample paths of the process {6(t),¢ > 0} have only
finitely many jump points 7,,. Consequently, with probability one, jump point
sequences converging to some finite point 7 do not exist, so that

lim 7, = 00, a.s. (2.36)

n—oo
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and (2.33) indeed represents the trajectory of the state process {xz(t),t > 0}.
We shall now show that the system is not stochastically stable for second-
order random variable zg, with E[z3] # 0 and deterministic 6y € .7.
From (2.36) and (2.34), we write that

/ t)dt = Z/ t)dt > ZanH W= Tno1) a.s., (2.37)
0 Tn—1

n

where we use the fact that (2.33) is a decreasing function.
Taking the mathematical expectation on both sides of (2.37) and using
Fubini’s Theorem, we obtain

/Ooo Z (-TOQXP{ sz+90 1 — Ti— 1)}) (Tn_Tnfl>

- g: {xg exp {—2723 bito,—1(7i — Ti—l)H

exp{72bn+00—l( — Tn— 1)}( — Tn— 1)
:E[Z’g]{ZE exp{—QZngol(Ti _Til)}]
n=1 i=1

Elexp{—2b,+10,—1(Tn — Tn—1) + log(7, — Tnl)}]}

> E[x3] ( Z [—2 Z_: bi+oo—1E[T; — Tiﬂ]

n=1 i=1

x exp {—2bp40,-1E[Tn, — Tn—1] + E[log(r, — Tn_l)]})

> A e A i+ 6
— E[22 2N Zpg [ 0
o] <;eXP 2;2 Og(z’+90—1>D

x exp{E[log(m, — Tn-1)]}

= E[z2] <n§:1 - iooo exp {/OOO log(s))\e_/\sds}>

oo

0
2 0
= E[zg]d: ng n o = 00, (2.38)

where d; = exp {fooo log(s))\e’\sds} is finite and positive and does not depend
on n. This means that the system under study is not stochastically stable.

Next we proceed to show that the system is mean square stable. For this
purpose, we write

E [2*(7,)|20,00] = E [aZ 1|20, 00]
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lH exp{—2bi+g,—1(7i — Ti—1)}90]
= o [ [ Elexp{—2bi+0,-1} (i = 7i-1)[00]

J

—1

4 Zittamt

({1 (v ())

Now,

Zlog (HHO) = log(n + 0y) — log(0y) — oo(n — o).

Therefore, we have
E[z%(1)|z0, f0] — 0(n — o0).

Since almost all trajectories of {z} are decreasing, we have from (2.36)
that

lim 2%(t) = lim 2%(r,) = lim 2%(7,) a.s.
t—oo Tn—>00 n—o0o
Appealing to the Lebesgue monotone convergence theorem, we have, for
any joint distribution of (g, 6p), that

tEHOlOE [2%(t)] =E [lim x2(t)} = lim E [z*(7,)] = lim E [E [2*(r,,)]]

t—o0 n—oo n— oo

—E [ lim E(ﬁ(m))} =0.

n—oo

This proves that the system under study is mean square stable.

The next theorem states another result using a LMI framework for sto-
chastic stability. It gives an LMI condition that we should satisfy to guarantee
the stochastic stability of our class of systems.

Theorem 4. System (2.1) with all the uncertainties equal to zero is stochas-
tically stable if and only if there exists a set of symmetric and positive-definite
matrices P = (P(1),--- ,P(N)) > 0 such that the following holds for every
i€

AT () P(i) + P(i)A(i) + Z Xi;jP(j) < 0. (2.39)
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Proof: The proof of necessity is similar to the one of Theorem 2 and the
detail is omitted. To prove the sufficiency of this theorem, let us consider the
following Lyapunov function:

V(a(t),r(t)) = " () P(r(t)=(t),

where P(i) > 0 is a symmetric and positive-definite matrix for every ¢ € .7.

Let .Z denote the infinitesimal operator of the Markov process {(z(t), r(t)),
t > 0}. If at time ¢, 2(t) = = and r(t) = ¢ for ¢ € .7, the expression of the
infinitesimal operator acting on V(.) and emanating from the point (z,4) at
time ¢ is given by (see Appendix A)

2V (a(t),i) = Jim E[V(x(t+h),r(t+ h))lw(il) =az,r(t) =i — V(2(t),i)

= &' (t)P(D)a(t) + = () P(i)i(t) + Z Aigz T () P(j)x(t)
= 2T ()AT()P(i)x(t) + 2| (£)P(i)A@i)x(t)

N

Using condition (2.39) we get

2LV (@(t),1) < —min{Anin (—An (i)} (t)a(?). (2.40)

S

Combining this again with Dynkin’s formula (see Appendix A) yields
BV (o(0). )]~ EIV(a(0) o)) =& | [ 2V(a().r(9)asl 0. r0)
< — i Ohnin(~An 02 | [T GJalohas] o).

implying, in turn,

min{ A (40 (1)} { /0 xT(s)x(S)dstO’rO)}
<E[V(2(0),79)] — E[V (x(t), )]
0), 7"0)] .

(
<E[V(x(

This yields that
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E [V (2(0),70)]
miniej’{/\min(_/ln(i))}

holds for any ¢ > 0. Letting ¢ go to infinity implies that

el thT(S)x(S)dﬂ(ﬂCovTo)] <

E UOOO xT(s)m(s)ds(mo,ro)}

is bounded by a constant T'(zg, 7o) given by

E [V(:L’(O), T'O)]
min;e o { Amin (=45 (7))}’

which ends the proof of Theorem 4. O

T(IOa TO) =

Ezample 6. Let us consider a numerical example to show the validity of the
results of the previous theorem. For this purpose, let us assume that the
dynamical system considered in this example has two modes and its state
space belongs to R2. Its state equation is supposed to be described by (2.1)
with all the uncertainties equal to zero and the different remaining matrices
as follows:

1= [F5] ao= [ e =[]

First notice that the two modes are unstable in the deterministic sense
since the eigenvalues in mode 1 and mode 2 are, respectively, (—2.1031,1.1031)
and (—1.9036,0.9036).

Solving the set of coupled LMIs (2.39), we conclude that the system is
infeasible. Therefore the system is not stochastically stable.

Example 7. In this second example, we show that the stability of one mode
or both is not a necessary condition for the stochastic stability of the whole
system. For this purpose, let us consider a dynamical system that has two
modes and the switching between these two modes is described by the follow-
ing transition probability rate matrix:

A= [_74_47]

The state matrices A(r(t)) in each mode are given by

A(1) = {‘22 0;] A@2) = [(1)0;]

Notice that mode 1 is stable while mode 2 is unstable in the determin-
istic sense since the eigenvalues for these modes are, respectively, (—1.8721,
—5.1279) and (1.0, —5.0).
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Solving now the set of coupled LMIs (2.39), we get

0.9673 0.0653 1.5775 0.0689
P(1) = [0.0653 0.1389] PO = [0.0689 0.1378] '

As can be seen, the two matrices are symmetric and positive-definite,
therefore based on the result of the previous theorem, the studied system
is stochastically stable.

Ezxample 8. In this example let us consider a system with two modes. The
state equation of this system in each mode is described by (2.1) with the
following matrices:

o= [0 ) ww=[01]

The transition probability rate matrix between these modes is given by

-1 1
i)
Notice that mode 1 is stable and mode 2 is unstable in the deterministic
sense since the eigenvalues for these modes are, respectively, (—1.0, —2.0) and

(—0.1,0.2).
For the steady-state probabilities transition (see Appendix A), we have

~1.0 1.0
[ 72] [ 5.0 5.0} =0

m +me = 1,

which gives m = g and 7y = %. This means that the system spends more time

in the stable mode, which therefore affects the stability of the global system.
Solving now the set of coupled LMIs (2.39), we get

39.6196 1.2015 49.7876 1.1642
P) = { 1.2015 21.8963] » P = { 1.1642 37.8007 |~

As can be seen, the two matrices are symmetric and positive-definite,
therefore based on the results of the previous theorem, the studied system
is stochastically stable.

Ezample 9. In this example we want to show that the stochastic stability of
the whole dynamical system does not imply the stability of each mode. For
this purpose let us consider a dynamical system of the class we are studying
with the following data:

am =[50 ] 40 =] 55 0a)
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The transition probability rate matrix between these modes is given by

-4 4
A= [ - _5] .
Notice that the two modes are unstable in the deterministic sense since

the eigenvalues for these modes are, respectively, (0.01,—0.2) and (—0.1,0.2).
For the steady-state probabilities we have

—4.0 4.0
[m1 ] [ 5.0 —5.0} =0

T+ 7= 1,

which gives m = g and my = %. This means that the system spends almost
the same time at the two modes.
Solving now the set of coupled LMIs (2.39), we get

34.4895 0.0 33.7245 0.0
Pm_{ 0.0 22.4475]’ P(Q)_{ 0.0 24.5555}

As can be seen, the two matrices are symmetric and positive-definite; there-
fore based on the results of the previous theorem, the system is stochastically
stable.

For this system, if we change the transition probability rate matrix to

-2 2
which gives m = % and mp = %, the system spends more time in the first

mode.
Solving now the LMI (2.39), we get

0.7032 0.0 0.6948 0.0
P(l){ 0.0 0.8306]’ P(Q){ 0.0 0.9464]'

As can be seen the two matrices are symmetric and positive-definite; there-
fore based on the result of the previous theorem, the studied system is sto-
chastically stable. Based on these two cases we conclude that the stability
in the deterministic sense for each mode is not a necessary condition for the
stochastic stability of the global system.

Example 10. In this example we show that stability in each mode is not neces-
sary for the stochastic stability of the system. For this purpose, let us consider
the following data:

e mode #1:

an =95
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e mode #2:
A2) = [_02 0?215] '

Let the switching between the two modes be described by the following
transition rate matrix:
A= [p P } :
q9 —q

For the steady-state probabilities we have

(1 ] {17 p } _ o,

q —q
m +my = 1,

which gives m = % and mp = %. If we let p = ¢, this means that the

system spends almost the same time at the two modes. Solving now the set
of coupled LMIs (2.39) with p = ¢ = 2, we get

| 0.9988 —0.3388 0.4782 —0.2452

P = Zo3388 0.9447 ] P@) = {0.2452 2.0443 |

which are both symmetric and positive-definite matrices. This implies that
the system is stochastically stable even if the two modes are unstable in the
deterministic sense.

Now if we solve the set of coupled LMIs (2.39) with p = ¢ = 0.02, we find
that the system is stochastically unstable.

FEzxzample 11. In this example we show that instability in each mode is not
necessary for the stochastic stability of the system. For this purpose, let us
consider the following data:

e mode #1:

an=|7'2).
o mode #2:

A2) = [‘52 _01} .

Let the switching between the two modes be described by the following
transition rate matrix:
A= [_p P } :
q —q
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For the steady-state probabilities we have

mm] | P00
T + Ty = ].,
_4q

which gives m = ot and my = ﬁ. Solving now the set of coupled LMIs

(2.39) with p = ¢ = 0.02, we get

0.4677 0.6361 1.9124 0.6361
P) = [0.6361 1.9124]  PO= [0.6361 0.4677] ’

which are both symmetric and positive-definite matrices. This implies that
the system is stochastically stable even if the two modes are stable in the
deterministic sense.

If we solve the set of the coupled LMIs (2.39) with p = ¢ = 2, we find that
the system is stochastically unstable.

Theorem 5. The following statements are equivalent:

1. System (2.1) is MSS
2. The N-coupled LMIs

N
AT(@)P(i) + P(i)A() + Y A\ijP(j) <0 (2.41)

Jj=1

are feasible for some symmetric and positive-definite matrices P = (P(1),
- P(N)) > 0.
3. For any given set of symmetric and positive-definite matrices Q = (Q(1),
-+ Q(N)) > 0, there exists a unique set of matrices P = (P(1),---,
P(N)) > 0 satisfying the following:

N
AT(i)P(i) + P(i)A(i) + Z Xij P(j) = —QUi). (2.42)

For well-known reasons (for instance that parameters change due to wear-
ing), it is always desirable that the systems should have a prescribed degree
of stability . The question we are facing now is if a stochastically stable dy-
namical system of our class has the degree of stability « (« is a given positive
constant). To answer this question, we should develop the type of conditions
we have to use in this case. For this purpose, let us make the following variable
change:

Z(t) = e a(t).

Differentiating this relation with respect to time gives
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() = ae™a(t) 4+ ei(t) = [A(r(t),t) + ol] etx(t) = [A(r(t), t) + o] Z(t)
= A,(r(t),t)z(t), (2.43)

where A, (r(t),t) = A(r(t),t) + ol.

Letting the uncertainties be equal to zero and applying the stability results
of Theorem 4 to system (2.43) when the uncertainties are fixed to zero, the
following must hold for every ¢ € .¥ to guarantee its stability:

N
AL ()P(i) + P(i)Aa (i) + Z Ai; P(j) < 0

which gives

N
[A(i) + ol) " P(i) + P(i) [AGD) + o] + Y _ A P(j) < 0.

j=1

The following theorem gives the stochastic stability results for systems
with a prescribed degree of stability a.

Corollary 2. Let « be a given positive constant. System (2.1) with all the
uncertainties equal to zero is stochastically stable and has a degree of stochastic
stability equal to « if and only if there exists a set of symmetric and positive-
definite matrices P = (P(1),--- ,P(N)) > 0 such that the following holds for
every i € .7 :

[A(i) + al] " P(i) + P(i) [AG) + ol + Y A P(j) < 0. (2.44)

j=1

From the practical point of view, the determination of the maximum degree
of stability is of great importance. This maximum can be obtained in our case
by solving the following optimization problem:

max >0, a,
P=(P(1),,P(N))>0
s.t.:

[A(i) + ol] " P(i) + P(i) [A(i) + o] + Y3, Mij P(j) < 0.

Notice that the constraints of this optimization problem are nonlinear in
the decision variables o and P(7), i =1,2,--- , N that we can cast into quasi-
convex problem with respect to these parameters, and therefore we can use
the generalized eigenvalue minimization problem (GEVP) to solve it. For this
purpose notice that the previous constraints can be rewritten as follows:

AT()P(i) + P(i)A(i) + 2aP(i Z Aii P(5)
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which gives

2P(i) < —

N
é AT (i)P(i) + P(i)A(i) + Y A P(j)
j=1

Letting v = é the previous optimization becomes

min >0, v
P=(P(1), ,P(N))>0
2P(i) < —y |AT(i)P(i) + P()A() + 312, A P(5) | -
If we denote by & the solution of this optimization problem, the result tells

us that the closed-loop state equation will have decaying behavior with a rate
equal to a.

Remark 6. Notice that the system should be stable, that is:
N
AT @) P(i) + P(i)A(i) + Y X\ijP(j) <0,
j=1

and this requires adding an extra condition when solving the GEVP.

FEzample 12. To show the usefulness of the results of the previous corollary,
let us consider a system with two modes and the following data:

e mode #1:

AQ) = [8:3 —Oﬁo] :

e mode #2:

40 =5y Sl

The switching of the mode is described by the following transition rates ma-
trix:

~5.0 5.0
A= [ 4.0 —4.0] '

Solving the previous GEVP we get

P(1)=10""*. [

0.4028 0.0356 P2)=10"*. 0.3095 0.0279
0.0356 0.0034 |’ B 0.0279 0.0027 |’

which are both symmetric and positive-definite matrices. The corresponding
degree of stability is a = 0.3791.
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All the results developed in this section are valid only for nominal dynami-
cal systems of the class of piecewise deterministic systems. When functioning,
there is no guarantee that the real system will remain stable even if the condi-
tions used to check the stability are satisfied, since the uncertainties that may
be caused by different phenomena are not taken into account in the analysis.
To avoid this, it is necessary to establish conditions that take care of these un-
certainties. The next section will deal with such problems. It will consider the
stability problem with uncertainties of the state matrix. Section 2.4 will treat
the class of systems with Markovian jumps and Wiener process and chain
up by considering uncertainties on both the state matrix and the transition
probability rate matrix.

2.3 Robust Stability

Let us now return to the class of dynamical systems governed by (2.1) and
assume this time that the uncertainties in the state matrix are not equal to
zero. Our goal is to establish conditions that allow us to check if the considered
system is robustly stochastically stable.

The following theorem gives sufficient conditions in the LMI formalism
that can be used to reach our goal.

Theorem 6. System (2.1) is robustly stochastically stable if there exist a set
of symmetric and positive-definite matrices P = (P(1),--- ,P(N)) > 0 and
a set of positive scalars eq4 = (€a(1), -+ ,ea(N)) > 0 such that the following
holds for every i € . and for all admissible uncertainties:

Ju(i)  P(i)Da(i)
DYOPG) —eatr | <O (2.46)

where J,,(i) = AT(i))P(i) + P(i)A(i) + Y2 1_) Ay P(j) + ea(i) EX (i) Ea(i).

Proof: To prove this theorem, let us consider a Lyapunov candidate func-
tion with the following expression:

V(x(t),i) =z (t)P(i)x(t), (2.47)

where P(7) is a symmetric and positive-definite matrix for every i € ., solu-
tion of (2.46).

Let .Z be the infinitesimal operator of the Markov process {(x(t), r(t)),t >
0}. If at time ¢, (¢) = x and r(t) = i for i € ., the infinitesimal operator
acting on V(.) and emanating from the point (x,¢) at time ¢ is given by

V), = tim B [V ((t+ h),r(t + h))|x(t)h: w(t), r(t) = i) = V(x(t), i)

N
= @' (t)P(i)a(t) + 2 (t)P(i)i(t) + Z Nija ' (8)P(j)z(t)
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= 2" (AT (i,t)P()x(t) +x" (t)P>E) A, t)z(t)
N

+> A (HPG)z(?).

j=1
Using the structure of the uncertainties we get

LV (x(t),i) = x (t) [AG) + Da(i)Fa(i,t)Ea(i)] " P(i)z(t)
+2 T (£)P(i) [A(6) + Da(i)Fa(i, t) Ea(i)] ()

N
+aT(8) > N P(j)a(t). (2.48)

LV (@(t),i) < @ (1) |AT@)PE) + POAG) + ) AigP(j) | «(1)

with
N
Au(i) = AT(i)P(i) + P(i)A(i) + Z Aii P(5)

+e4 (D) P())Da(i)D 3 (1) P(i) + ea(i) E (i) Ea(i).

Using (2.46) and the Schur complement we conclude that A, (i) < 0 for
every i € .. Based on this we get in turn that

LV (@(t),i) < = min{Anin (~Au(0) T (B)2(2).

i€

The rest of the proof is similar to the one of Theorem 4 and the details
are omitted. This ends the proof of Theorem 6. O
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Remark 7. The previous proof can be replaced by the following one. In fact,
from the results of Theorem 6, the uncertain system will be stable if the
following LMI holds for each i € . and for all admissible uncertainties:

AT (i,t)P(i) + P(i)A(i, t) + Z/\”P

Using the expression of the matrix A(i,¢), this inequality is equivalent to
the following one:

AT(i)P(i) + P(i)A(i) + P(i) Da(i)Fa(i, t) Ea(i)

N
+EL()F4 (i, ) DA (0)PGE) + > A P(j)
j=1

Based on Lemma 7 in Appendix A we get

P(i)Da(i)Fa(i, t)Ea(i) + E5 (i)Fy (i,t)D ) (i) P(i)
< ey (D) P(@)Da(i)D A (i) P(i) + e a(i) E4 (1) Ea(i).

Using this, the previous inequality will hold if the following holds for every
1€

AT (i) P(i) + +Z>\”P )4 ea())EL () EA(i)

+EA Y@)P(@)DA(i)D (i) P(i) < 0.
After using the Schur complement we get the following:

AT (i) P(i)
+P(1)AG)
)

Fea@)E (DEaG) | POPAO |
+ 5 A PG) e
D} (i)P(i) —ea(i)l
This ends the proof. O

Remark 8. The condition we gave in Theorem 6 is sufficient, which means that
if we are not able to find a set of symmetric and positive-definite matrices
P = (P(1),---,P(N)) > 0 that satisfies the condition (2.46), this does not
imply that the dynamical system is not robustly stochastically stable.

Ezxample 13. In this example we show how the results on robust stability given
in the previous theorem can be used. For this purpose let us consider a dy-
namical system with two modes. The different matrices are given by
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e mode #1:

A1) = {8:8 _Ofo} . Da(l) = {8:;} . Ea(1)=1[020.1],

e mode #2:

A2) = [_020 _0;0} . Du(2) = {00'.113} , Ea(2)=1[0102].

The transition probability rate matrix is given by

—4 4
=74
Letting €4(1) = €4(2) = 0.5 and solving the set of coupled LMIs (2.46),
we get

1.8947 0.0972 1.2669 0.0761
P() = {0.0972 0.7245] PR = {0.0761 0.5849] '

These two matrices are symmetric and positive-definite and therefore, fol-
lowing the previous theorem, the considered system is robustly stochastically
stable for all the admissible uncertainties.

As we did for the nominal systems, let us see how we can determine if
a given system belonging to the class of systems we are considering has a
prescribed degree of stability a. To answer this question, we will proceed as
we did for the previous section. By applying the results on robust stability of
Theorem 6 for system (2.1), we get for a given positive constant « that this
system will be robustly stochastically stable if there exist a set of symmetric
and positive-definite matrices P = (P(1),--- , P(N)) > 0 and a set of positive
scalars €4 = (€a(1), -+ ,e4(N)) > 0 such that the following holds for each
1 € & and for all admissible uncertainties:

Ju (1) P(i)Da(i)
DEOPU) —eat)t | <" (249
where J(i) = [A(i) +ol] " P(i) + P(i) [A(i) + oI] + XN, Mi; P(j) + a(i)
B} (i)Ea(i).

The following theorem gives the results on robust stochastic stability for
a dynamical system of the class of piecewise deterministic systems we are
considering to have a prescribed degree of stability equal to «.

Corollary 3. Let a be a given positive constant. If there exists a set of sym-
metric and positive-definite matrices P = (P(1),--- ,P(N)) > 0 and a set
of positive scalars ea = (ea(1),--+ ,ea(N)) > 0 such that (2.49) holds for
every i € . and for all admissible uncertainties, then system (2.1) is robustly
stochastically stable.
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In the previous section we computed the maximum prescribed degree of
stability for the nominal dynamical system of our class of systems by solving
the optimization problem (2.45). In a similar way we can solve the follow-
ing optimization problem to get the maximum prescribed degree for robust
stability:

min v,

v>0,
ea=(ea(l),,ea(N))>0,
P=(P(1),-,P(N))>0,

Pu: { s.t.:
2P(i) 0

0 0 D (i)P(i) —ea(i)l

. l Je (i) P(z‘)DA@]

where J2(i) = AT (i) P(i) + P(i)A(i) + 300y \ijP(j) + ea(i) EX (i) Eali).

Ezxample 14. To show the usefulness of the results of the previous corollary,
let us consider the system with two modes of the previous example with the
same data. Letting € 4(1) = €4(2) = 0.5 and solving the previous generalized
eigenvalue problem optimization problem we get

0.7666 0.0359 0.4475 0.0223
PQ) = [0.0359 0.3271] - PO)= [0.0223 0.2474] ’

which are both symmetric and positive-definite matrices. The corresponding
degree of stability is a = 0.6055.

In the next section we will consider the case when our class of system is
perturbed by a Wiener process and see how this will affect the stability and
robust stability conditions developed earlier.

2.4 Stability of Systems with Wiener Process

In this section we consider the case when an external Wiener process is acting
on the class of systems we are studying and see the effect on the stability
and robust stability conditions developed earlier. In the rest of this section,
we treat the case of systems without uncertainties followed by the case with
norm-bounded uncertainties in the state matrix and polytopic uncertainties
on the transition probability rate matrix.

When the external Wiener process is acting on our class of systems the
state equation becomes

{dm(t) — A(r(t), ) (t)dt + W(r(t))z(t)dw(t), 250
1’(0) = Zo, .

where x(t) € R™ is the state vector at time ¢; w(t) € R is a standard Wiener
process that is assumed to be independent of the Markov process {r(t),t > 0};
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A(r(t),t) is a matrix with appropriate dimension and its expression is given
by

A(r(t), 1) = A(r(t)) + Da(r(®) Fa(r(t), ) Ea(r(t)),

with A(r(t)); Da(r(t)), Fa(r(t)) are known matrices with appropriate di-
mensions and Fa(r(t),t) satisfies (2.3); and the matrix W(7) is supposed to
be given for each mode i € ..

Let us now assume that all the uncertainties are equal to zero in the
previous state equation and see how we can establish the conditions that can
be used to check the stochastic stability of this class of systems with Wiener
process.

The result on stochastic stability is given by the following theorem.

Theorem 7. System (2.50) is stochastically stable if and only if there exists
a set of symmetric and positive-definite matrices P = (P(1),--- ,P(N)) > 0
such that the following LMI holds for every i € % :

N
AT (i)P(i) + P()AG) + WT()P(OW() + 3 Ay P(j) <0.  (2.51)
j=1

Proof: Let us start by the proof of necessity. For this purpose, let us as-
sume that the system is stochastically stable and denote by &(.) the transition
matrix corresponding to

dB(t) = A(r(t))B(t) + W(r(t))d(t)dw(t), $(0) = L.

Since the system is stable, this implies that for any symmetric and positive-
definite matrix Q(i) > 0,i € . the following holds:

B | [ 4T OQ)e(s)iska(0) = r(0) = 1o < o0

Let the function ¥ : RT x RT x R x .¥ — R"” be defined by

W(T,t,2,i) =K

T
/ z ' (5)Q(r(s))x(s)ds|z(t) = x,r(t) = z] .
t
As we did previously, by the time-homogeneous property, we get
U(T,t,2,i) = W(T —t,0,z,i)

T—t
=E / 2" (5)Q(r(s))x(s)ds|z(0) = x,7(0) = z]
0

T
= z'E [/t o7 (5)Q(r(s))P(s)ds|r(0) = z] x
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=z P(T —t,i)x
= O(T —t,x,i).

From the other side, since the system P(.,4) is monotonically increasing,
positive-definite matrix-valued function and bounded from above, thus

P(i) = lim P(T,i)

exists. Hence P(i) is also positive-definite.
Let T be arbitrary fixed time. For any T' > s >t > 0, we have

%IE [O(T —t,x,i)| evaluated along the system trajectory]

= lim L [E(O(T — s,2(s), r(s)l(t) = 2, 7(8) = i) ~ OT — 1,,0)

= %@(T —t,x,0) + L2O(T —t,x,17)

= a:T(t)%P(T —t,2,8)z(t) + 2" (t) [AT (@) P(T —t,i) + P(T — t,i)A(i)] 2(t)

N
+3 Nija T (OP(T — t,j)a(t)
=z () {AT(Z')P(T —t,4) + P(T —t,i) A(4)
N
+> A P(T —t, j)}x(t). (2.52)

On the other hand, by (2.11) we have

E[O(T - s,2(s),r(s))|2(t) = ( ) =i = O(T —t,2,i)
= [EO(T = s,2(s),7(s)) — 9( vy )| (t) =, r(t) = i)

T
/xT(v)Q(T(v))x(v)dle(S%T(S)]

= 2 (OE { /0 o & (u)P(u)du|rg = z} x(t). (2.53)
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However,

lim — B {/08tqu(u)Q(r(u))@(u)du|r0 _ Z}

- lif%E{Sit /OS & (u)Q(r(w))P(u)dulr(0) = l}
= E{Q(i)|ro =i} = Q(7),

which implies

%]E [O(T —t,2,i)] = —x " (1)Q(i)z(t). (2.54)
Let T go to infinity in (2.52) and note that %P(T —t,1) tends to zero
as T tends to infinity. Then (2.52), (2.53), and (2.54) give the desired result.
This proves necessity.
To prove the sufficiency, let P(i) > 0, i € . be a symmetric and positive-
definite matrix, that represents a solution of the LMI (2.51). Then a Lyapunov
candidate function can be given by the following expression:

V(x(t),i) = " (t)P(i)x(t), when r(t) =i.
Using the results of Appendix A, the infinitesimal operator of the Markov

process {(z(t),r(t)), ¢t > 0}, acting on V(.) and emanating from the point (x, )
at time ¢, when at time ¢, x(t) = « and r(¢t) = ¢ for i € ., is given by

Notice that V,(z(t),4) = 2P(i)z(t) and V. (x(t),4) = 2P(4), which implies

Il
[\~
8
_|
—~
=
b
—
—
~
~—
)
—~
<
~—
8
=
~—
_|_
[]=
b
<
8
—
=
)
—~
<
~—
8
—~
=

LV (2(t),19)

with I'(i) = AT(i)P(i) + P(i)A(i) + WT () P(i))W(i) + 311 Ay P(5)-
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Using condition (2.51) we get

2LV ((t),9) < —min{Amin (—L@)}ya (t)z(t),

The rest of the proof is similar to the one of Theorem 4 and the details are
omitted. This ends the proof of Theorem 7. g

FEzample 15. To illustrate the usefulness of the results of this theorem let us
consider a two-mode dynamical system of the class studied in this section. For
simplicity of presentation, let the state vector z(t) belong to R? and the state
matrices and the disturbance noise matrices be given by

e mode #1:

A1) = {06.001 —()6(.)2} . W)= {8:(2) 8:3] :

e mode #2:

a =[5 6] e -[aed]

The transition probability rate matrix between the two modes is given by

—2.0 2.0
A= [ 5.0 5.0]'

Solving the set of coupled LMIs (2.51), we get the following matrices:

645.4258 0.0 621.7449 0.0
P() = 0.0 635.4497] PR = { 0.0 715.8490 | -

These two matrices are symmetric and positive-definite and, based on the
previous theorem, the system is stochastically stable.

Let us now return to the initial state equation with uncertainties and
Wiener process and establish the stochastic stability conditions.
The following theorem summarizes the results in this case.

Theorem 8. System (2.50) is robustly stochastically stable if there exist a set
of symmetric and positive-definite matrices P = (P(1),--- ,P(N)) > 0 and
a set of positive scalars eq4 = (€a(1), -+ ,€a(N)) > 0 such that the following
LMI holds for each i € . and for all admissible uncertainties:

Juw (i) P(i)Da(i)

DY()PG) —ea(dl | <% (2.55)

with J(i) = AT(@)P(i) + P(i)AG) + WT ())PQ)W(i) + ea())E] (1) Ea(i) +
Zévzl Ai P(5)-
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Proof: Let P(i) > 0, i € ., be a symmetric and positive-definite ma-
trix that represents a solution of the LMI (2.55). Then a Lyapunov function
candidate can be given by the following expression:

V(x(t),i) =« " (t)P(i)x(t), when r(t) = i.

Using the results of Appendix A, the infinitesimal operator of the Markov
process {(z(t),r(t)),t > 0} acting on V(.) and emanating from the point (z,7)
at time ¢, where z(t) = x and r(t) =i for ¢ € .7, is given by

N
LV (x(t),i) = [AG,)x(0)]" Vala(t)) + Z AiV (2 (t),5)

—l—%tr [T (W (6) Vi ((), YW (i)a(8)]

Using the following expressions for V,(z(t),i) and V. (x(t),?) given, re-
spectively, by V(x(t),i) = 2P(i)xz(t) and V. (z(t),7) = 2P(i), we obtain

N
LV (a(t),i) = 20T (AT (1L )PE2() + Y Az | (8)P(j)z(t)

Based on the results of Lemma 7 in Appendix A, we have

z" () P())Da(i)Fa(i,t) Ea(i)z(t)
<5A ()2 " (£)P(1)Da(i) DT (i) P(i)(t)
+ea(@)a’ (B Ea@)z(?).

Considering this, the previous relation becomes
LV ((t),i) < &7 (0)]AT()PE) + P)AG)
)

+e, (0)P(i)Da(i) D} (i) P(i)
+5A(Z)E () EA(i) + WT (4)P(i)W(4)

s X P()]a(t)
j=1
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< 2T (O G)a(t), (2.56)
with

Iu(i) = AT(D)P(i) + P()A(i) + €5 ())P(i) Da (i) D A (i) P(i)

N
+A(EL OB + W @OPEWE) + 3 Aig P()-

Using condition (2.55) and the Schur complement, we conclude that
I, (i) < 0 and therefore we get

LV(a(t),1) < —min{hmn (~Tu(0)}a" (0)2(0). (2.57)

1€
The rest of the proof is similar to the one of Theorem 4 and the details
are omitted. This ends the proof of Theorem 8. g

Remark 9. Notice that W (i) P(i)W (i) = W(i) P(i) P~ (i) P(i)W(i), which gives
another form for the LMI of the previous theorem, that is:
Juw(i)  P(i)Da(i) W' (i) P(i)
D} (i)P(i) —ea(i)l 0 <0,
P(i)W(7) 0 —P(7)

with Jy, (i) = AT (i)P(i) + P(i)A(i) + ea(i) EX (i) Ea(i) + 3101 Ai P(5)-

FEzxzample 16. To show the results of Theorem 8, let us consider an uncertain
system with two modes. The switching between these two modes is described
by the following transition probability rate matrix:

—4.0 4.0
A= [ 1.0 1.0} '

The state matrices A(i),i = 1,2; noise matrices, W(i),7 = 1,2; and the
uncertainties matrices are given by

o mode #1:
A(l) = {062 _Ofo} . Da(1) = [8:;} , Ea(1)=[0.20.1]
wo- [5382]

o mode #2:
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Solving the set of coupled LMIs (2.55), we get the following matrices:

1.9207 0.0988 1.2875 0.0773
PQ) = [0.0988 0.7316] P2) = [0.0773 0.5925]

The eigenvalues of these two matrices are all positive, which implies that
they are symmetric and positive-definite. The conditions of the previous the-
orem are satisfied and consequently the system under study in this example
is robustly stochastically stable.

In most of the previous results we have assumed that the jump rate was
free of uncertainties, which is not real in practice since it is always difficult
to get the exact transition probability matrix. In the rest of this chapter we
will try to take care of the uncertainties that may affect the jump rates and
establish equivalent results to the previous ones. The uncertainties we will
consider for the transition probability rate matrix are polytopic and were
presented earlier in this chapter.

Let us now assume that we have uncertainties on the state matrix and
on the transition probability rate matrix that satisfy the previous given con-
ditions. In this case, the system will be stable if the following holds for all
admissible uncertainties:

AT (i, t)P(i) + P(i)A(i, 1) +ZzakA”P <0,

k=1j5=1

which gives

AT (i, t)P(i) + P(i)A(i, 1) +Z”w 0,

with wi; = >0, ak)\fj.
Moreover, if we take care of the expression of A(i,t), we get in a similar
way that

T () P(i)DA(i)} <0
DY)PG) —ea(n | =
where J,., = AT())P(i) + P)AG) + S, 13y P() + £a() EL () Eai).
The following theorem gives the results that can be used to check if a
given system with uncertainties on the state matrix and on the jump rates is
robustly stochastically stable.

Theorem 9. System (2.1) is robustly stochastically stable if there exist a set
of symmetric and positive-definite matrices P = (P(1),--- ,P(N)) > 0 and
a set of positive scalars ea = (€a(1), -+ ,ea(N)) > 0 such that the following
holds for every i € . and for all admissible uncertainties:
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Juuli)  P()Da(i)
DLH)P(E) —ea(dl | <O

where Jyu = AT ())P(i) + P(i)A(i) + 3001 13;P(j) + (i) EX () Ea(i).

FEzample 17. To show the validity of the results of the previous theorem, let
us consider the two-mode system of the previous example with the same data
and W(1) = W(2) =0.

The switching between the two modes is described by the following tran-
sition rate matrices:

—4.0 4.0
A= { 1.0 —1.0} a1 =06,

-3.0 3.0
A2 = |: 1.0 10:| , Qo = 047

which gives

~ [-3.6 36
F=110 —10/

Letting £4(1) = €4(2) = 0.5 and solving the set of coupled LMIs gives

1.9941 0.1012 1.2945 0.0773
P) = {0.1012 0.7441] PO = {0.0773 0.5929] ’

which are both symmetric and positive-definite matrices. This implies that
the system is stochastically stable.

We can establish similar results when a Wiener process disturbance is
acting on the system. The corresponding result is summarized in the following
theorem, which can be proved following the steps used previously.

Theorem 10. System (2.50) is robustly stochastically stable if there exist a
set of symmetric and positive-definite matrices P = (P(1),--- ,P(N)) > 0
and a set of positive scalars €4 = (ea(1),--- ,€a(N)) > 0 such the following
LMI holds for every i € . and for all admissible uncertainties:

i) PODAO] g

DX(0)P(i) —eal(i)l (2.58)

with
Juw(i) = AT (0)P(i) + P(i))A(i) + W' (3)P(i)W(i)

N
+ea(D)EA () Ea(i) + Z i P(5)-
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FEzample 18. To show the validity of the results of the previous theorem, let
us consider the two-mode system of Example 16 with the same data. The
switching between the two modes is described by the following transition rate
matrices:

A = {—4.0 4.0 } o = 0.6,

1.0 —1.0
~3.0 3.0
A2 = { Lo _1_0} , an =04,

which gives

_[-36 36
F=110 —10/"

Letting €4(1) = €4(2) = 0.5 and solving the LMI gives:

19941 0.1012 1.2045 0.0773
P(1) = {0.1012 0.7441] PO = {0.0773 0.5929] !

which are both symmetric and positive-definite matrices. This implies that
the system is stochastically stable.

Previously we proposed a way to compute the maximum prescribed degree
of stability for the nominal and uncertain dynamical system of our class of
systems by solving the optimization problem (2.45). In a similar manner we
can solve the following optimization to get the maximum prescribed degree
for robust stability when the system is perturbed by external Wiener process
with polytopic uncertainties of the transition probability rate matrix:

min >0,
ea=(ea(l),,ea(N))>0,
P=(P(1),,P(N))>0,

Pw: { s.t.:
2P(i) 0

0 0 DL (i)P(i) —ea(i)l

<_7[ T ) P(z‘)DAu')]’

where J (i) = AT ()P (i) + P(i)A(i) + W@ PEOW(E) Y70, i) + eali)
EL()Ea(i).
FEzxzample 19. For this example we take the same data as the previous one and

compute the minimum degree of stability the system can have. Solving the
optimization (2.59) with these date gives

0.8401 0.0009 0.4722 0.0073
P() = {0.0009 0.6666] PR = {0.0073 0.4207] ’

which are both symmetric and positive-definite matrices. This implies that the
system is stochastically stable. The minimum degree of stability is o = 0.5548.



60 2 Stability Problem

2.5 Notes

In this chapter we covered the stability problem and its robustness. We started
by studying the stochastic stability of the nominal system of the class of piece-
wise deterministic systems and established LMI conditions for this purpose.
Then we considered the case of uncertain systems with uncertainties on the
state matrix and/or on the transition probability rates matrix. Stochastic sta-
bility and robust stochastic stability LMI conditions have been developed for
uncertain systems. The case of Wiener process external disturbance was also
considered and stochastic stability and robust stochastic stability LMI condi-
tions were developed. The material presented in this chapter is based on many
references, among them Ji and Chizeck [44], Boukas [9], Dragan and Morozan
[35], and personal work.



3

Stabilization Problem

One of the most popular control problems, the stabilization problem consists
of determining a control law that forces the closed-loop state equation of a
given system to guarantee the desired design performances. This problem has
and continues to attract many researchers from the control community and
many techniques can be used to solve the stabilization problem for dynamical
systems. From the practical point of view when designing any control system,
the stabilization problem is the most important in the design phase since it
will give the desired performances to the designed control system.

The concepts of stochastic stability and its robustness for the class of
piecewise deterministic systems were presented in the previous chapter. Most
of the developed results are LMI-based conditions that can be used easily to
check if a dynamical system of the class we are considering is stochastically
stable and robustly stochastically stable.

In practice some systems are unstable or their performances are not accept-
able. To stabilize or improve the performances of such systems, we examine
the design of an appropriate controller. Once combined with the system this
controller should stabilize the closed loop and at the same time guarantee the
required performances.

In the literature, we can find different techniques of stabilization that
can be divided into two groups. The first group gathers all the techniques
that assume the complete access to the state vector and the other group is
composed of techniques that are based on partial state vector observation.

For the class of systems under consideration, the following techniques can
be used:

e state feedback stabilization,
e output feedback stabilization.

This chapter will focus on these two techniques and develop LMI-based
procedures to design the corresponding gains. The rest of this chapter is orga-
nized as follows. In Section 3.1, the stabilization problem is stated and some
useful definitions are given. Section 3.2 treats the state feedback stabilization
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for nominal and uncertain classes of piecewise deterministic systems. Section
3.3 covers the stabilization with the static output feedback controller. In Sec-
tion 3.4, output feedback is covered. Section 3.5 deals with observer-output
feedback stabilization. Section 3.6 develops the design of the state feedback
controller with constant gain. All the developed results are in LMI framework,
which makes the resolution of the stabilization problem easier. Many numer-
ical examples are provided to show the usefulness of the developed results.

3.1 Problem Statement

Let us consider a dynamical system defined in a probability space ({2, F,P)
and assume that its state equation is described by the following differential
equations:

{x’(t) = A(r(t), )z(t) + B(r(t), t)u(t), 51)

z(0) = zo,

where z(t) € R™ is the state vector; xg € R™ is the initial state; u(t) € R™ is
the control input; {r(t),t > 0} is the continuous-time Markov process taking
values in a finite space . = {1,2,--- , N} and describes the evolution of the
mode at time t; A(r(t),t) € R"*™ and B(r(t),t) € R™*™ are matrices with
the following forms:

A(r(t),t) = A(r(t)) + Da(r(®) Fa(r(t), ) Ea(r(t)),
B(r(t),t) = B(r(t)) + Dp(r(t)) Fp(r(t), t) Ep(r(t)),

with A(r(t)), Da(r(t)), Ea(r(t)), B(r(t)), Dp(r(t)), and Eg(r(t)) being real
known matrices with appropriate dimensions; and F(r(t),t) and Fg(r(t),t)
are unknown real matrices that satisfy the following for every i € .7

FX(th)FA(Zat) S ]Ia
Fj(i,t)Fp(i,t) <L

(3.2)

The Markov process {r(t),t > 0} beside taking values in the finite set
- describing the switching between the different modes is governed by the
following probability transitions:

Pr(t+ h) = j|r(t) =i

) Xijh +o(h) when 7(¢) jumps from i to j, (3.3)
|1+ Xih+o(h) otherwise, '

where A;; is the transition rate from mode i to mode j with A;; > 0 when

1% jand Ay = — Z?;Lj# Ai; and o(h) are such that lim,_o Ohh) =0.
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As in Chapter 2, we assume that the matrix A belongs to a polytope, that
is,

A= Zak/lk, (34)
k=1

with k a positive given integer, 0 < o < 1, and Ay a known transition matrix.
Its expression is given by

k k
At - Ay

Ay = : (3.5)

k k
AN1 T ANN
where )\fj keeps the same meaning as before, with > ;_; oy = 1.

Remark 10. The uncertainties that satisfy the conditions (3.2) and (3.4) are
referred to as admissible. The uncertainty term in (3.2) is supposed to depend
on the system’s mode r(¢) and on time ¢. The results developed in the rest of
this chapter will remain valid even if the uncertainties are chosen to depend
on the system’s state x(t), the mode r(t), and time ¢.

The problem we face in this chapter is designing a control law u(-) that
maps the state vector (¢) and/or the output vector y(¢) and the mode at time
t r(t) into a control action that will give the system the required performances.
Different structures for the control law can be used. Among these are the

state feedback controller,
output feedback controller,
observer-based output feedback controller.

When we have complete access to the system mode r(t), the choice among
these techniques will depend on the problem. For instance, if the state vector
is completely available for feedback, the use of state feedback stabilization is
more appropriate. But in case of partial observation of the state vector, two
solutions are possible. The first one requires an estimation of the state vector
and then the use of the state feedback controller. The second one suggests the
use of output feedback controller or observer-based output feedback control.
In this case, the output is used to compute the control law.

In the rest of this chapter, we show how we can compute the gains for
the mentioned controllers. Both the stabilization and the robust stabilization
problems are treated. The assumption of the complete access to the system
mode r(t) at each time ¢ will be made when necessary.

Definition 3. System (3.1) with Fa(r(t),t) = Fp(r(t),t) = 0 for all modes
and for t > 0 is said to be stabilizable in the SS (MES, MSQS) sense if there
exists a controller such that the closed-loop system is SS (MES, MSQS) for
every initial condition (xg,ro)-
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When the uncertainties are not equal to zero, the previous definition is
replaced by the following one.

Definition 4. System (3.1) is said to be robustly stabilizable in the stochastic
sense if there exists a controller such that the closed-loop system is stochas-
tically stable for every initial condition (xg,79) and for all admissible uncer-
tainties.

The type of controllers considered in this chapter are presented in the next
sections and the design procedures that can be used to compute the controllers
gains are also developed.

3.2 State Feedback Stabilization

Let us consider a dynamical system and assume that we have complete access
to the state vector z(t) and to the mode r(t) at each time ¢. The controller
we are planning to design is described by the following structure:

u(t) = K(r(t))z(t), (3.6)

where K (r(t)) is a gain with appropriate dimension to be determined for each
mode r(t) € 7.

Remark 11. Notice that the gain of the controller (3.6) is mode dependent,
which requires the knowledge of the mode r(t) at time ¢ to choose the appro-
priate gain among the set of gains K = (K(1), K(2),--- , K(N)). In this case,
we determine N gains. Thus when the mode switches from mode 4, which uses
the gain K (4), to mode j the controller gain must be switched instantaneously
to the gain K (j) to guarantee the desired performances.

The block diagram of the closed-loop system under the state feedback
controller is represented by Figure 3.1.

& = A(i)z + B(i)u

— u=K(i)z

Fig. 3.1. State feedback stabilization block diagram (nomi-
nal system).
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Let us consider the stabilization of the nominal system of the class under
study. Letting Fa(r(t),t) = Fp(r(t),t) = 0 in the state equation (3.1) and
replacing the control u(t) by its expression given in (3.6), the closed-loop state
equation becomes

{x'(t) = [A(r(t)) + B(r()) K(r(t))] z(t),

2(0) = xo. (3.7)

Using the stability results of Chapter 2, the closed-loop state equation is
stochastically stable if and only if the following is satisfied for every i € .%:

[A()) + BG)K @)™ P(i) + P(0) [A(i) + B K (0)]

N
+3 "X P() < 0. (3.8)
j=1
This condition is nonlinear in P(i) and K (7). To transform it into an LMI
form, let X (i) = P71(i). Pre- and post-multiply (3.8) by X (i) to get

X (i) [A(0) + B@K ()] + [AG) + B)K ()] X (i)

which gives in turn

X@HAT(@)+ X(@)K"(@)B" (i) + A1) X (i) + B(i)K (i) X (i)
N

+X (i) [Z Aijxl(j)] X(i) < 0.

Letting S;(X) and X;(X) be defined as follows:

Si(X) = [VAaX (), v/ A1 X (1), v/ i1 X (0),
VRN X ()]
X(X) = diag [X(1), -, X(i — 1), X(i +1),---, X(N)],

the term X (7) {Z;\Ll )\in’l(j)} X (7) can be rewritten as follows:

N
X(i) ZAin‘l(j) X (i) = M X (4) + Si(X) X7 H(X)S (X).

Letting Y (i) = K(¢)X (i) and using the expressions S;(X) and X;(X) we
get
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X@HAT (@) +Y " (i)BT (i) + A@)X (i) + BG)Y (i)
+Xi X (1) + Si(X) X H(X)ST(X) <0,

3

which after using the Schur complement gives the following set of coupled
LMIs:

Jn(i)  Si(X)
[SJ (X) —&(X)} <9, (3:9)

where J,, (i) = X(i))AT (i) + YT ()BT (i) + A(@) X (i) + B(i))Y (i) + \ii X (i).
The following theorem summarizes the results of this development.

Theorem 11. If there exists a set of symmetric and positive-definite matri-
ces X = (X(1),--- , X(N)) >0 and a set of matrices Y = (Y (1),--- ,Y(N))
satisfying the following set of coupled LMIs (3.9) for eachi € &, then the con-
troller (5.6), with K (i) = Y (1) X ~1(i), stabilizes system (3.1) in the stochastic
sense when the uncertainties are equal to zero.

FEzample 20. In this example we show how the results of this theorem can be
used to synthesize a state feedback controller that stochastically stabilizes a
dynamical system. For this purpose, let us consider a system with two modes
and the following data:

e mode #1:

am =[5 ] Bo= o010

e mode #2:

A@2) = {0(.)52 —09255} - B@)= [(1):8 (1)8] '

The transition probability rates matrix between the two modes is given by

~2.0 2.0
A= [ 3.0 —3.0]'

First notice that the first mode is instable in the deterministic sense and
the global system is instable. We can stabilize this system using the results of
the previous theorem. Solving the LMIs (3.9), we get

0.3408 0.0 0.2556 0.0
X(l)[ 0.0 0.3408}’ X(Z)[ 0.0 0.2556}’

~0.5112 0.0059 ~0.0767 0.0000
Y= [ 0.1304 —0.5112] Y= [ 0.0 —0.0639} ’

which gives the following gains:
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—1.5000 0.0174 —0.3000 0.0000

KM =1 03826 —1.5000]’ K@) = [ 0.0000 —0.2500 | °

The conditions of the previous theorem are satisfied and therefore the closed-
loop system under the state feedback with the computed gains is stochastically
stable.

In fact, in a similar way, we can also stochastically stabilize the dynamical
system of the class we are considering with a prescribed degree o by using the
following theorem.

Theorem 12. Let o be a positive constant. If there exist a set of symmetric
and positive-definite matrices X = (X(1),--- ,X(N)) > 0 and a set of ma-
trices Y = (Y(1),--- ,Y(N)) satisfying the following set of coupled LMIs for
each i€ 7 :

T (i) Si(X)
50 ~x00 ] =" (10
where J2 (i) = X (4) [A(7) + ol +Y T ()BT (i) +[A(i) + of] X (i) +B(i)Y (i) +
i X (7), then the controller (3.6), with K (i) = Y (i)X ~1(i), stabilizes system
(3.1) in the stochastic sense when the uncertainties are equal to zero.

Proof: The proof of this theorem follows the same lines of Theorem 11,
replacing the matrix A(¢) by A(7) + ol in the previous state equation and the
details are omitted. g

We can also use the results of the following nonlinear optimization to de-
termine a stabilizing controller that guarantees a prescribed degree of stability
equal to a =y~

min >0, v,
X=(X(1),,X(N))>0,
Y=Y (1), ,Y(N)),

Pns: < s.t.:
2X (1) 0 Je()  Si(X)
[ 0 0]<_7lSJ(X) —X(X)

)

where J (i) = X (i))AT (i) + Y T (i)BT (i) + A())X (i) + B(i)Y (i) + Mis X ().

If the optimization problem Pns has a solution &, then the controller that
stabilizes the dynamical system (3.1) and guarantees the prescribed degree of
stability & is given by

Example 21. In this example, let us consider the same data as in Example 20
and see how we can determine the maximum degree of stochastic stability. To
solve the previous optimization problem, we added some extra constraints on
X (i) and Y (i), i = 1,2. We have imposed these variables to satisfy
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X (i) >1,
Y (i) < 101,

fori=1,2.
With these constraints the solution of the previous optimization problem
gives

1.0058 0.0056} 7 X(2) = [ 1.0852 0.0321] ’

X = [0.0056 1.0056 —0.0321 1.0892

—9.9425 3.0890 —9.7965 0.0891
Y= [2.9741 9.9414]’ Y= [ 0.2575 9.7740]'

The corresponding gains are

—9.9026 3.1270 —9.0327 —0.1840
K1) = [—2.9020 —9.8699] » K@) = [—0.0278 —8.9746} '

The maximal degree of stability is @ = 8.9048.

Let us now assume that the previous state equation is changed to

{ da(t) = A(r(t), t)x(t)dt + B(r(t), t)u(t)dt + W(r(t))z(t)dw(t), (3.11)

2(0) = xo,

where the different components in this equation keep the same meaning, while
W(r(t)) is a given matrix with appropriate dimension and w(t) € R is a Wiener
process acting on the system that we assume to be independent of the Markov
process {r(t),t > 0} as described before.

Let all the uncertainties in the state equation (3.11) be zero and see how
we can design a state feedback controller in the form (3.6). Plugging the
expression of this controller in (3.11) gives

{dx(t) = A(r(t)z(t)dt + W (r(t))z(t)dw(t), (3.12)

x(0) = xp,

where A(r(t)) = A(r(t)) + B(r(t))K(r(t)), and K(r(t)) is the controller gain
to be determined for each r(t) € 7.

Using the stability results we established in Chapter 2, we should have the
following set of coupled LMIs verified for every i € .¥ to guarantee that the
closed loop is stochastically stable:

N
AT(i)P(i) + P(i)A(i) + WT (6)P6)W(i) + > Ay P(j) < 0.

j=1

Using the expression of A(i) we get
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AT ()P (i) + P(i)A(i) + K" ()BT (i)P(i) + P(i)B(i) K (i)
N
+WT (i) P(i)W(i) + Y " N\ijP(j) < 0,i=1,2,-- ,N.

j=1

This set of matrix inequalities is nonlinear in the decision variables P(i)
and K (). To transform it into an LMI, let X (i) = P~'(i). Pre- and post-
multiply the previous set of matrix inequalities by X (i) to get

X()AT () + A@)X(G) + X @)K T ()BT (i) + B(i)K (1) X (i)

N
FX ()W ()X ()W (i) X (4) + Z A X ()X H(5)X (i) < 0.
Letting Y (i) = K (i) X (¢) and using the expression of
N
Z A X ()X (5)X (3),

as it was established before, and the Schur complement we get

Ju(t)  X@OWT (@) Si(X)
WX (@) —X() 0 |<o, (3.13)
S (X) 0 —Xi(X)

where
Ju(i) = X@)AT (i) + A@)X (@) + Y T (0)BT (i) + BG)Y (i) + Mii X (i).
The following theorem summarizes the results of the stabilization problem.

Theorem 13. If there exist a set of symmetric and positive-definite matrices
X = (X(Q),---,X(N)) > 0 and a set of matrices Y = (Y(1),---,Y(N))
satisfying the following set of coupled LMIs (3.13) for each i € .7, then the
controller (3.6), with K (i) = Y (i) X ~1(4), stabilizes system (3.11) in the sto-
chastic sense when the uncertainties are equal to zero.

Ezample 22. To show the usefulness of this theorem, let us consider the two-
mode dynamical system considered in Example 20 with the following extra
data:

e mode #1:

wm= [5o01]
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e mode #2:

"= 05 0)

Solving the LMI (3.13), we get
18.2135 —0.0000 16.1415 0.0000
X = [—0.0000 18.2135}  X@2)= [0.0000 16.1415] ’
—34.9977 —265.2702 —8.3439 —5.1312
Y1) = [272.5556 —34.9977 ] Y= [ 5.1312 —7.5368]'

The corresponding gains are given by

~1.9215 —14.5644 ~0.5169 —0.3179
K1) = [14.9644 —1.9215}’ K@) = [ 0.3179 —0.4669]

Based on the results of the previous theorem, we conclude that the system
of this example is stochastically stable under the state feedback controller
with the computed gains.

Let us return to the initial problem and see how we can design a controller
that robustly stabilizes the uncertain class of piecewise deterministic systems
when the uncertainties are acting on the state matrix only. For this purpose,
plugging the controller (3.6) in the state equation (3.1), we get

{fv(t) = [A(r(®),1) + B(r(t), ) K (r ()] =(t),

Using the robust stability results of Chapter 2, the closed-loop state equa-
tion is then stochastically stable if there exists a set of symmetric and positive-
definite matrices P = (P(1),--- , P(N)) > 0 such that the following is satisfied
for all the admissible uncertainties and for every i € .7

[A(i, t) + B(i,t)K(i)] " P(i) + P(i) [A(i, t) + B(i, t) K ()]

N
+> AP() <0 (3.14)
j=1

This condition is nonlinear in P(¢) and K (i) and depends on the uncertain-
ties. To transform it into an LMI form that does not depend on uncertainties,
let X (i) = P~1(i). Pre- and post-multiply (3.14) by X (i) to get

X (i) [A(i,t) + B(i, ) K(i)] " + [A(i,t) + B(i, ) K (i)] X (i)

N
X (@) [ DM XTHE)| X (@) <0,
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which gives in turn, after using the expressions of the uncertainties on the
matrices A and B:

(1) X(

+DA(Z)FA(M)EA(Z)X( )+ ( )E’X(Z)F,:xr i,t)D ) (
+Dp(i)Fp(i,t) Ep(i) K (i) X (i

+X (@)K ( VEg (i) Fg (i,t) Dy (i

Using Lemma 7 in Appendix A, we have

Da(i)Fali, ) Ea(D)X (i) + X (1) Ex () FA (i) Dy (4)

< ea(@)Da(i)DA (1) + €3 ()X () EA (D) Ea(i) X (i)
Dp(i)Fp(i, ) Ep() K ()X (i) + X (i) KT (i) B (i) Fg (i, 1) D5 (i)

< ep(i)Dp(i) D5 (i) +ep' ()X () K T () B (1) Bp (i) K (1) X (0).

Using the same definitions for S;(X) and X;(X) as before and after letting

Y (i) = K (i) X (4), the closed-loop system will be robustly stochastically stable
if the following holds:

_l’_
3
o
+
=
_|_
>
b

which gives in turn the following set of coupled LMIs after using the Schur
complement:

Ea(i)X(i) — (i)H o 0
Eg i)Y (4) 5?) —ep (i)l 0 <0, (3.15)
S (X) 0 0 ~X(X)

where

Ju(i) = X(DAT (1) + Y T ()B (i) + A(D)X (i) + B()Y (i)
XX (i) +£a(0) Da(i) D (i) + £5() D (i) D (0).

The following theorem summarizes the results on the design of a robust
stabilizing state feedback controller.
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Theorem 14. If there exist a set of symmetric and positive-definite matri-
ces X = (X(1),---,X(N)) > 0, a set of matrices Y = (Y(1),---,Y(N)),
and a set of positive scalars €4 = (ea(1),---,ea(N)) > 0 and ep =
(eg(1l), -+ ,ep(N)) > 0 such that the following set of coupled LMIs (3.15)
holds for each i € . and all admissible uncertainties, then the controller
(3.6), with K(i) = Y (i)X (i), robustly stabilizes system (3.1) in the sto-
chastic sense.

FEzample 23. In this numerical example we show how to design a robust sta-
bilizing state feedback controller using the results of this theorem. For this
purpose let us consider a system with two modes and the following data:

e mode #1:

A1) = {1.0 —0.5

0.1 1.0 } > Dal) = [8;} , Ea(1)=[0201],

B(1) = {(1)8 ‘1)8} Dp(1) = [gﬂ Ep(1) = [0.201],

e mode #2:

A2) = {_0%2 %'.525] , Da(2) = [00'_113] , Ea(2)=1[0102],

0.13

1.0 0.0} . Dp@-= [011 ] . Ep(2)=[0102].

b= {0.0 1.0

The transition probability rate matrix between the two modes is given by

~2.0 2.0
A= [ 3.0 —3.0]

Letting €4(1) = €4(2) = 0.5 and ep(1) = e5(2) = 0.1 and solving the set
of coupled LMIs (3.15), we get

0.3140 —0.0046 0.2828 —0.0016
X(1) = [—0.0046 0.3297 ] » X@)= [—0.0016 0.2867 ] ’

—0.6668 0.0482 —0.2181 —0.1268
Y= [ 0.1075 —0.7130] » Y2 = [—0.0160 —0.1860] ’

which gives the following gains:

—2.1219 0.1169 —0.7737 —0.4466
K1) = { 0.3110 —2.1586] K2 = [—0.0604 —0.6489} ’

Using the results of the previous theorem, we conclude that the system of this
example is stochastically stable under the state feedback controller with the
computed gains.
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As we did for the stabilizing controller that prescribes the desired degree of
stability «, similar results for the robustness can be obtained by the following
theorem.

Theorem 15. Let a be a given positive constant. If there exist a set of
symmetric and positive-definite matrices X = (X(1),--- ,X(N)) > 0, a
set of matrices Y = (Y(1),--- ,Y(N)), and a set of positive scalars ea4 =
(€a(l), -+ ,ea(N)) and eg = (ep(1), - ,ep(N)) such that the following set
of coupled LMIs holds for each i € . and all admissible uncertainties:

Ja()  X@EL() YT()EL() Si(X)

EA()X()) —ea(d)l 0 0
Ep)Y(i) 0 Cep@1 o | <0 (3.16)
ST (X) 0 0 —Xi(X)

where

JXi) =X (1) [A®G) + a]I]T + YT(z‘)BT(z‘) + [A(7) + oI] X (7)
+B(i)Y (i) + \ii X (i) + €a(i)Da(i) D} (i) + e (i) Dp(i) Dy (i),

then the controller (3.6), with K (i) = Y (i)X ~1(i), robustly stabilizes system
(3.1) in the stochastic sense.

Proof: The proof of this theorem is straightforward and follows the same
lines as before and the details are omitted. g

We can also use the results of the following optimization problem to deter-
mine a stabilizing controller that guarantees a prescribed degree of stability
equal to a =y~

min ~¥>0, s
ea=(ea(1),,ea(N))>0,
EB:(EB(l),~~~ 7EB(]V))>07
X=(X(1),,X(N))>0,
Y=(Y (1), ,Y(N)),
s.t.:
2X()000
Pus: 0 000
0 000
0 000
Jo()  XMELG@) YT@OERG) Si(X)
- Ex(i)X (i) —ea(d)l 0 0
TV Es()Y (@) 0 —ep@ 0 |
ST (X) 0 0 —Xi(X)
where
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+XiX (i) +ea(i))DA(i)D ) (i) + ep(i)Dp (i) D5 (i).

If the optimization problem Pus has a solution denoted by &, then the
controller that robustly stabilizes the dynamical system (3.1) and guarantees
the prescribed degree of stability @, is given by

u(t) =Y ()X (i)x(t),i =1,2,--- ,N.

Ezxample 2. To show the usefulness of the results of this theorem, let us con-
sider the system of the previous example and see how we can determine the
maximum degree of stochastic stability. Solving the optimization problem with
the constraints X (¢) > I and Y(¢) < 101 for ¢ = 1,2, we get

1.6357 —1.4260 3.8032 —1.6532
X1 = [—1.4260 4.1989 ] X@) = [—1.6532 3.0954 ]

—3.4676 3.3010 —9.7095 —1.3889
Y= [ 2.8947 —8.5208] » Y@= [ 4.4376 —1.5969] ’

which give the following gains:

—2.0379 0.0941 —3.5789 —2.3602
K1) = [ 0.0008 —2.0290] » K(@2)= { 1.2275 0.1397 } '

The corresponding & is equal to 0.5998.

In all the results we developed previously we assumed that the controller
gain is known and no uncertainty is attached. Practically, this is not true
since we will always have errors in implementing the computed gains. As
an example, we can mention the case when the gains are realized electron-
ically using operational amplifiers and passive electronic components. Keel
and Bhattacharyya [46] have shown that the controller may be very sensitive
to the errors in the controller parameters even if the design takes care of the
system uncertainties. To overcome this, the variations parameter as well as
the system uncertainties should be included in the controller design phase.
The goal becomes then how to design a controller that is nonfragile in the
sense that the closed-loop system tolerates a certain change in the controller
parameters as well as the system uncertainties that may affect the different
matrices.

In practice the implementation of the controller is quite different from the
expression (3.6), and an extra term should be added to take care of the errors
that may be caused by reasons different than those mentioned previously. The
controller gain becomes then

K(i,t) = K(i) + AK (i, 1), (3.17)

with AK (i,t) = p(i)Fk(i,t)K (i), where p(7) is an uncertain real parameter
indicating the measure of nonfragility against controller gain variations and
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Fi(i,t) is the uncertainty that will be supposed to satisfy the following for
every i € .7

Fp(i,t)Fr (i, t) <L (3.18)

Let us now assume that the uncertainties of the control matrix B(i) are
equal to zero and see how to synthesize the gain for the state feedback con-
troller with the following form for every i € .7

K(i) = o(i)B" (i) P(i), (3.19)

where ¢(7) is a real number and P(i) > 0 is symmetric and positive-definite
matrix for every i € ..

Plugging the controller in the state equation (3.1) with Fp(i,t) fixed to
zero for all ¢ > 0, we get the following closed-loop dynamics:

i(t) = [A(i,t) + B())K (i, 1) =(t)
= [A(i) + Da(i)Fa(i, t) Ea(i) + B(i) [0(i) BT (i) P(i)
+p(i)Fi (i, ) 0(d) BT (i) P(i)] ] 2(t). (3.20)

The following theorem gives a design procedure that may be used to synthe-
size a controller in the form (3.17) that robustly stabilizes the system with
nonfragility p(7).

Theorem 16. If there exist a set of symmetric and positive-definite ma-
trices X = (X(1),---,X(N)) > 0 and a set of positive scalars €54 =
(ea(L), - sealN)), g = (u(D), e u(N)), v = (1), ,v(N)) and a set
of scalars o = (o(1),--- ,0(N)) satisfying the following set of coupled LMIs
for every i € S and for all admissible uncertainties:

J(i)  X@)EL() e(i)B(i) Si(X)

Ea(i)X (1) —ea(i)l 0 0
o(i)B" (i) 0 —p(d)I 0 <0, (3.21)
S (X) 0 0 —X(X)

where

J(i) = X(1)AT (i) + A(D)X (i) + (i) Da(i) DA (3)
+20(0) B(1) BT (i) + A X (i) + v(1) B() BT (i),

then the closed-loop system is robustly stochastically stable with nonfragility
p(i) under the controller (3.6) with the gain K(i) = o(i)B ' (1) X ~1(7).
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Proof: Let r(t) = ¢ and P(r(t)) > 0 be a symmetric and positive-definite

matrix and consider the following candidate Lyapunov function given as fol-
lows:

V(a(t),i) =z (t)P(i)x(t),

where P(4) is the solution of (3.21).

The infinitesimal generator of the Markov process {(z(t),r(t)),t > 0} act-

ing on V(.) and emanating from the point (z,4) at time ¢, where z(¢) = 2 and
r(t) =i for i € .7, is given by

LV (x(t),i) = lim

EV(@ign,r(t + b)) = V(x),)|xd), ]

h—0 h
N
= @' (t)P(i)a(t) + ' (t)P(i)i(t) + Z Nija " ()P (5)x(t)
= [[A(i,t) + BOK (i, 0)] e(®)] " P(i)a(t) + 2" (1)P(i) [A}, 1)
N
+B(i) K (i, )] x(t) + Z Aija ! (t)P(j)z(t)

+20(0)0li)aT (8 P(3) B(i) Fic (i, ) BT (5) (i) (2).
Using Lemma 7 in Appendix A, we get

a" (t)P ( )DA(i)Fa(i, ) Ea(i)x(t) < ea(i)z’ () P()Da(i)D A @) P(i)x(t)
+eq (o () EA ) Eai)a(t),
20(i)o(i)x " (H)P(i) B(i) Fx (i,t) BT (i) P(i)(t)
< ek ()p(0)e* (@) ()P B(i) BT (i) P(i)z(t)
+€K(Z)p(2) T(OP@)B)Fg (i, L‘)FK(Z t)B" (i) P(i)z(t)
< e ()p(D)e*(D)x T ()P B()B (i) P(i)x(t)
+ex(i)p()x T ()P BB (i) P(i)z(t).

Based on this, the previous expression of .ZV (z(t),7) becomes
LV (x(t),7) <a' (AT (HP@)x(t) + ' ()P
+e,4( )z ()P(i) D a(i) D 5 (i) P(i)x(t)

N
+en (DT (O ELGEA@(t) + ) Nija T (H)P(j)a(t)

Jj=1
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with

+243 (VB EA() + 3 A P())

tek (2)0(2)92(@)13(@')3(')BT(i)P(i)
+exc (1)p()) (i) B(i) B (i) P(i)
+20())P(i)B(i) B (i) P(i).
The expression I'(7) is nonlinear in the design parameters Q(Z) and P(1)

for every i € .. To cast it into an LMI, let us put X (i) = P~1(i) for each
i € S. Let us pre- and post-multiply I'(i) by X () to get

X@I @)X (i) = X(1)AT (1) + A(i)X ( ) +ea(i)Da(i) D (i)

+ea ()X EL(1)E )+ ZMX (4)X ()

A\./

+eg (1)p(i)o*(i)B(i) BT (i )+6K( )p(i)B(i)B (i)
+20())B(i)B' (i).  (3.22)

Letting S;(X) and X;(X) be defined as before, and using the Schur com-
plement, we get

Ea(i)X () —ea(i)l 0 0 0
o)BT() 0 —=Wp oo | T
S (X) 0 0 -&i(X)

where
J(i) = X(i)AT(0) + A() X (4) + XX (1) + (i) Da(i) D 5 (i)
+20(i)B())B" (i) + ek (1)p(i) B(i) BT (i),

which is symmetric and negative-definite by hypothesis and therefore we con-
clude that I'(i) < 0, which implies

2LV (2(t),4) < —min{Amin (=L () }a" (t)a(t).

The rest of the proof is similar to what has been done previously and the
details are omitted. This proves that the closed-loop system is stable under
the chosen controller. O
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FEzample 25. In this example we show the usefulness of the proposed results.
For this purpose let us consider a system with two modes and two components
in the state vector. Let the data in each mode be given by

e mode #1:

A(1) = [1.0 0.5] B = [1.0 0.0]7

0.1 1.0 0.0 1.0
Da(1) = [8;} : Ea(1)=[0.201],
e mode #2:
-02 05 1.0 0.0
AQ@) = [ 0.0 0.25} . B@)= [0.0 1.0} ’
Da(2) = {00'.113} , E4(2)=1[0.10.2].

Let the transition probability rate matrix between these two modes be
given by

—2.0 2.0
A= [ 3.0 —3.0]

Letting €4(1) = €4(2) = 0.5, ex(1l) = ex(2) = 0.1, and p(1) = 0.5,
p(2) = 0.6 and solving the LMI (3.21), we get

0.0623 0.002 0.0749 —0.0038
X(1) = [0.002 0.056] - X = {0.0038 0.0695 ] ’

o(1) = —0.1930, 0(2) = —0.1592,
which gives the following controller gains:

~3.1004 0.1113 21297 —0.1153
K1) = [ 0.1113 —3.4498] - K@) = {—0.1153 —2.2966} '

Let us return to the system with Wiener process disturbance as described
by the state equation (3.11). Assume that the uncertainties are not equal to
zero. How can we synthesize a state feedback controller that robustly stabilizes
the closed-loop system? Plugging the controller (3.6) in (3.11) we get

du(t) = A(r(t), )z (t)dt + W(r(t)z(t)dw(t), (3.23)

where A(r(t),t) = A(r(t),t) + B(r(t), ) K(r(t)).

Using the results of Chapter 2 on the stability condition of piecewise de-
terministic systems with Wiener process, to guarantee the stability of (3.23)
we should satisfy the following for every i € .
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AT (i, t)P(i) + P(i)A(i, t) + WT (4) )+ Z Ai; P(j)

Using the expression of A(i,t) we obtain

AT (i,t)P(i) + P(i)A(i,t) + KT (i)B" (i,t)P(i) + P(i)B(i,t) K (i)
N
+WT (@) PEHW(i) + > A P(4) < 0.

j=1

This inequality is nonlinear in the decision variables P(i) and K (i) that
need to be transformed to an equivalent LMI. For this purpose let X (i) =
P~1(i). Pre- and post-multiplying this inequality by X (i) gives

X(@)AT(6,t) + A, )X (i) + XK (1)B (i,1)
+B(i, K (1) X (i) + X ()W (1) X (i)W (i) X ()

N
+3 XX (D)X ()X (6) < 0.

Using the expression of the uncertainties this inequality becomes

X(@)AT (@) + A@)X () + X (1)K (i) BT (i) + B(0)K (1) X (i)
+DA(I)Fa(i, ) Ea(0)X (i) + X (1) EA () Fj (i,)D (i)
+Dp (i) Fp(i,t) Ep (i) K (i) X (i )+X( VKT (1) Ep (i) Fp (i, 1) D (i)

X@OWT ()X @WE X (i) + Z Xij X ()X 15X () < 0.

Notice that from Lemma 7 in Appendix A we have:
DA(i)Fa(i,t)EA(i))X (i) + X (i) E 1 (i) F 4 (i,t

) ;
A(Z)DA(Z)DAT(Z) +ex (DX EL () Ea()X (i)
B(1)Fp(1, t)EB(i)K(i)X(i) + XK (1) Eg (1) Fp (i) Dp (i)
ep(i)Dp(i)

Letting Y (i) = K(4) X (¢) and using these inequalities and the Schur com-
plement, the previous inequality will be satisfied if the following holds:

DR e

Ez@)Y(@)) 0 —ep(i)I

W(i)X (i) 0 0
ST(X) 0 0
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<0, (3.24)

where

Jo(@) = X(AT(@)+A@X @) +Y T ()BT (i) + B(:)Y (i)
+Xii X (i) + ea(i)Da(i) D4 (i) + ep(i) D (i) D (4).

The following theorem summarizes the results on the design of a state
feedback controller that robustly stabilizes the class of systems we are study-
ing when an external disturbance of Wiener process type is acting on the
dynamics.

Theorem 17. If there exist a set of symmetric and positive-definite matri-
ces X = (X(1),---,X(N)) > 0, a set of matrices Y = (Y(1),---,Y(N)),
and a set of positive scalars €4 = (e4(1),---,ea(N)) > 0 and ep =
(eg(1),---,ep(N)) > 0 such that the following set of coupled LMIs (3.24)
holds for each i € . and all admissible uncertainties, then the controller
(3.6), with K(i) = Y (i)X (i), robustly stabilizes system (5.11) in the sto-
chastic sense.

FEzample 26. To illustrate the usefulness of the results of this theorem let us
consider a two-mode system with the following data:

e mode #1:
A1) — | 1005 B(1) — [1000
()*_0.1 1.0}’ (){0.01.0}’
pam=[gy]. P =0y,
Ea(1)=[020.1], Ep(l)=[0201],
(0.1 0.0
W) = 0.0 0.1] ’
e mode #2:
A2y — |02 05 B(2) — [ 1000
(2)= | 0.0 0.25]’ (2) = [0.0 1.0]’
pin=[3]. o= [35].
Ea(2) =[0.10.2], Ep(2)=[0.10.2]
0.2 0.0
W@ =00 0.2} '
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The chosen positive scalars €4(¢) and €p(3), i = 1,2, are given by

The switching between the different modes is described by the following
transition matrix:

—2.0 2.0
A= [3.0 —3.0]

Solving the LMI (3.24), we get

[0.3240 —0.0033 ] 0.2943 —0.0009
| —0.0033 0.3351 | —0.0009 0.2964

[—0.6019 0.0423 ] —0.1425 —0.1320
Y= | 0.1048 —0.6362 |’ Y(2)= [0.0200 0.1165]

The corresponding controller gains are given by

K(1) = —1.8568 0.1080 ’ K@):[

| 0.3042 —1.8953 | —0.0692 —0.3933

—0.4856 —0.4469}

Based on the results of this theorem, the system of this example is stochasti-
cally stable under the state feedback controller with these gains.

As we did previously, let us try to synthesize a nonfragile controller for
this class of systems when the uncertainties on the control matrix B(r(t)) are
all equal to zero. Plugging the controller with the same expression as before
for the design of a nonfragile controller in the dynamics, we get the following
closed-loop dynamics:

dx(t) = [A(r
= e

t),t) + B(r(t)K(r(t),t)] (t)dt + W(r(t))z(t)dw(t)

(1), ]
() + Da(r(t) Fa(r(t), t) Ea(r(t))
B(r(t))

Based on Theorem 8, the closed-loop system will be stable if the following
holds for every i € .%:

[AG, 1) + B(i) [K (i) + p(i) Fic (i, O K (D)]] (i)
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Using the fact that K (i) = o(i)B" (i) P(i) and Lemma 7, we get

2z ()P () A Fa(i,t)Ba(i)a(t) < ea(i)a’ (8)P(i)Da(i)D ) (1) P(i)(t)
SN OLNOIOEHGIAGEIG
2p(i)o(i)a" (t)P(i)B(i) Fx (i,t) BT (i) P(i)z(t)
< e ()p(D)e*(D)x T () P(i)B(1)B (i) P(i)z(t)
+er (D)p(i)a (8)P(i)B(i) Fi (i, 8) Fic (i, )BT (i) P(i)a(t)
<ex (Dp(0)e* (D) () P() BB (i) P(i)x(t)
+ex (i)p()x T (P BB (i) P(i)z(t).

Based on this, the left-hand side of the previous inequality becomes
(@)= AT(i)P(i) + P(i)A(i) + ea(i)P(i)Da(i)D y (i) P(i)
N
e ()B4 (1) Eali) + Z AijP(j)

+eg (0)p(i)0* (1) P (i) B ()BT(i)P(i)
+ex (1)p(i)P(i) B(i) BT (i) P(i)
+20(i) P(1)B() BT (i) P(i) + W (i) P(i)W(i). (3.25)

This inequality is nonlinear in the design parameters p(i) and P(i) for
every i € .. To cast it into an LMI, let us put X (i) = P~1(4) for each i € .7.
Pre- and post-multiplying (3.25) by X (i) gives

X)X (1) = X(1)AT (i) + A(i) X ( ) +ea(i)Da(i)D A (i)
+eq ()X () E; (1) )+ ZMX X(i)

+eg (D)p(i)o* () BB (i )+€K( )p(i)B(i)B (i)
+20() BB (i) + X (W' (1) X 1 (W()X (). (3.26)

Defining S;(X) and X;(X) as before and using the Schur complement, we
get

J())  X(OE}(@) o(i)B() X)W (i) Si(X)
EA(Z)X(Z) —EA(i)]I 0 0
o(1)BT (i) 0 —p (i)l 0 0 <0,
W ()X (1) 0 0 —X (i) 0

ST (X) 0 0 0 —~Xi(X)

where
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The following theorem gives a result in the LMI framework that can be
used to design a nonfragile robust controller for the class of systems we are
considering.

Theorem 18. If there exist a set of symmetric and positive-definite matrices
X =(X(1),---,X(N)) >0, a set of positive scalarse 4 = (e4(1),- -+ ,ea(N)),
w = (u), -, u(N)), v = (v(1),--- ,v(N)), and a set of scalars p =
(o(1),---,0(N)) satisfying the following set of coupled LMIs for every i € S
and for all admissible uncertainties:

J(@)  X(EAG) o(i)B(i) X(H)W' (i) Si(X)

EA(Z)X(Z) —EA (Z)H 0 0
0(i)BT () 0 — (i)l 0 0 <0, (3.27)
W(i) X (i) 0 0 —X (i) 0
ST (X) 0 0 0 —X;(X)
where
J(i) = X()AT (i) + A()X () 4+ ea(i)Da(3)D ) (3) + Xii X (7)
+20())B(i)B" (i) + v(i)B(i) B (i),
oo ex()
() OR

then the closed-loop system is robustly stochastically stable with nonfragility
p(i) under the controller (3.6) with the gain K(i) = o(i)B'(1)X~'(i),i =
1,2,---,N.

Ezxzample 27. In this example, we show the usefulness of the proposed results in

this section. For this purpose let us consider the two-mode system of Example
26 with AB(i) =0,i = 1,2 and

wy = [5208], wa=[5459).

Letting €4(1) = €4(2) = 0.5, ex(1) = ex(2) = 0.1, and p(1) = 0.5,
p(2) = 0.6 and solving the LMI (3.27), we get

0.0648 0.0028 0.0807 —0.0036
X = {0.0028 0.0582} » X2 = [0.0036 0.0751 } ’

v(1) = —0.1803, v(2) = —0.1431,
which gives the following controller gains:

—2.7883 0.1341 —1.7766 —0.0849
K1) = { 0.1341 —3.1053] K@) = {—0.0849 —1.9081} ’

Based on the results of this theorem, the system of this example is stochasti-
cally stable under the state feedback controller with these gains.
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The results established in this section do not consider the uncertainties on
the jump rates. In the rest of this section, we discuss these uncertainties and
synthesize a controller that can robustly stabilize the class of systems we are
considering whether the Wiener process external disturbance is acting or not.

Let us consider the case when the system is not perturbed by the external
Wiener process. In this case, the closed-loop system will be stable when the
two uncertainties are present if the following holds for every ¢ € .7

[A(i,t) + B(i,t)K(i)] " P(i) + P(i) [A(i, t) + B(i,t)K ()]
k N
+ D T apApP
k=1j=1
which gives

AT (i,t)P(i) + P(i)A(i,t) + K (i)B" (i,t)P(i)
N
+P@) B K@) + ) piiP(j) <0

with pi; = >0, ak)\fj.

Using the expression of the uncertainties of the state and control matrices

and Lemma 7 in Appendix A, after letting X (i) = P~1(i) and pre- and post-
multiplying the previous expression by X (i), we get

X (D) AT (i) + A X (i) + X(0)K T (i

+B(i)K(#)X (i) +ea(i)Dali

+ep(i)Dp(i)Dp(i) +e3' ()X (1) ) (i) Ea

+ep (DX (KT ()ES (1) Ep (i) K (i

£ XX G)X () <.

Letting Y (i) = K(i)X(¢), and S;(X) and X;(X) be defined as before by
replacing A;; by pi;,7=1,---,i—=1,1+1,--- | N, we get
X@AT (1) + A@)X (1) +Y " ()BT (i)
+B(i)Y (i) + a(i)Da(i) D } (i)
+ep(i)Dp(i)Dp (i) + €5 ()X () E (1) Ba(i) X (i)
+ep (DY (OB (D)Ep()Y (i)
+Si(X)XHX)S (X) + pi X (1) < 0,
which gives in turn after using the Schur complement:
Tl XOELG) YTG)EL() Si(X)
Es(0)X (i) —ea(d)l 0 0
Eg(i)Y (i) 0 —ep(i)l 0
ST (X) 0 0 —X;(X)

<0, (3.28)
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where J,1 (i) = X (i)AT (i) + A@)X (i) + YT ()BT (3) + B(i)Y (i) + ;X (i) +
e(i)Da(i)DL(6) +=5() Dp(i) D i).

The following theorem gives results that can be used to check if a given
system with uncertainties on the state matrix and on the jump rates is robustly
stochastically stable.

Theorem 19. If there exist a set of symmetric and positive-definite matrices
X = (X(Q),---,X(N)) > 0 and a set of matrices Y = (Y(1),--- ,Y(N))
and a set of positive scalars €4 = (ea(1),---,ea(N)) > 0 and ep =
(eg(1), -+ ,ep(N)) > 0 such that the following set of coupled LMIs (3.28)
holds for every i € . and for all admissible uncertainties, then the controller
(3.6), with K(i) =Y (i)X ~1(4), robustly stabilizes system (5.1) in the stochas-
tic sense.

Example 28. To illustrate the results of this theorem let us consider the two-
mode system of Example 26 with W(i) = 0,7 =1,2.

The switching between the different modes is governed by the following
transition matrices:

A = {—2.0 2.0 } e =06,

3.0 -3.0
—-1.5 1.5
A2 = {3.50 —3.5} , a2 =04
The corresponding pu is given by
| —1.80 1.80
T 320 =320

The positive scalars €4(7) and ep(i), i = 1,2 are chosen as follows:

Solving the LMI (3.28) we get

[ 0.3262 —0.0054 ] 0.2789 —0.0017
| —0.0054 0.3442 | —0.0017 0.2836 |’

[—0.7014 0.0513 | —0.1995 —0.1270]

YW =1 01133 —ors12]> Y= [—0.0160 ~0.1671

The corresponding controller gains are given by

[—2.1484 0.1155 |
KW= g3116 —21770|° K@= [

—0.7183 —0.4524
—0.0610 —0.5897 |

Based on the results of this theorem, the system of this example is stochasti-
cally stable under the state feedback controller with these gains.
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When the Wiener process external disturbance is acting on the class of sys-
tems we are considering, similar results can be obtained following the same
steps presented previously. Omitting the details, these results can be summa-
rized by the following theorem.

Theorem 20. If there exists a set of symmetric and positive-definite matri-
ces X = (X(1),---,X(N)) >0 and a set of matrices Y = (Y (1),--- ,Y(N))
and a set of positive scalars €4 = (ea(1),--+,ea(N)) > 0 and ep =
(eg(1), -+ ,ep(N)) > 0 such that the following set of coupled LMIs holds
for every i € 7 and for all admissible uncertainties:

(i) X(@OEAG) YT (@)EL®)

( )X (i) —ea(d)l 0
Ep(i)Y (i) 0 —ep(i)l
( )X (4) 0 0
(X) 0 0
X@OW' (i) Si(X)
0 0
0 0 <0, (3.29)
—X(4) 0
0 —X;(X)

where Jy1 (i) = X (1) AT (0) + A@)X (@) + Y T ()BT (3) + B()Y (i) 4+ pii X (4) +
ea(i)Da(i)D} (i) + ep(i)Dg(i)DL(i), then the controller (5.6), with K (i) =
Y (i) X1(i), robustly stabilizes system (3.11) in the stochastic sense.

Ezample 29. To illustrate the results developed in this theorem let us consider
the two-mode system of Example 26.
Let the positive scalars €4(i) and ep(4), i = 1,2 be fixed as follows:
ea(l) = €4(2) = 0.50,
eg(l) = ep(2) = 0.10.

The switching between the different modes is described by the following tran-
sition matrices with the appropriate weights:

A = {—2.0 2.0 ] o = 0.6,

3.0 -3.0
—1.50 1.50
A2 = [ 3.50 —3.50} , a2 =04
The corresponding pu is given by
| —1.80 1.80
] 3.20 —3.20

Solving the LMI (3.29), we get



0.3134 —0.0033]
X(1) = [—0.0033 0.3242 |

~0.5738 0.0399 ]
Y= [ 0.1004 —0.6052 |
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0.2692 —0.0009
—0.0009 0.2717 |’

—0.0948 —0.1226
—0.0193 —0.0720 |

The corresponding controller gains are given by

K(1) = {1.8300 0.1042

0.3006 —1.8638 |

—0.3536 0.4524}

. K@) = [—0.0725 —0.2654

Based on the results of this theorem, the system of this example is stochasti-
cally stable under the state feedback controller with these gains.

For the nonfragile controller, we can establish the following results.

Theorem 21. If there exist a set of symmetric and positive-definite ma-
trices X = (X(1),---,X(N)) > 0, and a set of positive scalars €4 =
(EA(I)v T 75A(N))7 = (M(l), T 7:“(N))7 v= (V(l)v T 7V(N))7 and a set
of scalars o = (o(1),--- ,0(N)) satisfying the following set of coupled LMIs
for every i € S and for all admissible uncertainties:

Jr(i)  X(1)E, (i) o(i)B(i) X ()W (i)
EA(D)X (i) —es(i)I 0 0
o@)BT() 0 —p@I 0
W(i)X (i) 0 0 —X(4)
ST (X) 0 0 0
Si(X)
0
0 <0, (3.30)
0
-&;(X)

where

Jr(i) = X(i)AT (i) + A@)X (i) + (i) Da() DA (i) + psi X (i)
+20(i)B(i)B" (i) + v(i)B(i) B (i),

then closed-loop system is robustly stochastically stable with nonfragility p(i)
under the controller (3.6) with the gain K(i) = o(i)BT (i))X~1(i),i = 1,2,
... .N.

)

Ezample 30. To illustrate the results of this theorem, let us consider the two-
mode system of Example 26 with AB(i) = 0,i =1,2.
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The positive scalars €4(i) and ep (i), ¢ = 1,2 are fixed as follows:

The switching between the two modes is described by the following transition
rate matrices with the appropriate weights:

—-2.0 2.0
/1(1) = |: 3.0 _30:| 5 a1 = 067
—1.50 1.50

A2) = [ 3.50 —3.50} , a2=04.

The corresponding p is given by

~ [-1.80 1.80
F="1 320 —3.20]|"

Solving the LMI (3.30), we get

0.0687 0.0030 0.0838 —0.0037
X() = [0.0030 0.0612} X2 = [—0.0037 0.0771 } 7

v(1) = —0.1918, v(2) = —0.1587.
The corresponding controller gains are given by

~2.7972 0.1351 —1.8977 —0.0917
K1) = [ 0.1351 —3.1431] - K@= [—0.0917 —2.0629} '

Based on the results of this theorem, the system of this example is sto-
chastically stable under the state feedback controller with these gains.

This section covered the state feedback stabilization problem. By assuming
complete access to the mode and to the state vector at time ¢, we developed
many design approaches for different classes of systems. In the next section,
we will relax the assumption on the availability of the state vector z(¢) and try
to design an output feedback controller that ensures the same performance.

3.3 Static Output Feedback Stabilization

In the previous section we assumed complete access to the state vector, which
may not always be valid for technological or cost reasons. This assumption
limits the use of the developed results. In this section we concentrate on the
design of a stabilizing static output feedback controller that uses the system
output
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y(t) = C(r(t))=(t)
to compute the control with the form
u(t) = F(r(t)y(t) = F(r(t))C(r(t))x(t), (3.31)
with F(r(t)) the gain to be determined for each r(t) € .7.

Remark 12. In this section we assume that the output matrix C(r(¢)) has no
uncertainties.

Let us now concentrate on the design of the static output feedback con-
troller (3.31). Plugging the controller expression in the system dynamics (3.1)
gives

£(t) = [A(i) + Bi)F()C(i)] x(t),
- Acl(i)x<i)7

with Ay (i) = A(i) + BG)F(1)C(4).

Based on Theorem 4, the closed-loop system is stochastically stable if there
exists a set of symmetric and positive-definite matrices P = (P(1),--- , P(N))
> 0 such that the following holds:

N
P(i)Aa(i) + Ay (1) P(i) + Z AijP(j) <0,

which gives

P()AG) + AT (i) P(i) + P())B(i)F(i)C (i) + [P(1) B(i)F(i)C(i)] T

N
+Z/\ijp(j) <0.
=

This matrix inequality is nonlinear in the design parameters P(i) and F'(3).
To put it into the LMI form, let X (i) = P~1(i). Pre- and post-multiplying
this inequality by X (i) gives

ADX (@) + X@)AT (i) + BG)F(i)C ()X (i) + X(1)C T (i)F " (i)B (i)
+ ZN; A X ()X ()X (i) < 0.
Notice that ]
i A XX LG X (@) = M\ X (1) + Si (X)X H(X)S] (X),

with S;(X) and X;(X) keeping the same definition as before.
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If welet F(i) = Z (i)Y (i) and Y (i)C(i) = C (i) X (¢) hold for every i € .
for some appropriate matrices that we have to determine, we get

AD)X (i) + X (AT (i) + B@)Z())C@) + CT ()2 (i) B (i)
A X (1) + Si(X) X1 (X)ST (X) <o.

Finally, using the Schur complement gives

) s,
ST(X) -Xi(X) ’
with J(i) = A(i)X (i) + X(i)AT (i) + B(i)Z(i)C(i) + CT(i)Z " ()BT (i) +
A X (7).

The following theorem summarizes the results of this development.

Theorem 22. If there exist sets of symmetric and positive-definite matrices
X =X, -, X(N)) >0, and Y = (Y(1),---,Y(N)) > 0 and a set of
matrices Z = (Z(1),--- , Z(N)), such that the following holds for each i € & :

Y(i)C(i) = C(1)X (i),
JG)  Si(X) ] 0 (3.32)
STH(X) —xi(X ’

7

where

J(i) = A@X (i) + X(D)AT (i) + B@) Z()C(i) + CT ()2 () B (i)
+/\”X(l),

then system (3.1) is stochastically stable and the controller gain is given by
F(i)=Z@{)Y (i), i€ ..

Let us now consider the effect of the uncertainties. Based on the results of
Chapter 2, (3.1) is robust stochastically stable if there exist a set of symmetric
and positive-definite matrices P = (P(1),---, P(N)) > 0 and a set of positive
scalars €4 = (g4(1), -+ ,e4(N)), such that the following coupled LMIs hold
for every i € .

Ju(t)  P(i)Da(i)
DYOPG) —ealr | = (333
with J, (i) = P(i)A(i) + AT () P(i) + 350, A P(G) + ea(D) E] () Ea(i).

Following the same steps as for the nominal system, we can establish the
following result for an uncertain system. This result allows the design of a sta-
tic output feedback that robustly stochastically stabilizes the class of systems
we are considering in this book.



3.3 Static Output Feedback Stabilization 91

Corollary 4. If there exist sets of symmetric and positive-definite matri-
ces X = (X(1),---,X(N)) >0, and Y = (Y(1),---,Y(N)) > 0 and a
set of matrices Z = (Z(1),---,Z(N)) and sets of positive scalars €4 =
(ea(l), -+ ,ea(N)) and ep = (ep(1), -+ ,ep(N)), such that the following
holds for each i € .7 :

Y(@)C(i) = CH)X(9),
Ix(@)  X@OEL() CTHZTOELG) Si(X)

EA()X (i)  —ea(i)l 0 0 —0 (3.34)
EL(i)Z(i)C(i) 0 —ep(i)l 0 ’
ST(X) 0 0 —X;(X)

where
Jx(i) = A()X @)+ X(0)AT (@) + B(i)Z(#)C(i) + CT (i) Z T ()BT (4)
+Xii (i) X (i) + ea(i)Da(i)D 4 (i) + ep(6) D (i) Dp (i),

then (8.1) is robustly stochastically stable and the controller gain is given by
F(i)=Z@{)Y (i), i€ ..

Ezample 31. To show the validity of our results, let us consider a two-mode
system with the following data:

e mode #1:
0.0 —1.01.0 [ 0.0 0.2
A(l)={-1.0 3.0 00|, B(1)=| 1.0 0.0],
0.0 0.0 0.0 | —0.11.0
[1.00.0 1.0
c@) = 10.31.0 0.0] '
e mode #2:
00 15 15 (0.0 —0.2
A(2)={-1.0-3.000|, B(2)= |12 00 |,
0.0 0.0 0.0 0.1 1.2
[1.00.01.0
“@=1lo110 0.0] '

The switching between the two modes is described by

~2.0 2.0
A= [ 1.0 1.0]'

Solving the set of LMIs (3.34) gives
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1.1035 —0.0776 —0.2586
X(1) = | —0.0776 1.0839 0.0129 |,Y (1) = [_0(')83327 _106%%%7]’
~0.2586 0.0129 1.1229 ' '

1.4311 —0.0637 —0.6375
Z(1) = [—4(')52%2 :g'gggg], X(2) = | —0.0637 1.2542 0.0183
' ' —0.6375 0.0183 1.4356

—0.6999 2.0917
2(2) = [—1.1875 0.0496} '

i

0.7982 —0.0454
Y= [—0.0454 1.2478 ] ’

This gives the following gains:

49461 —3.6842 ~0.7831 1.6478
F) = [—0.6420 —4.8472]  F@) = [—1.4886 —0.0145} '

Let us now consider the case of the state equation (3.11) and see how
we can design a stabilizing static output feedback controller. Plugging the
controller (3.31) in the system dynamics (3.11) gives

dz(t) =[A®G)+ B@)F@)C>0)] x(t)dt + W(i)x(t)dw(t)
= A ()z(t)dt + W(i)z(t)dw(t),
with Ay (i) = A(i) + B@G)FG)C(35).
Based on Theorem 7, the closed-loop system is stochastically stable if there

exists a set of symmetric and positive-definite matrices such that the following
holds:

N
P(i)Aa(i) + AL () P(i) + W (D) P()W(i) + > A P(4) <0,

Jj=1

which gives
P(i)A(i) + AT (i) P(i) + P(i)B(i) F(i)C (i) + [P(i) B() F () C(i)]

N
+WT (i) P())W(i) + Z \i; P(j) < 0.

This matrix inequality is nonlinear in the design parameters P(i) and F'(7).
To put it into the LMI form, let X (i) = P~1(i). Pre- and post-multiplying
this inequality by X (i) gives
A()X (i) + X (0)AT (4) + B(i)F(i)C (i) X (i)
+X@HCTEF @B (@) + X ()W (1) X 1 (1)W (i) X (4)
N
+D A X)X (H)X () < 0.
j=1

Notice that
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S AGXOXTTG)X () = MiX () + S (0 (X)S] (X),

with §;(X) and X;(X) keeping the same definitions as before.
Now if we let F(i) = Z(i)Y ~1(i) and Y (i)C(i) = C(i) X (i) hold for every
1 € & for some appropriate matrices that we have to determine, we get

A()X (i) + X()AT (i) + B(i)Z(i)C(i) + CT (i) ZT (i) B (d)
FXEWT ()X THOWE X () + M X (1) + S (X) & HX)S,T (X) < 0.
Finally, using the Schur complement gives

J()  X@WT (@) Si(X)
W)X (1) —X() 0 <0,
S (X) 0 —Xi(X)

with J(i) = A@)X () + X()AT (i) + B(i)Z(i)C(i) + CT(1)Z T (i)BT (i) +
Ai X (7).
The following theorem summarizes the results of this development.

Theorem 23. If there exist sets of symmetric and positive-definite matrices
X = (X)), ,X(N) >0, andY = (Y(1),--- ,Y(N)) > 0 and a set of
matrices Z = (Z(1),--+ , Z(N)), such that the following holds for each i € .7 :

J@)  X@HWTE) Si(X)

W)X (i) —X(i) 0 | <0 (3.35)

where

J(i) = A@@)X (i) + X(@)AT (@) + B@)Z()C(i) + CT () ZT ()BT (i)
+Xii X (3),

then (8.11) is stochastically stable and the controller gain is given by F(i) =
ZH)Y L), i€ S,

For the uncertain system, based on Chapter 2, (3.11) is robustly stochasti-
cally stable if there exist a set of symmetric and positive-definite matrices P =
(P(1),---,P(N)) > 0 and a set of positive scalars e4 = (4(1),--- ,ea(N)),
such that the following coupled LMIs hold for every i € .7

DL(0)P()) —ea(il | <% (3.36)

with J, (i) = P(i)A(i) + AT()P(i) + Y00, Mij P(§) + ea()EX () Ea(i) +
WT (@) P>i)W(i).
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Following the same steps as for the nominal system, we can establish the
following result for uncertain system using Lemma 7 and the Schur comple-
ment Lemma 4. This result allows the design of a static output feedback that

robustly stochastically stabilizes the class of systems we are considering in
this book.

Corollary 5. If there exist sets of symmetric and positive-definite matri-
ces X = (X(1),---,X(N)) >0, and Y = (Y(1),---,Y(N)) > 0 and a
set of matrices Z = (Z(1),---,Z(N)), and sets of positive scalars €4 =
(ea(1), -+ ,ea(N)), and eg = (ep(l),--- ,ep(N)), such that the following
holds for each i € .7 :

Y(@)C(i) = C(i) X (4),
Ix(@)  X(@OEL() CT0)ZT () EL(®)

EA(Z)X(Z) —EA(Z)]I 0
EL(i)Z(i)C (i) 0 —ep(i)l
W)X (i) 0 0
ST (X) 0 0 (3.37)
XEOWTHET Si(X)
0
0 0 <0,
—X (i) 0
0 —X;(X)

where
Ix (i) = AG@)X (i) + X(@)AT (i) + B(i)Z(#)C(i) + CT(i)Z " ()BT (4)
+Xi X (8) + €a(i)Da(i)D s (i) + (i) Dp (i) DE (i),

then (8.11) is robustly stochastically stable and the controller gain is given by
F(i)=Z{H)Y 1), i€ 7.

FEzample 32. To show the validity of our results, let us consider a two-mode
system of Example 31 with

1.00.0 0.0 1.0 0.0 0.0
W(l)=]0.01.00.0|, W(2)=]0.0100.0
0.00.01.0 0.00.01.0

Solving LMI (3.35) gives

1.2691 —0.0653 —0.6528
—0.0653 1.0389 0.0237 |,Y (1) =
—0.6528 0.0237 1.2733

0.6205 —0.0416
—0.0416 1.0324 |~

X(1)



3.4 Output Feedback Stabilization 95

1.5880 —0.0984 —0.9841
X(2) = | —0.0984 1.2118 0.0386 |,
—0.9841 0.0386 1.5940

~0.5203 1.2902
22) = [—1.2420 —0.2225]

7(1) = [ 3.8368 —4.8147]

—0.7412 —4.9618

0.6099 —0.0598
Y= [—0.0598 1.2020 ]

This gives the following gains:

5.8870 —4.4263 —0.7515 1.0360
F) = [—1.5211 —4.8674] FE) = [—2.0645 —0.2878}

3.4 Output Feedback Stabilization

Previously we covered the design of a state feedback controller that assumes
the availability of the state vector x(t) at each time t. But in reality this
strong assumption is not always true. In fact, some of the state variables are
not measurable by their construction or the lack of appropriate sensors to
give information. The state feedback control that we developed is impossible
to use since the state vector is not available for feedback. Alternatively we
can use the output feedback controller that uses the system’s measurement
to compute the control law. Notice that we can estimate the state vector and
continue to use the state feedback controller. This method will be covered in
Chapter 5.

Let us now focus on output feedback stabilization to see how we can design
the controller that stochastically stabilizes the nominal system and robustly
stochastically stabilizes the uncertain system of the class we are considering.

The structure of the controller we use in this section is given by the fol-
lowing expression:

to(t) = Ka(r(t))z(t) + Ka(r(t))y(t), z.(0) = 0,
{“(t) Ko(r(t))w(t), (3.38)

where z.(t) € R™ is the controller state; y(¢t) € RP is the system’s mea-
surement; and K4 (r(t)), Kp(r(t)), and Kc(r(t)) are the design gains to be
determined.

If we add the system’s measurement to the previous state equation we get

i(t) = A(r(t), t)a(t) + B(r(t), t)u(t), z(0) = zo,
{y(t) Cy(r(t), t)a(t), (3.39)

where the matrices A(r(t),t) and B(r(t),t) keep the same meaning as before
and the matrix Cy(r(t),t) is defined as follows:

Cy(r(t),t) = Cy(r(t)) + Do, (r(t))Fo, (r(t),t)Ec, (r(t)),
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where Cy(r(t)), D¢, (r(t)), and Eg,(r(t)) are real known matrices and Fc,
(r(t),t) is an unknown real matrix that satisfies the following for every i €
S

F¢ (i, t)Fo, (i,t) <T.

The block diagram of the closed-loop system (nominal system) under the
output feedback controller is represented by Figure 3.2.

2(t) <— & = Ai)z + B(i)u - ()
y(t) Y= C’y(l)'r - u(t)
e = Ka(i)zc + Kg(i)y

u= Kc(i)z.

Fig. 3.2. Output feedback stabilization block diagram (nom-
inal system).

As we did previously for the state feedback controller, let us see how we
can design the output controller for a nominal system. Combining the system
dynamics (3.39), with all

the uncertainties equal to zero, and the controller dynamics (3.38), we get
the following extended dynamics:

o A())  BG)Kc(i)
n(t) = Kp(i)Cy(i) Ka(i) ] n(®). (3.40)
no) = |7

where n(t) = { z(t) }

zc(t)
Let A(i) be defined as follows:

SN A7) B(i)Kc(i)
Al = [KBmcy(i) K a9 }

Based on the results of Chapter 2, the closed-loop dynamics of the ex-
tended system will be stable if there exists a set of symmetric and positive-
definite matrices P = (P(1),--- , P(N)) > 0 such that the following holds for
each i € .7

N
AT(@)P(i) + P(i)A(i) + Z \i;P(j) < 0. (3.41)
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Let P(i), i € 7 be defined by

Pl = Lz%)&gﬂ

where P; (i) > 0, P3(¢) > 0 are symmetric and positive-definite matrices.
Let us define the following matrices:

W (i) = [Pi(i) = P2(0)P5 (i) Py ()]

V0= |o_prr)
Based on these definitions we conclude that

- W (i) I
V(@)U (i) = [_pg—l(i)PgT(i)W(i) 0] '

Pre- and post-multiply the left-hand side of (3.41) by U (i)V " (i) and
V(@)U (%) to get

UT@HVT@AT@PEHV (UG +UT )V T () PGE)AG)V (0)U(5)
N
2 AU OV PGV EUG).
Let us now compute
UT(@)VT(@)PE)AGV ()U(i) and UT i)V T (i) P()V (@)U (3),

in function of the system matrices. In fact, for the first term we have

UT(i)VT(Z)P(Z)A(Z)V(i)U(i)

[WT ~W T (i) Py (i) P5 *(d) } { 10) Pg(i)]
I 0 Pyl (i) Ps(i)

" [ A(d) B(i)Kc(i)] [ W (i) ]1]
Kp(i)Cy(i)  Kal(i) Py (i) Py (i)W (i) 0

Performing the multiplication we get
Zi(i) = W (@) Pu() AW (i) + W T (i) Pa(i) K (1) Cy (1) W (3)
~WT () Po(i) Py (0) Py (1) A())W (i)
~W T (0) P (i) K (1) Cy (1) W (i)
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~WT(@)P1(i)B(i)Kc (i) Py (i) Py ()W (i)
~WT (i) Po(i) Ka () P35 (i) P) ()W ()
+W () P2(i) Py () Py (1) B(i) Ko (i) Py (i) Py (i)W (i)

Z4(i) = Pr()A(i) + P2 (i) K (i) Cy (4).
Using some basic algebraic manipulations and the fact that
W (i) [P(i) = Pa(i)Py () Py (3)] =T,
the previous elements become

21(i) = W' (i) [P1(d) = P2(0) Py () Py (0)] A()W(3)
~W (i) [PL(i) — Po(i)P5 ' (i) Py ()] B(i)Kc (i) Py ()P (i

Z3(1) = PL() AW (i) + Po(i) K (i) Cy (1) W (4)
—Py(i)B(i)Kc (i) Py () Py (i)W (i)
—Pa(i)Ka(i) Py () Py ()W (i),

(
(

Z3(i) = Pu(i)A(i) + P2 (i) K (i) C,y (4).

Using all these computations, we get
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U@V (@PGAGV (U ()
{ A()W (i) }
—B(i)Kc(i)P5 (i) Py (i)W (i)
Py (i) A(D)W (i)
4Py (i) K (3)C, (1) W (3)
—Py(i)B(i)Kc(i) Py () Py ()W (i)
—Py())Ka(i) P (1) Py ()W (i) |
A()

[ Py(i)A(7) } .
+P (1) Kp(1)Cy (i) | |

Using the fact that U (i)V' T (i1)AT (i)P(i)V (i)U (i) is the transpose of
UT@)\V TG P>E)AG)V (1)U (i) we get

Ut @)V (AT (OP@EV(@)U(D)

{ WT(H)AT (i) ]
= | [-WT(0)P(i)P; () K (i) BT (i)
AT ()
WT (i) AT (i) Py (i)
+WT()C () K (1) P) (i)
—WT(i)Py(i) Py (i) K (i) BT (i) Py (i)
~WT(i)Pa(i) Py (i) K (i) Py (4)
[ AT ()P (i) }
+C, (1)K (0) Py (1)

For the term U T (i)V T (i) P(§)V (i)U (), we have

which can be rewritten as follows using the fact that W=1(j) = Pi(j) —
Po(§)P5 " ()P ():
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4%

WT(i )W (J)W()

WT(Z) [ ( ) L) Ps(4) — P (j)] ] *

><P3 ) [ Pa(i )PS() Pz()] W (i) '
[ 1(J) — Pz( ) L@ P (i) Wi

Using all the previous algebraic manipulations, the stochastic stability
condition for the closed-loop system becomes

~—

Py(j)

My (i) Ms(i)
lM; (i) M3<z‘>1 =0

with
M (i) = )+ Z AW (i) [Pa(i)Ps ' () Ps(5) — Py (5)]
x Py () [P2< )Py (i) P (j) — Py ()] W(a),
Mu(i) = AW (@) + W (§)AT () — B() Ko (i) Py () Py ()W (i)
—WT (i) Py(i) Py () K& ()BT (i)

D AW T OWTHHW (),

Ms(i) = AG) +WT(@)AT ()P (i) + W (6O (i) K5 (i) Py (i)
—WT (i) Py(i) Py () K& ()BT () Py (i)
—WT(‘) 5 (1) Pyt (1) K 4y (i) Py (3)
+ZAUWT (i) [PL(G) — Po(G) Py (D) Py (8)]

j=1

Ms(i) = Pl(i)A(.)+P2<’)KB(')C (i) + AT (i) Py (i)

+CT( Z >\lj Pl
Since

N
> AW TE) [P) PO Ps(G) = PG P ()

x [Po(i)P; (8 Ps(j) — Py ()] W(i) > 0,

we get the following equivalent condition:

M ae] <o



3.4 Output Feedback Stabilization 101

Letting
L X(@)  Y'6) - X(i)
PO=y2m-xa xo -y 0]
that is,
Pi(i) = X(i),
Py(i) = Y'(i) — X(4)
Py(i) = X(i) =Y 1(i)
implies W (i) = [Py (i) — Py(i) Py (i) Py (i)] " = Y (i) and Py (i) Py (i) = —I.
If we define K (i) and K (i) by
Kp(i) = P(i)Kp(i) = [Y'(i) — X(i)] Kp(i),

Ke(i) = —Kc(i)Py () Py ()W (i) = K ()Y (i),
and use all the previous algebraic manipulations, we get

{Ml( i) Ma(i)

MJ (3) Ma(i >] <%

with
Mq(i) = A@)Y (i) + YT(')AT(') B(i)Kc (i)

+]CC JFZ/\UYT )Y( )7

My(i) = Ai)+Y T ()AT ( )X (6) +Y T ()C, (1)Kp(0)
+K LGB ()X (1)
+Y TG K () [Y7H(0) — X ()]
N
+ Z A Y T ()Y (),

Ms(i) = X(1)A(D) + Kp(i)Cy (i) + AT (1) X (0)

T

N
+Cy (KR + Y X X (4)
Using the expression of the controller given by

Ka(i) = [X() = Y71@)] 7 [AT0) + X()AG)Y ()
+X(i)B <> o (i) +Ks(i)C, (i)Y (i)
+ LAY IOV )Y G),

Kp(i) = [Y7() - X(i)] " K (i),

Ke(i) = Ke (i)Y ~(0),
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we have M3 (i) = 0. This implies that the stability condition is equivalent to
the following conditions:

Ml(z) < 07
M?}(l) < 0)

which gives

A@)Y (@) +Y T (D)AT (i) + B(i)Ke (i) + K& ()BT (i)
N
+Y NYTOYTHG)Y (i) <0,
X(i)A() + Kp(@)Cy(i) + AT (1) X (i) + C ()Kp(4)
N
Notice that

N
DAY Y TIGY () = MY (1) + S (V)Y (V)S] (),

with

= |:\/ )\uY(Z) \/)\u 1Y \/)\zz+1Y 7/)
AN ()]
Using this, the previous stability conditions become

A@)Y (1) + Y T (1) AT (i) + B(i)Ke (i)
[ -HCT( ) T( )_|_ )\uY( ) C ] Si(Y)
(Y) —Yi(Y)

S
X(D)A®) + Kp(i)Cy(i) + AT (1) X (4) + C, (1)K ()

N
j=1

<0,

Finally, notice that
UT@HVT (@) PV (@)U (i) = [Y§i> X]Ei)] > 0.

The results of the previous algebraic manipulations are summarized by the
following theorem.
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Theorem 24. Nominal system (3.39) is stochastically stable if and only if
for every i € 7, the following set of coupled LMIs is feasible for some
symmetric and positive-definite matrices X = (X(1),---, X(N)) > 0 and
Y = (Y(1),---,Y(N)) > 0, and matrices Kg = (Kg(1),--- ,Kp(N)) and
Ko = (K@), Ka(N)):

+B(i)Kc (i 1
+’C<T,~(i)BT(i)(jr NiiY () <0, (3.42)
S(Y) =Yi(Y)
X(AG) +Kn(i)Cy(0) + ATOX() + O] DKF)
N

+D X () <0, (3.43)

V(i) T
I X(z’)} >0, (3.44)

with

= [VAY (@, VA Y (0, VA Y (@), VA Y ()]

Furthermore the dynamic output-feedback controller is given by

-1

Ka(i) = [X() = Y71(0)] 7 [AT(@) + X(HAGY (0)
+X()B(i)Ko(i) + K <z>c<> (i)
+Zj DY THHY 6 Y
Kp(i) = [Y7'(0) — X()] ' Kn(i),
Ko(i) = Ko(i)Y =2 ().

»—t‘d

(3.45)

FEzample 33. In this example let us consider a system with two modes and the
following data:

e mode #1:
1.0 —-0.5 1.0 0.0 1.0 0.0
AL = [0.1 1.0 ] B) = [o.o 1.0} )= [0.0 1.0] !
e mode #2

4= 35 ). B =50v0]. c@=[5ats)-
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Let us assume that the switching between the two modes is described by
the following transition matrix:

—2.0 2.0
A= [ 3.0 —3.0}

Solving the LMIs (3.42)—(3.44), we get

X[ ] X0 =[S o]
Y(1)= :850'_502%% gg?f?gf ] ) Y@= :706.62010209 70692010209} ’
ot = [ 020 L) =[S 520,
ke =10° | T8 20| ke = | S o

The corresponding controller gains are given by

[ —2.5413 29.3867 [1.5467 —0.5082
Kall) = | —28.9867 —2.5413} o Ke(l) = |0.1081 1.5467 ] ’

[ —1.9946 29.3764 [—1.1132 —0.6100
Ko(l) = | —28.9764 —1.9946} - Kal?) = | 0.6100 —1.0632} ’

[ 0.3198 0.0335 [—0.5933 —0.0765
Kp(2) = | —0.0335 0.2698} - K@= | 0.0765 —0.5433} ‘

Based on the results of this theorem, the system of this example is sto-
chastically stable under the output feedback controller with the computed
gains.

Let us now consider that the uncertainties are acting on the dynamics
and focus on the design of the output feedback controller with the form given
in (3.38). Using the controller dynamics and system dynamics we get the
following:

. AG)  B)Ko(i)
0= i,y ar |10

Da(i)Fa(i, t)Ea(i)
Kpg(i)Dc, (i) Fe, (i, t) Ec, (7) 0

+

with
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This dynamics can be rewritten as follows:

() = [AG) + AAGH)| n(t),

with
oo A()  B()Ke(i)
A0 = kit )
AA(i,t) = AA(i,t) + ABp(i,t) + ACc, (i, t),
where
Adu(it) = _DA(i)FA(()i’t)EA(i) 8} :
ABp(it) = 8 DB(i)FB(i’thB(Z)KC(Z)] ,
. i 0 0
ACq, (i,t) = Kg(i)De, (i)Fe, (i,t) Ec, (i) o}

Notice that

AAa(i,t) = _DA(Z')O] [FA(ivt)O] [EA(Z') 0}

)
. [0 0 0 0 0 0
ACc, (i,t) = 0 KB(i)Dcy(i)] {o Fcy(i,t)] [Ecy(i) 0}
= D¢, (i)Fec, (i, t)Ec, (4).

105

Let us now study the stability of the extended dynamics. Using the results
of Chapter 2, the dynamics are stable if there exists a set of symmetric and
positive-definite matrices P = (P(1),---, P(N)) > 0 such that the following

holds for each i € .¥:
. ) N
AT(i,t)P(i) + P(i)A(i,t) + Y N\i; P(j) < 0.
j=1

Using the expression of A(i,t), we get

AT(i)P(i) + P(i)A(i) + P(i)AA (i, t) + AAL (i, 1) P(i)
+P(i)ABg(i,t) + ABL (i, t)P(i) + P(i) ACc, (4, 1)
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+ACS, (i, t)P(i) + Z Xij P(j) < 0.

Based on the Lemma 7 in Appendix A, we have

P(i)AAA(i,t) + AA) (i, 1) P(i)
< 4N (D)P(1)Da(i)D s (i) P(i) + Ea(i) E4 (i) Ea(i),
P(i)ABp(i,t) + ABL(i,t)P(i)
< &5 ()P())Dp (i) DE (i) P(i) + €5 (i) EE (i) Es (i),

P(i)ACq, (i, t) + ACS, (i, 1) P(i)
< éai(i)P(i)De, () DE, (i) P(i) + éc, (D EL, (i) Ec, (i)

Using this and the Schur complement, the previous stability condition will
be satisfied if the following holds:

_J@)  P(i)Da(i) P(i)Dp(i) P(i)De, (i)
Dy ())P(i) —€a(i)I 0 0 <0
DL (i)P(i) 0 —&p(i)I 0 ’
D¢, (i) P(3) 0 0 —éc, (1)1
with
N
J(@) = AT(i)P(i) + P(0)A(D) + > _ Ay P(j) + Ea(@) EX (i) Ea(i)

+Ep () Ef (1) Ep(i) + E5(1) EC, (D) Ec, ().

Again using the Schur complement, we get

S D} (i)
J(i) + P(i) [Da(i) Dp(i) Do, (i) | Y1 (i) | D) | P(i)
D¢, (i)
) . . E4(i)
+ | EXG) E§0) L0 | 1G) | Es(i) | <0,
Ec, (i)
AT 0 0
T(z):[ 0 &) 0 ],
0 0 Zc,()

with J() = AT@)PG) + P()AG) + X1, Ay PG).

This set of coupled matrix inequalities that guarantees robust stochas-
tic stability is nonlinear in P(i) and the controller gains, K4(i), Kpg(i), and
K¢ (i). To cast it into an LMI form let us pre- and post-multiply this inequal-
ity by U (:)V (i) and V (i)U(i), respectively, as we did previously. Before
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multiplying, notice that U (i)V'T (i)J(i)V (i)U (i) has already been computed
and we do not need to recompute it. For the two other terms we have

and

To compute the expression of this term, notice that for the first term we

have
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For the second term, we have

For the third term, we have
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Taking into account these computations, we have

(i) K 5 (3) J(i)W(i)} '

0|

Using all these transformations, the previous stochastic stability condition

for the extended state equation becomes

+éo

0 Po(i)K5(i)De, (1) DL,
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[WT( i) Py (i) Py 1( VKL (1) E (i) ] 0
+Ep(i) | | xEp(i)Kc(i)P5 ' (1) Py ()W (i)
0 0
WT (B (), (W) W (E, ()Ee, ()
w20 2 Sroowt) B0 | <0
which can be rewritten as follows:
H, (i) Ha(i)
lHﬁ (0 Hi(z’)] <0
with
Hy(i) = Ma(i) + &3 ()Da@) DX () + &5' () D () Db (3)
+EAW T () B (D) Ea(D)W (i)
+EpW T (i) Pa(i) Py 1(Z)Kg(Z)E (i)
x Ep(i)Kc/(i) Py () Py (i)W (i)
+ee, (W (1) B, (Z)Ecy @)W (),
Hs (i) = ( ) + &5 (1) Da())D ) (D) Pi(i)
5 ()D ( )Dp (i) P (i)
+€A( YW () EL (i) Eal(i)
o, W) EL, (1) Ec, (i),
Hs(i) = Ms(i) + &5 (1) PL(i)Da(i)D s (i) Pi(0)
+5§1(Z) 1 (1) D (i) Dy (i) P (i)
+ég, (1) P2(i) K () Do, () D, () K g (1) Pa (i) W (i)
+ea()Ex (1) Ea(i) + 0, () ES, (i) Eg, (i)
If we define Kp (i) and K¢ (i) as we did previously, that is,
N X(i)  YTi) - X(3)
PO= Iym1o-x0) x0) - v=0)

) )
Kp(i) = P2() Kp(i) = (Y7'(i) - X (1)) Kp(i),
Kel(i) = —Kc(i)Py ' (i))P) (D)W (i) = Kc ()Y (i),

and we follow the same steps after choosing the controller gains (putting
Hs(i) = 0) as follows:



we get

with

Hi (i)

H3 (i)
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A@Y (@) + Y T ())AT (i) + B(i)Kc (i) + KL(i)BT (i)
N
+ Z A Y ()Y TH(§)Y (4) + &4 (1) Da(i) Dy (i)

+e5" (1)) Dp() DS (i) + €AY T (I) E (1) Ea(5)Y (3)
+EBK L) ER (i) E (1)Ko (i)

+ée, ()Y T (D) ES, (i) Ec, (1)Y (i),

X(0)A@) + AT ()X (i) + Kp(i)C,y (i)

Using the fact that

N
DAY (OYTHGY (i) = MY (1) + S (V)Y (V)S] (),
J=1

where S;(Y) and Y;(Y") keep the same definitions as before, these two matrix
inequalities are equivalent to the following LMIs:
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Jm(‘) YT EL (i) K& EE (i)

EA(i)Y (i)  —&4' (i) 0
() c(i) 0 —&5 (D)1
o, (1)Y (i) 0 0
ST( ) 0 0
YT@)EL (1) SiY)
0 0
0 0 <0,
Ec, (D1 0
0 —Vi(Y)
i, (i) X(i)Da(i) X(i)Dp(i) Kp(i)De, (i)
D)X (i) —&a(i)l 0 0 0
Dy ()X (i) 0 —&p (i)l 0 ,
DL, (OKE6E) 0 0 —éc, (i)

Try (i) = A@DY (i) +Y T (AT (i) + B(i)Ke (i) + K& (D) BT (i)
+AiiY (i) + €57 () Da(@)D A (D) + €5 () Dp () D (i),
I, (1) = X (i )A(l) +AT (@)X (1) + Kp(i)Cy(i) + K5 (0)Cy (3)

+Z)‘ZJX A EL(1)Ba(i) + ¢, () B, (i) Ec, (0).

The results of all these developments are summarized by the following
theorem.

Theorem 25. Let £4 = (Ea(1), -+ ,€a(N)), € = (€(1), -+ ,Ep(N)), and
éc, = (éc,(1),--- ,éc,(N)) be given sets of positive scalars. System (3.51) is
stochastically stable if and only if for every i € &, the following LMIs are
feasible for some symmetric and positive-definite matrices X = (X(1),---,
X(N)) >0, andY = (Y(1),--- ,Y(N)) > 0, and matrices Kg = (Kp(1),-- -,
Kp(N)), and Kc = (Kc(1),-+- ,Ke(N)):

JHI(') YT(i)E (i) K& () EE (i)

Ba()Y (i) —&5' ()1 0
() (i) 0 ~&5 (01
c, ()Y (i) 0 0
sT( ) 0 0
YT@)EL (1) Si(Y)
0 0
0 0 <0, (3.46)
Eo, (D) 0
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I, (i) X(i)Dali) X(i)Dp(i)
D)X (i) —&a(i)l 0
Dy ()X (i) 0 —Ep(i)l
D¢, (DK (i) 0 0
Ks(i)Dc, (i)
8 <0, (3.47)
—éc, (1)1
[Yﬁl) X]Ei)] >0, (3.48)

with
Sl(Y) = |:\/ /\i1Y(i), ety /\ii—ly(i)y )\”_;,_1Y Z \/ Y :|
YY) = diag ¥ (1), V(i 1Y (i Dyooe YV,
Furthermore, the dynamic output-feedback controller is given by

7 [AT6) + X0 A6 ()
i)+ Kn(@)0, )Y (1)

Ka(i) = [X(1) =Y
+X(#)B(i)Ke
+Z;V1)\U
+E41 ()X (1) Dali)
+é5'(4)) X (i)Dp(i)D
+ea(i)E T(Z (4)
+éc, (Z)E ,

Kali) = [Y~1(0) - X()] lchu),

Kc(i) = Ke(i)Y ~1(i).

)
(

u

S

U
m4>4

(i
(9) (3.49)
)

Ezample 34. Let us consider a system with two modes and see how we can
illustrate the developed results in this theorem. Let us assume that the cor-
responding data are as follows:

e mode #1:
a0 = [59000) p=[1098), o= [15%]
pa=[28]. pa=[20). pew=[00)]

Es(1) = [0.20 0.10} , Ep(1) = [0.20 0.10] , Ec(1) = [0.20 0.10] ,
e mode #2:

~0.20 0.50 1.00.0 1.00.0
A@) = [ 0.0 0.25} B = [0.0 1.0} )= [o.o 1.0]’
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Da(2) =

Ea(2) =

3 Stabilization Problem

0.13

o]

[0.100.20] ,

0.13

Dp(2) = {0.10

|\

0.13

De(2) = [0.10

|

Ep(2) = [0.100.20], Ec(2) = [0.10 0.20] .

The switching between the two modes is described by the following tran-

sition matrix:

—-2.0 2.0
3.0 =3.0

A= | |

The positive scalars €4(i), (i), and ec, (i), i = 1,2 are chosen as follows:

8,4(1) = EA(2) = 0.507
63(1) = 53(2) = 0.10,
ec(1) =ec(2) = 0.10.

Solving the LMIs (3.46)—(3.48), we get

2w
e ]y
o ]y
s s ||

[11.8504 —5.9146

| —5.9146 3.4179 |’
[ 86.0951 —29.9875
| —29.9875 81.6347

[ —44.3132 55.2044

|\
|
|

| 58.9262 —79.4786

[—141.1144 —59.3008
7.5585 —96.6843

The corresponding controller gains are given by

[ —34.5409 14.0604

| 257147 —16.7391]’ Kp(1) =
[—3.2671 —0.4539

| —0.0671 2.5386} , Ka@)=
[ —37.6957 53.8016

| —82.8657 116.9123} , Keo(2)=

[ 32.2672 —15.0181
| —25.6925 15.1979

[35.3248 —54.8428
| 82.4890 —118.5219 | -

[—2.1697 —1.5234
| —0.3724 —1.3211 |

Based on the results of this theorem, the system of this example is sto-
chastically stable under the output feedback controller with the computed

gains.

Let us now study the effect of external Wiener process disturbance of
the results we developed. For this purpose consider a continuous-time linear
piecewise deterministic system defined in a probability space ({2, F,P) with
the following dynamics:
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{dx(t) = A(r(t))z(t)dt + B(r(t))u(t)dt + W(r(t))z(t)dw(t),

y(t) = Cy(r(t))z(t), 2(0) = x0. (3.50)

The problem consists of designing an output feedback controller that sta-
bilizes the closed loop of the considered class of system. The structure of this
output feedback controller is given by (3.38).

Our goal in this section is to synthesize the gains of the output feedback
controller given by (3.38). Plugging the controller into the dynamics we get
the following closed-loop dynamics:

i) = | e, iy P [aoae+ | U900 oot
= A>)n(t)dt +W(i)n(t)dw(t), (3.51)

where A(i) and W(i) are defined by

Let us now return to the initial problem and see how to design the output
feedback controller with the form given by (3.38).

Based on Theorem 8, the closed-loop system will be stable if the following
holds for every i € .%:

AT ()P (i) + P(i)A(i) + W' (i) )+ Z AijP(j) < 0. (3.52)

This inequality is nonlinear in the design parameters K4 (i), Kp(i), Kco(i
and P(i) for every i € .. To cast it into an LMI, let us define P(3), W (4), U (4),
and V(i) as done previously, and pre- and post-multiply (3.52) by U " (i)V'T (3)
and V(1)U (i), respectively, to get

U@V @AT (@) PGV OUG) +UT @V @ POAGDV U

+D AGUTGVTE)PG)V (U G6) < 0. (3.53)

j=1

Let us now compute the different terms in this inequality. Using standard
algebraic manipulations as done previously we get
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UT @)V T (0)P>i)AG)V (@)U ()
{ A()W (i) }
~BO)Ko(i)Py ()P ()W (0
Py (i) A(§)W (1)
+P, (i) Kp(i)Cy (1) W (1)
~P()BOKc)P; ()P (W ()
~P)KA()P; (P (OW (D) |
A(z)
[ Py(i)A(7) } .
+P (i) Kp(i)Cy (i) | |

Using the fact that
UT@VT)AT () P>i)V (i)U(4)
is the transpose of
U@V @) P@AGDV (@)U (),
we get

U@V @)AT(@)P@HV (DU ()

[ WT(i)AT (i) }
= | [-WT()P(i)P; ' (i) KL (1) BT (i)
AT (i)
WT(i)AT (i) Py (i)
+WT(H)Cy (i) K (1) Py (i)
—~WT(i)Py(i) P (i) K/ (i) BT (i) Py (i)
—WT (i) Py(i) Py ' (i) K (i) Py (i)
{ AT (i) Py (4) ]
+C, (1)K (1) Py (i)

For the term U " (4)V " (i) P(j)V (i)U (i), we have

{W; (i) —WT(z')PS(i)Pgl(z‘)] [szg(jp) %EJ:;_
2 \J) £37) ]
W (i) I]
* [—Pl@)PJ (@)W (i) 0
W ()P ()W (i)
—W T (i) Pa(i) Py (6) P ()W (i)
= —WT ()P (j)P; (i) P ()W (i)
W6 Pa(i) Py () Py (G) Py () Py (5) WV (i)
PL(G)W (i) — Po(5) Py () Py (i)W (i)

[ W (i) Py (j
—W T (i) Po(i) P (i) Py (5)
Py(j)
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which can be rewritten as follows:

W)W ()W (i)
+WT(Z)[ 2(1) Py () P3(5) — ) (4) ] *
Py (j )[Pz() i) Ps(j) — Py ()] W (i) '
[P () = ( )Ps ()P (1) W (i) Pi(j)

For the term U T (i)V T (i)W (i)P(i)W(i)V (i)U (i), notice that

UTOVTOWT G POWEV (U ()

_ {WT(z)WT(i)Pl (W)W (i) WT(z')W(z‘)Pl(z')W(z')]
WIORGOWOWE) W (0P ()W)

_ [WTu) o] [WW)Pl(i)W(i) wvz‘)a(z‘)wm‘)]

0 L] [WT@)P()W() WT ()P ()W ()

W (i) 0

<["31]

117

Using now all the previous algebraic manipulations, the stability condition

for the closed-loop system becomes

My (i) Ma(i)
lMi(i) Mi(z‘)] <0

with
N
My (i) = Mi(i) + Z XiW (i) [Pa(i) Py ' (i) Ps(j) — Py (5)]

x Py (j) [Pz< VP () Py(G) — Py ()] W)

+W T W () Py W ()W (i),
Mi(O) = ADWE) +WTDAT(@) ~ BOKOPS ()P OW ()

—W T (6) P (i) Py (6) K& ()BT (i)

N

+ZAUWT<2'>W—1<J'>W<@'>,
Mo(i) = AGi) + W (5)AT (5) Py (i)

+W TGO () K S 6) Py (1)

~WT ()P (i) Py () K& ()BT (i) P (i)

Py
)
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—WT(') 5 (i) Py (i) K 4 () Py (i)

+ZA”W ()~ PP (O ()]

T

+WT() T (@) P ()W (),
Ms(i) = Pi(i)A() + Py(i) Kp(i)Cy (i) + AT (i) Pr (i)

N
+C) () K )+ Y AiPi(j

j=1

+W (i) P (1) W(0).

Since

Z)\ijWT(i) [P2(0) P57 (1) Ps(j) — P2 (7)] P5 ' (4)

< [P() PP (3) = P ()] W) =0,
and W T (i)W T (3)Py(i)W(i)W (i) > 0, we get the following equivalent condi-
tion:
M (i) Ma(i)
il | <0
Letting
N X(3) Y1) — X(4)
PO =[x ¥ v )

where X (i) > 0 and Y (¢) > 0 are symmetric and positive-definite matrices
for each ¢ € S, that is,

Pi(i) = X(i),
Pyi) = Y~ 1() X (1),
Py(i) = X(i) =Y 1(4),
implies W (i) = [Pi(i) — Po(i)Py (i)Py ()]~ = Y(i) and Py '(i)Py) (i) =

—I.
If we define K (i), and K¢ (i) by

Kp(i) = P(i)Kp(i) = (Y1(i) = X(i)) Kn(0),
Ko(i) = —Ka(i)Py ()P ()W (i) = Ko(i)Y (i),
and we use all the previous algebraic manipulations, we get

iy ] <
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with
Mu(i) = A@)Y () + YT(')AT(') B(i)Kc (i)
+KL()BT (i) + Z A Y T)Y L)Y (),
Ma(i) = A@) +Y (i )AT( )X (1) +Y T (D)) ()5 ()
HCE@)BT ()X (1) + Y T (1) KA (1) [Y () — X (1)]
+ i\’: MY T ()Y 7))

+YT() T X (HW(0),
Ms(i) = X(0)A(i) + Kp(i)Cy(i) + AT (1) X (i)

T

N
+C) (DK RE) + D> XX (5) + W () X ()W ().

j=1

Using the expression of the controller given by

Ka(i) = [X() = Y1@)] ' [AT0) + X()AG)Y ()

+X()B <> o)+ Ka(D)Cy ()Y (3) + WT ()X ()W ()Y (i)
+ LAY I OY )Y G),

Kp(i) = [Y7() - X(i)] " K (i),

Ke(i) = Ke(i)Y (),

we have Mz (i) = 0. This implies that the stability condition is equivalent to
the following conditions:

Ml(l) <0
Ms(i) < 0

which gives
A@Y (@) + Y T ())AT (i) + B(i)Kc (i) + KL(i)BT (i)
N
+Y NYTOYTHG)Y (i) <0,
X(1)A() + Kp( ')C (i) + AT ()X (i) + C, ()K (i)

+Z/\ZJX )+ W ()X (E)W(i) < 0.

Notice that



120 3 Stabilization Problem
N
S Y TOY T GY () = MY () + Si (V)T (ST (),

with

= |:\/ )\11Y(Z) \/)\” 1Y \/)\m-&-lY Z)
» 'V )\ZNY(Z):| )
Using this, the previous stability conditions become

[A(z’)Y(i) +YT()AT (i) + B(i)Kc(i)] Si(Y)
HKL )BT (6) + A Y (3) '
ST(Y) =Vi(Y)
X (i) A(i) +ICB(’)C (i) + AT ()X (i)

<0,

+C) ()KL (0) + Z A X () +WT ()X (D)W(i) < 0.

Finally, notice that

UT@OVT @) PHV6)UG) = [Yﬁ” X]ii)] .

The results of the previous algebraic manipulations are summarized by the
following theorem.

Theorem 26. System (3.51) is stochastically stable if and only if for everyi €
<, the following LMIs are feasible for some symmetric and positive-definite
matrices X = (X(1),--- ,X(N)) >0, and Y = (Y(1),--- ,Y(N)) > 0, and
matrices Kp = (Kg(1),--- ,Kp(N)), and Ko = (Ko(1),--- ,Ka(N)):

A )EL)YT((U)AT() Si(Y)
OB () ey @] | <0 (8:54)

ST(Y) =Vi(Y)

X()A®i) + Kp(i)Cy(i) + AT ()X (i) + C,) (1)K (i)
N

+) T NX () + W ()X ()W) <0, (3.55)

V(i) I
[ I X(i)} >0, (3.56)

with
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= [\/EY(Z) \/)‘n IY \/)‘H-HY )
VAT ()]
Yi(Y) =diag [Y'(1),---,Y(i =1),Y(i+1),--- , Y(N)].

Furthermore, the dynamic output-feedback controller is given by

Ka() = [X() = Y"1 @)] 7 [AT(@) + X()A@D)Y ()

+X (1) B(1)Ke (i) + B(Z)C() (1) + WT ()X (W)Y (i)
N YT 1(;)Yz]y (3.57)
Kp(i) = [Y (i) - X()] ' Ks

Kc(i) = Ke (i)Y ~1(i).
Ezample 35. To illustrate the results developed, let us consider the two-mode
system of Example 34 with all the uncertainties equal to zero and

0.10 0.0 0.20 0.0
W) = [0.0 0.10]’ W@ = [o.o 0.20]

Solving the LMIs (3.54)—(3.56), we get

[155.3339 0.0000 [156.7142 —0.0000
X = | 0.0000 155.3339}’ X@) = | —0.0000 156.7142]’

[ 85.5704 —0.0000 [76.2129 0.0000
Y= | —0.0000 85.5704] Y= | 0.0000 76.2129}

[—241.0167 —479.2866 [ —53.2470 —7.5294
Ka(l) = | 541.4202 —241.0167]’ Ka(2) = | 7.5294 —45.4113]’

Ke(l) = 10° {—0.1707 3.3137 [ —45.2177 —10.8637]
o(1) = 107 -

~3.2795 —0.1707]’ Ke() = 10,8637 —4a1.4071

The corresponding controller gains are given by

[ —2.5462 35.1425 [ 1.5517 3.0858
Kal) =1 347495 —2.5462} - Ko = 34858 1.5517]

[ —1.9946 38.7254 [—1.1327 —0.6906
Ko(l) = | —38.3254 —1.9946}’ Ka(2) = | 0.6906 —1.0827}

[ 0.3398 0.0480 [—0.5933 —0.1425
Kp(2) = | —0.0480 0.2898} o Ko@) = | 0.1425 —0.5433} '

Using the results of this theorem, the system of this example is stochasti-
cally stable under the output feedback controller with the computed gains.
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Let us now consider that the state equation contain Wiener process ex-
ternal disturbances and norm-bounded uncertainties. In this case the state
equation becomes

{ x(t) = A(r(t), t)z(t)dt + B(r(t), t)u(t) + W(r(t)z(t)dw(t),
( =
z(0) =

I
~—

) y<r<t>>x<t>, (3.59)

<

Combining these dynamics with those of the controller, we get the follow-
ing:

c, (
. DA(T(t))FA(T(t) ) Ea(r(t) [fgj(;(g()t))f)??((gg)(’t;ﬂ (t)dt
[ Kp(r(t))Dc, (r(t)) ] 0 !
xFe, (r(t),t)Ec, (r(t))
+ W(g(t)) 8} n(t)dw(t) (3:59)

with

These dynamics can be rewritten as follows:

dn(t) = [Ar(t) + AA(r(),0)] n()dt + W(r(e)n()de(),

with
AA(r(t),t) = AAa(r(t),t) + ABp(r(t),t) + ACc, (r(t),1),
ween = | "G00
where

ABptr(t) ) [ PRI, OB O 0)]

~ 0
ACe, () = | ey (r(t)) Do, (r(£)) Fos, (r(t), 1) Eo, (r(£)) o} :

Notice that
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Ay (r(t).1) DA(r(t))O} {FA(Tét),t)g} {EA(S(t))g]

ABp(r(t),1) = [8 D )] [8 FB(rO(t),t)}

Let us return to the extended dynamics to study their stability. Based
on the results of Chapter 2, these dynamics are stable if there exists a set
of symmetric and positive-definite matrices P = (P(1),---,P(N)) > 0 such
that the following holds for each i € .%:

AT (i, t)P(i) + P(i)A(i, t) + W' (4) )+ Z)\”P

Using the expression of A(i, t), we get

AT(i)P(i) + P(i)A(i) + P(i) AA (i, t) + AAL (3, 1) P(d)
P(i)ABg(i,t) + ABg (i,t) P(i) + P(i) ACq, (i, )

+ACS, (i, ) P(i) + W (i) )+ Z Aij P(5)

Based on Lemma 7 in Appendix A, we have

P(i)AA4 (i, t) + AAL (i, 1) P(i)

<3N (D)P(1)Da(i) D (i) P(i) + Ea(i) E (i) Eai),
P(i)ABg(i,t) + ABL (i, t)P(i)

< 5" ()P()Dp ()DL () P(i) + Ep (i) Ef (i) En(i),
P(i)ACq, (i,t) + ACE, (i, 1) P(i)

< &t ()P(i)De, ()D&, () P(i) + ¢, () ES, (i) Ec, (3)-

Using this and the Schur complement, the stability condition becomes
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_J@)  P()Da(i) P(i)Dp(i) P(i)De, (i)
DLOPGE) —Ea@I 0 0 “o
Dp(i)P(i) 0 —Ep(i)l 0 ’
D( (i) P(3) 0 0 —éc, (1)1

with

Again using the Schur complement, we get

J(i) + P(i) [ Da(i) Dp(i) De, (i) T71(0) | D

B(Z) <0,

with

J(i) = AT(i)P(i) + P(i) A(i) + WT (i) P())W(i) + Y _ Xij P()-

j=1

This set of coupled matrix inequalities that guarantee the robust stochastic
stability is nonlinear in P(7) and the controller gains K 4(¢), Kg(i), and K¢ (7).
To cast it into an LMI form, let us pre- and post-multiply by U T (i)V T (i) and
V(i)U (i), respectively, as we did previously. Before multiplying, notice that
UT @)V T(i)J(@)V(i)U(i) has already been computed and we do not need to

compute it again. For the two other terms we have

UT@VT () [ EXG) BRG) EL, ()| T6)

E4(i)
x| Ep(i) | V())U(i)
Ecy Z)
EA()E) (1) Ea(i)
=UT@O)V'G) | +Ep(EZ@OER®G) | VEU)
+ec, () EL (i |
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{WT(i)Pz(i) 5 () K (D ER (i) } 0
+Ep(0) | | xEg(i)Kc(i)Py ' ()P (i)W (i)
0 0
Ve [WT(i)EEy(i)Ecy(i)W(i) WT(i)EEy(i)Ecy(i)]
Cy EL (i) Ec, (i)W (i) Bl (i)Ec, (i)
and
U ())V(i)P(i) [ Da(i) Dp(i) Do, (i)] T71(0)
D} (i)
x | Dg(i) | P()V (1)U (i)
D¢, (i)
£ (i) P(i)Da(i) D ) (1) P(i)
=UT(@)VT(@i) | &5 (0)P(0)Dp(i)D(1)P>) | V(i)U()
Eo. (1))P(i)De, (1) DS, (i) P(3)

To compute the expression of this term, notice that for the first term we
have
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_ [ Da(i)D}() Da(i)D 3 (i) P1(3) }
Py(i)Da(i)D ) (i) Pi(i)Da(i)D (1) P1(3) |
For the second term, we have
Tt/ T () B(i)D Dy
vt | ()%() A
Py(i)Dp(i) D (i) Pa(i }
Py(i)D ) ( ) (4)
{ )Pﬁl(i)_
[a( )D()DLOP() Pl >DB<z>D )P0 |
Py (i)Dp(i) Dy (i) Pi (i) Py (i)Dp(i) D (i) P2 (9) |

V(i)U(3)

[ W (i) I
Py (i) P (i)W (i) 0
W (i)P(i)D () ()
x [Py (i) — P2()P (@) w
W (i) Py (i) Py () ()DB()
xD}(i) [Py(i) — Pa(i) Py (i) Py (i)] W (d)

Py(i)Dp(i) D (i) [P (i) — Pz(l)P’l(i)PJ(i)] W (i)
W (i) [Pu(i) = P2(i)P5 " (i) Py ()] D (i) D (1) 1 (i)

_[ DB(Z')DE(Z') DB()DE(i)Pl(i)
Py(i)Dp(i)Djy (i) Pr(i)Dp (i) Dy (i) P (i) | °

.
.
~—

< <
—~ N~~~

.

~. ~.
AR R
@AW W

<

—~ N~
SR ~.
~— —

Q0 Q4O
D

<

X
<
—
-~
=
-
— = . — —
e RGO

[PQ(OKB(i)Dcy (1)D¢, (1) K5 (i) Py (d
VK (i ) K



3.4 Output Feedback Stabilization 127

Py(i)Kp(i)De, (i) D, (1) K s (1) Ps (i) }
Py(i)Kp(i)De, (1) D5 (4) K 5 (i) P3 (4)

[ w(i) H}
=Py (i) Py (i)w(i) 0
_Jo 0

- [0 Py(i)Kp(i)Dc, (i)Dgy (z’)Kg(i)PJ(z‘)] :

Taking into account all these computations, we have

Using all these transformations, the previous stochastic stability condition
for the extended dynamics become

A WTG)ELG)EAGD)W(3) Wfr(iE
OIS 7 e
{ W (i) Py (i Pg,’l(i)_f@ i)EE(i) ] 0'

0

with
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~W'(i)P, (z‘)P‘ ()EE(H)B' (i),
M (i) ) + Z AW (i) [Pa(i) Py (0) Ps(5) — Py (4)]
<Py )[Pz( )P5 (D) P3(j) — Py (7)] W ()
+W @YW (5) Py ()W (i)W (3).

The last inequality can be rewritten as follows:

Hl(l) HQ(Z)
lh@ (i) Hs(l)] =

H, (i) = Ml()+eA1(z)
+EAW T (1) E 5 (4) A(@)W(l
)

/—\\/

+EW (i) Py (i i) Eg () Ep(i)Ko(i) Py (i) Py (i)W (i)
+éc, (i ) T ES J(Z)Ecy(’t)W( i),
Hy(i) = Ma(i) + &, (i) Da(i) Dy (i) Py (i) + &5 (i) Dp (i) D (i) Py (i)
+Ea(i)W ( VE 4 (i)Ea(i) + 0, ()W T (i) B¢, (i) Ec, (i)
+WT( YW ' (i) Py (i) W(i),
Hj(i) = ( )+ &4 (1) Pr(i)Da () D 5 (i) Py (i)
+&5' (1) PL(i)Dp(i) D (i) Py (i)
+E01 () P2 (i) K (i) Do, (i) DS, (1) K p (i) Pa (i)
+Ea())EA (1) Ea(i) + 0, (D) EL (i) Ec, (i) + W (i) Py (i)W (i),

where m M; (i), and Ms3(%) keep the same definition as before.
If we define Kp(i) and K¢ (i) as we did previously, that is,

Pli) = X(i) Y7 - X(9)
Y 6) — X (i) X(@) - Y~ 4) |
Kp(i) = P(i)Kp(i) = [Y71(i) = X ()] Kg(3),
Ka(i) = —Keo(i)Py (i) Py (i)W (i) = Ko (i)Y (i),

and we follow the same steps as before after choosing the controller gains as
follows:
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KAm:[X() Y] T [AT6) + XDAG)Y ()
X()BO)Koli) + Kali)Cy)Y () + W ()X (@)WY ()
+Z] 1A Y Y@
+E5 (D)X (1)Da(i)D
+EA()EL ()EA()Y (i
+c, (DL, () o, (0 )Y 1),

B

)
4(1) + €5 ()X () Dp (i) D (i)
)

Kp(i) = [Y71(0) — X()] ' Kz(i),
Kco(i) = Ke (i)Y (i),
we get
H1(7) <0,
Ha(i) <0,
with

Hu(i) = A@Y (i) + YT (1) AT (i) + B()Ke (i) + KE(D)B (i)
+ Z AijY @)Y HG)Y (6) + €4 (1) Da(i) D A (i)

+&5" (1) Dp (i) D (i) + EaY T (i) E4 (i) Eo ()Y (i)
+epKL () E (1) Ep(i)Ko (i)
+éc, ()Y T (1) EL, (i) Ec, (i)Y (),

Ho(i) = X('>A( i)+ AT (D)X (i) + Kp(i)Cy(i) + K(0)C, (i)

+ Z Ai; X (G) + W7 (i) X (1YW (i)

+€A HOX (@) Da(D)D )X (i) + €5 ()X (1) Dp (1) D () X (0)
+éc, (1)K p(i) De, (1) DE, (1)K (0) + Ea(i) EA () Ea(i)
+éc, (1) B, (i) Ec, (i),

Using the fact that

ZAUY @O)Y Y (1) = XY () + Si (V)Y (YV)S (V),

where §;(Y) and Y;(Y) keep the same definitions as before, these two matrix
inequalities are equivalent to the following LMIs:

Jm( ) YT()EL(i) KLG)EL (D)
EA(i)Y (i)  —&4" ()1 0
() c(i) 0 —&5' ()1
o, ()Y (i) 0 0
ST( ) 0 0
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YT()EL (i) Si(Y)
0 0
0 0 <0,
Eay (DT 0
0 -Di(Y)

Jn, (1) X(i)Da(i) X(i)Dp(i) Kp(i)De, (i)
DI()X (i)  —Ea(i) 0 0 “0
DL ()X (i) 0 —&p(i)l 0 '
DL (D)KL (3) 0 0 —éc, (1)1

with

I (i) = A@)Y (i) + YT(Z')AT(Z') B(i)Ke(i) + K& ()BT (i)
XY (i) + €31 (1)) Da())D A (0) + €5 (1) D (1) Dy (i),
I, (1) = X() (i) + AT (D)X (i) + Kp(1)Cy (i) + K5 (0)Cy (i)

+Z Xij X (§) + W (i) X ()W (i) + Ea (i) E (i) Eali)

+eo, (D) ES, (i) Ec, (4).

The results of all these developments are summarized by the following
theorem.

Theorem 27. Let £4 = (E4(1),--+ ,Ea(N)), € = (Ep(1),--- ,Ep(N)), and
éc, = (éc,(1),--- ,éc,(N)) be a given set of positive scalars. System (8.51)
is stochastically stable if and only if for every i € &7, the following set of
coupled LMIs is feasible for some symmetric and positive-definite matrices
X =(X@1), -, X(N) >0, and Y = (Y(1),--- ,Y(N)) > 0, and matrices
ICB = (ICB(l), ce ,ICB(N)), and ICC = (Kc(l), s ,’Cc(N))

Jm(') YT()EL () KE()ES (i)

Ea()Y (i) —&3°()I 0
() c(i) 0 —E5 ()T
c, ()Y (i) 0 0
ST( ) 0 0
YT@)ES, (1) Si(Y) ]
0 0
0 0 <0,  (3.60)
55;(1')]1 0
0 =Yi(Y) ]
DR ey et ket Da )
? ? —eal?
Dﬁ(i)X(i) % e 0 <0,  (3.61)
DL, K@) 0 0 —go, ()T |
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[Y]gi) X}ii)} > 0, (3.62)

with

Si(¥) = [VAaY (i), sV A Y (0, v A Y (), VA Y ()]

Yi(Y) =diag[Y (1), -+ ,Y(i—1),Y(i+1),- Y(N)]

Furthermore, the dynamic output feedback controller is given by

Ka() = [X() = Y1 @)] 7 [AT() + X()A@)Y ()
+X()B < JCei) + Kp(D)Cy ()Y (1) + W (0)X ()W ()Y (7
JFZJ 1 A Y Y)Y (0)
+E3 ()X () D)D) + 55 ()X (ODs()DEG)  (3.69)
+EA)EX () Ba(i)Y (i) + Z0, () L, (1) Ee, ()Y ()| Y ~4(3),

Kp(i) = [Y () - X(0)] " K (i),

Ke(i) = Ke(i)Y 7).

FEzample 36. To illustrate the theoretical results of this theorem, let us con-
sider the two-mode system of Example 34 with

0.10 0.0 0.20 0.0
W)= [0.0 0.10]’ W(2) = [0.0 0.20]

Let us fix the positive scalars €4(i), ep(i), and e¢, (i), i = 1,2 to the
following values:

€A(1) (2

B(

™

[a—
~—
A

\)

o (
Solving the LMIs (3.60)—(3.62), we get

[ 2.8024 —1.0797 [11.6193 —5.7986
X)) = | —1.0797 0.9926 } ’ X(2) = | —5.7986 3.3546 } ’

[ 65.7939 —37.3834 [ 85.9922 —29.9200
Y1) = | —37.3834 116.1613} ’ Y(2)= | —29.9200 81.5468 } ’

[~119.9443 59.3966 [ —44.4274 55.3544
Ko =1 610279 —31.6167}’ K52 = | 550674 —79.5007}’

[—197.9419  69.3903 [—140.8357 —59.2915
Ke(l) = | 90.4709 —292.3150}’ ’CC@)__ 7.4807 —96.5781]

The corresponding controller gains are given by
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Ka(l) =

[ —35.4105 14.4776
} L Ks() =

| 25.5308 —16.6710
[ —3.2664 —0.4538 ]

Ke(l) = | —0.0670 —2.5380 | Ka(2) = {

33.1375 —15.4353
—25.5087 15.1304 |’

35.7013 —55.3475
83.4115 —119.7534 |’

—38.0696 54.3072
Kp(2) =1 5378841181440 ]
[—2.1675 —1.5223 ]

Kc(2) =

| —0.3727 —1.3211 | °

Based on the results of this theorem, the system of this example is sto-
chastically stable under the output feedback controller with the computed
gains.

3.5 Observer-Based Output Stabilization

As mentioned earlier, observer-based output feedback control is one of the
alternatives to control the class of systems under consideration. Our goal
in this section is to focus on the design of such a controller. We will restrict
ourselves to the LMI design approach. Note that other techniques exist, mainly
based on the Riccati-like equation approach.

The controller we use in this section is given by

AGOW ) + Blr®)ult) + LEO) GO0 = y®], 4 60

,_/H
S X
—~
~
— =
[l
A
=
~~
~
N
=
<
—~
~+
—

where v(t) is the observer state vector, and K (¢) and L(i), i € . are constant
gain matrices that have to be determined and constitute one of our main goals
in this section.

Let us now assume that the controller (3.64) exists and show that it sto-
chastically stabilizes the class of systems (3.39). For this purpose, let us define
the observer error by

e(t) = x(t) — v(t). (3.65)

Combining the nominal system dynamics and the controller dynamics we
get

e(t) = Alr(t)z(t) + B(r() K (r(t))v(t) — A(r(@)v(t) — B(r()) K(r(t))v(t)
—L(r()) [Cy (r(£))v(t) — y(?)]
= A(r(t) )Gy (r(®)) [x(t) — v(t)]
)] e(t).

Using the system dynamics and the error dynamics, we get the following:
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{if(t)} _ {A(r(t)) +B(r)K(r(t))  —B(r(t)K(r(t))
' 0 A(r(t)) + L(r(£))Cy(r(t))

The block diagram of the closed-loop system under the observer-based
output feedback control is represented by Figure 3.3.

(1) &= A(i)z + B(i)u - u(t)
y() y=Cye «— ()
= Ail/ + Biu + Lz [Cy(’t)l/ — Y
> = Kc(i)v

Fig. 3.3. Observer-based output feedback stabilization
block diagram (nominal system).

The following theorem states the stability result of the closed loop of the
class of systems we are considering under output feedback control.

Theorem 28. Let K = (K(1),---,K(N)) and L = (L(1),---,L(N)) be
given sets of constant matrices. If there exist sets of symmetric and positive-
definite matrices P = (P(1),--- ,P(N)) > 0 and Q = (Q(1),--- ,Q(N)) >0
satisfying the following set of coupled LMIs for every i € .%:

#» P)BG)
[BT(i)P(i) I ]<0’

7 ] <o

where

Ip= AT(i)P(i)+ P(i)A(i) + K" (i)B" (i)P(i) + P(i)B(i) K (i)
Ja= A%’)Q(i) +Q(D)A() + Q()L(1)Cy (i) + C (1) LT (1)Q()
+ iv; Aij Q)

then (3.39) is stochastically stable.
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Proof: Let us consider the Lyapunov functional candidate with the fol-
lowing form:

V(z(t),e(t),r(t) = i) = « " (O)P(D)z(t) + e (1)Q(i)e(t)
P@E) 0 z(t)
N P N
= Lol [ o | |50
where P(i) > 0 and Q(7) > 0 are symmetric and positive-definite matrices.
Let . be the infinitesimal generator of the process {(z(t),e(t),r(t)),t >
0}. Then, the expression of the infinitesimal operator acting on V(.) and

emanating from the point (x,7) at time ¢, where x(t) = x and r(¢) = i for
1 € .Y, is given by

LV (x(t),e(t),i) =2 ()P@)x(t) + 2" (t)P@)a(t) + T (H)Q(i)e(t)

+a T (t)P(i) {[A(i) + BG)K (@) z(t) — B(i)K(i)e(t)}

[146) + L0l e®] Qe + T MR [AG) + LEIC, (0]t
+ i N [T (OPG)a(t) + T ()QU)e(®)]

— 27 (1) [AT () P(i) + P(i)jél(i) + KT(0)BT (i)P(i) + P(i)B(i)K (i)

+ i X P(j)|a(t) = 2T (0)PG) B K ()e(?)

+eT(1)]AT()QG) + qu)A(z') +QG)L()C, (i) + € (LT ()Q)
+ji1Aij@<j>}e<t>.

Note from Lemma 2 (Appendix A) that

2T ()PG)BG)K (i)e(t) < & (t)P()B()BT (i) P(i)a(t)
+el (KT (i) K (i)e(t),

we get

LV (x(t),e(t),i) <z (t) [AT(i)P(i) + P(i)A(i) + K" ()BT (i) P(i)
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N
+P(i)B()K (i) + P()B()BT (i)P(i) + > AijP(j)} (1)
j=1

+e' (t) [AT(Z')Q(Z') +Q)A®) + Q) L(1)Cy (4)

N
+Cy (LT ()Q(I) + KT (1)K (i) + Z /\ijQ(J’)} e(t)=[2"(t) e (1)]

" Ip(i) + P(i)B(i)BT (i) P(i) 0 } {x(
0 Foi) + KT (1)K (i) | [ e

Therefore, since I'(i) < 0 for all i € ., we obtain

, . , Ty T z(t)
LVa(0,el0).) < —min o TGN [0 0] | 7]

Combining this with the Dynkin’s formula, we get
E[V(x(t),e(t), )] = E[V(2(0),e(0),70)]

=E { ; .i”V(x(s),e(s),r(s))ds|(ro,x(0),e(O))}

which gives in turn

iy s -LODE | [ (2760 €70 |26 | sl 200,00
< BV (2(0),e(0) 7o)

J

This implies that the following relation holds for all ¢ > 0:

i x(s)
B| [ [+ 7] | 22)] dslim.a(0).e000)]
E [V(l‘(O),e(O)J‘())]
B minjE&”{)‘min [_F(J)]}

This completes the proof of Theorem 28. O

Remark 13. This theorem shows that the proposed control will stochastically
stabilize the class of systems we are dealing with if we are able to find
some matrices that solve our stated sufficient conditions. The rest of the sec-
tion will focus on the design of the controller gain matrices K (i) and L(3),
i1 =1,2,--- ,N. Conditions in the LMI formalism are needed for our control
design.
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We are now in a position to synthesize the observer-based output feedback
control of the form (3.64) that stochastically stabilizes (3.1).

Before giving the design algorithm, let us transform our stability conditions
in the LMI formalism. For this purpose, notice that #p(4) is nonlinear in the
design parameters P(i) and K (7). To put it into the LMI form, let X (i) =
P~1(i) and pre- and post-multiply _#p(i) by P~*(i) to get

X(@HAT (i) 4+ A@)X (i) + BG)K (1) X (i) + X (1)K " ()BT (i)

N
+B(i)BT (i) + Z A X ()X 1) X (i) < 0.

By letting Y.(i) = K (i) X () and noting the fact that

N
Z A X (X)X (@) = X X (0) + Si(X) X HX)S (X)),
we have
X()AT (@) + Y, ()BT (i)
HA@X (@) + BOYe(i) | Si(X) | _
+B(i)BT (i) + A\ X (i)
STH(X) —X;(X)

Let us now transform the condition #¢ (i) < 0 in the LMI form. By letting
Y, (i) = Qi) L(4), we have

Sali) = AT(0)Q) + Q(1)A) + Yo())Cy (i) + Cy (i)Y, (i)

N
+KT()K (i) + Z A Q).

which gives, after using the Schur complement,

] <o

where J5(i) = AT (1)Q(3) + Qi) A (i) +Y, (1) Cy (i) + C; (i)Y, ()+3- 12, Ay Q).
The following theorem summarizes the results for the design of the
observer-based output feedback controller.

Theorem 29. If there exist sets of symmetric and positive-definite matrices
X=(XQ), -, X(N)>0,Q=(Q(1),---,Q(N)) >0, and sets of matrices
Y. = (Ye(1), -+, Yo(N)) and Y, = (Y, (1), -, Y,(N)) satisfying the following
set of coupled LMIs for each i € .7:

(3.66)
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Hg((g Kj]gi)] <0, (3.67)

where

(i) = X(D)AT(0) + Y, ()BT (i) + A(§) X (i) + B(i)Ye(i)
B@i)B' (i )+ Aii X (1),

AT (1)Q1) + Qi) A(2) + Yo (4)Cy (7) + C’J(i)YOT(i)

N
> 2iQ03),

Jj=1

+

Ja (i)

_|_

then the controller gains that stabilize system (3.39) in the stochastic sense
are given by

This theorem provides an algorithm to design a feedback controller of the
form (3.64) that stabilizes system (3.39) in the stochastic sense.

Remark 14. Notice that the LMIs of this theorem are independent. Therefore,
we can solve the first one to get K(i),i = 1,2,--- , N and then solve the
second one to get L(i),i =1,2,--- , N.

Example 37. To show the usefulness of the results of this theorem, let us con-
sider the two-mode system of Example 34.
Solving the LMIs (3.66)—(3.67), we get

x-S osion | X0 = oot aise
= [ ey = [ ),
Ki(1) = g§f§f§ _621,97607120} K@= 212;?53 _422..23076937] ’
o - [ o, ] e - [Se ]
Y e AR R U i el

The corresponding controller gains are given by

~2.9672 —61.7010] ~2.2563 —42.3797
K1) = {62.1010 o962 | K@) = {41.8797 —2.2063]

~1.5044 0.2000 —0.3020 —0.2500
L = [ 0.2000 1.5044] L2 = {0.2500 0.2521}
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Based on the results of this theorem, the system of this example is sto-
chastically stable under the observer-based output feedback control with the
computed gains.

Let us now consider the uncertainties in the dynamics and see how we can
modify (3.66) and (3.67) to design a robustly observer-based output feedback
control that robustly stochastically stabilizes the class of system under study.

Let us assume that the controller (3.64) exists and show that it robustly
stabilizes the class of systems (3.39). For this purpose, let us define the ob-
server error e(t) as before.

Combining the system dynamics and controller dynamics we get the follow-
ing equation for the error using the same techniques as before and after adding
and subtracting the two terms B(r(¢)) K (r(t))x(t) and AB(r(t),t) K (r(t))x(¢):

ét) = [A(r(t)) + L(r(1))Cy (r(t))] e(t) + [AA(r(2), t) + AB(r(t), ) K (r(2))] x(t)
—AB(r(t), t) K (r(t))e(t) + L(i) AC, (i)x(t).
For the system dynamics, following the same steps as before, we get
i(t) = [A(r(t)) + B(r(t)) K (r(t))] =(t)
[

)+ B(
+[AA(r(t),t) + AB(r(t),
—B(r(t))K(r(t))e(t) — AB(r

Using all these developments, we get the following extended dynamics:
A(r(t))
{f’v(t)} _ [+B(r(t )K(r(t))} —BOWIKE®) |
01 )

{ A(r(t) ] e(t) |
+L(r(1))Cy (r(2))

~—

The following theorem states the first result on robust stability of the class
of systems we are considering under the controller (3.64).

Theorem 30. Let €4 = (4(1), -+ ,ea(N)),ep = (ep(1l), -+ ,ep(N)),ex =
(EK(l)v T 75K(N))7 e = (‘56(1)7 T ’EG(N)>7 €Q = (5Q(1)’ T 7€Q(N))a
epq = (eBq(1),--- ,eBq(N)), ec, = (ec, (1), ,ec,(N)), epx = (eBK (1),
-,epx(N)) be given sets of positive scalars. Let K = (K(1),
-, K(N)) and L = [L(1),---,L(N)] be a given sets of constant matri-
ces. If there exist sets of symmetric and positive-definite matrices P =
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(P(1),---,P(N))>0and Q = (Q(1),--- ,Q(N)) > 0 satisfying the following
set of coupled LMIs for every i € . and for all admissible uncertainties:

(i) = {A(') + BK(0)]" P(i) + P(i) [AGG) + B()K (i)]
+Z/\13P +ea(i)P()Da()D s ()P(i) + €4 () E (1) Eai)

+€B( )P(i)Dp (i) Dy (i) P(i) + gBl(Z)KT(Z)EB( )EB (1)K (i)
+ex (i)P(i)B(i) B (i) P(i) + €. (i) P(i) B(i) BT (i) P(i)
+eo, () ES, () Ec, (i) + o' (DE (Z)EA(Z')

+epo(OK (1) ER () Ep(1)K (i) < (3.70)

N
(i) = [AG5) + L(H)Cy(1)] T Q) + Qi) [A(3) + L()Cy (i)] + Z AijQ(J)

+eg! (KT (K () + e (KT (1) B () B () K (i)
+eQ(1)Da(i)DA()Q(1) + e5o()Q(1) Dr (1) Dy (1)Q(0)

+epxr ()Q()Dp (1) D (1)Q() + gy (VK T (1) B (1) Ep (i) K (i)
+eg, (DQU)L(1)De, (1) DE, (1) LT ()Q(i) < 0, (3.71)

then system (3.39) is stochastically stable.

Proof: Let us consider the Lyapunov functional candidate with the fol-
lowing form:

V(a(t),e(t),r(t) = i) = 2T (P @i)x(t) + " ()Q(0)e(?),

where P(i) > 0 and Q(i) > 0 are symmetric and positive-definite matrices.

Let .Z be the infinitesimal generator of the process {(z(t),e(t),r(t)),t >
0}. Then, the expression of the infinitesimal operator acting on V(.) and
emanating from the point (x,4) at time ¢, where x(t) = z and r(¢) = i for
1 € .Y, is given by

LV (x(t),e(t),i) =@ (t)P(i)x(t) +x (t)P@E)E(t) + & (1)Q(i)e(t)
N

+e T (OQ)e() + Y Nij [2 T () P(H)a(t) + T ()Q()e(t)]

j=1

- [[A(i) + BG)K (i) + AA(i, t) + AB(i, ) K (1) (%)
~[BO)K() + AB(.OE )] e(t)] Pl)a(t)
+a T (H)P(i) [[A(z’) + B()K (i) + AA(i, t) + AB(i, ) K (i)] (%)

~ [BG)K (i) + AB(i, ) K ()] e(t)]
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+[[44G,1) + AB(, K () + LEAC, ()] 2(t) + [AG) + L()C, i)

~ABG.OK) e(t)] Q)e(t) + T (0Q() ][44 1)
+AB(1,t)K (i) + L(3) ACy ()] (t) + [A(4) + L(¢)Cy (i) — AB(4,t) K (7)) e(t)}

N

+ i [2T(OP()(t) + T ()Q()e(b)]

=1
which can be rewritten as follows:

LV (a(t),e(t),i) = 27 (5)[[AG) + BOK )] Pi)
+P(i) [A®) + +Z)\”P ] )+ 22T (£)P(i) AA(i, )z (t)

+227 (t)P ()AB(z,t)K() (t) — 227 () P())B() K (i)e(t)
=22 (t)P(i) AB(i, t) K (i)e(t) + €' (1) [[A(i) + L(1)Cy (1)) Q(3)

N

+Q() [AG) + L (0)] + D A QU) | e(t)

Jj=1
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—2a " ()P (i)Dp (i) Fp(i, ) Ep () K (i)e(t)
< ee(i)z " () P()Dp (i) D (i) P(i)(t)
+eg L) (K T () ER (1) Ep(i) K (i)e(t),

)

=-2¢' ( Qi )DB(Z)FB(ZJ)EB( )K
< epx(i)e’ ()Q(i)Dp(i) e
+epp(ie’ (t )KT(%)EE(Z)EB( )K( Je(t)-

Using these relations, £V (z(t),e(t), i) can be rewritten as follows:

ZV(a(t),e(t),i) <27 (O)[[A0) + BOK @] (i)

Fea(@)P(i)Da(i DZ() (i) +¢ 1(2> EA(i)Ea
+ep(i)P(i)Dp(i) D (i) P(i) + e ' () K T (i) E K
JrsK(i)P(i)B(i)BT( )P( ) + e (i )P(Z)DB(Z D;(z P(i
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+eT(O[[AG) + LH)C, 0] T Q) + [AG) + LT, ()]
N
+ 3 05Q0) + e OKT DK () + & (VKT (B () En(i) K ()

+e(D)Q(I)Da()) D ())Q(i) + 5o (1)Q(i) D (1) D (1) Qi
+ep ()Q)Dp(i) Dp()QE) + g (VK T () B () Ep () K (i
+e5 (DQUL() De, ()DL, ()T ()Q()e(t),

Y

which gives

Therefore, we obtain

.ffV(x(t)@(t)J) § _mlg {)‘min [_F(])H [m—r(t) eT(t)] [e(t)] :

JjE

The rest of the proof of Theorem 30 can be obtained by following the same
steps as we did for the previous theorems. O

Remark 15. In the previous theorem we showed that the proposed control will
stochastically stabilize the class of systems we are dealing with if we are able
to find some matrices that solve the given sufficient conditions. Our interest
in the rest of the book will focus on the design of the controller gain matrices
K(i) and L(i), i = 1,2,--- , N. Conditions in the LMI formalism are needed
for our control design.

We are now in a position to synthesize the observer-based output feed-
back control (3.64) that stochastically stabilizes (3.39). For this purpose, let
us transform our stability conditions in the LMI formalism. Pre- and post-
multiply (3.70) by P~1(i) to get

P‘l( ) [AG) + BG)K (@) + [A(i)

+en ()P EL () Ea(i) P71 (i)

+ezt(3) P~ (Z)KT(Z)Eg(z)EB(z)K(z‘)P* i

+e4(1)DA(i)D} (i) + ex (1) B(i)B " (i) + €. (i) Dp (i

+eg ()P D EL (D) EA(D) P71 (0) + ec, ()P~ (i) ES, (i) Ec, (i) P~
+epo ()P (i) K T (i) Eg (i) Ep (i) K (i) P~ (i

+
+

=
>
— T

N
+ Z iy P7H@)P()P~L(i) < 0.
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By letting X (i) = P~1(i) and Y (i) = K (i) X (i), we have

X@AT (1) +Y (@B (i) + A)X (i) + B@)Y (i)
+e3' ()X (1) B (1) Ba(i)X (i) + €5 (1) Dp (i) D (i)
+ea(i)Da(D)DAG) +e5' (1)Y T () Eg (1) Ep (i)Y (i)

+ex (1) B(D)B (i) + ec (i) Dp (i) D (i)
+eg ()X () Ex () Ea(i)X (i) + ec, (1) X (i )Egy (1) Ec, (i) X (i)

+epo ()Y T (D) ER (i) ) + Z Aij X (i) X(i) < 0. (3.72)

Notice that

ea (VX EL () Ea(D)X (i) + e, (1) X () EL, (i) Ec, (i
+eg ()X () Ex () Ea(i)X (i) + epo (1) X (i (

X() [EL6) EL ) B () EE ()]
EA(Z:)

[ding e ()L o0, eno (e, @1 | A0 | X(0)
Ec, (i)

and

N

S A XOXTHHX () = N X (4) + Si(X) xS (X)
with

Fl(i)= [Ei(0) EAG) BEg(i) B ()],

D(i) = diag(e ( )1I eq()L epq ()L, ec, (4)I),
Si(X) = [VAaX(@), e v Aim1 X (1), VA X (1),
YV zNX 7’ :| ’

X,(X) = diag(X (1), , X(i—1),X(i+1),-- , X(N)).

The condition (3.72) becomes
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with

Foi) = X@AT (@) +Y T ()BT (i) + A@)X (i) + B(i)Y (i)
+ea(i)Da())DA(0) + ep(i) Dp (i) D5 (0)
+ex(i1)B(i)BT (i) + se(i)DB(z)Dg(z) + N X (4).

Using the Schur complement, we get

Feli)  X@OF () YTE)EL() Si(X)

( )X (i)  —D(i) 0 0
() @ 0 —epn o | <O©
S (X) 0 0 —-X(X)

Let us now transform (3.71) in the LMI form. For this purpose we have
I5(i) = [[A( i) + L(D)Cy ()] Qi) + Qi) [A(1) + L()Cy (1))
+ Z X QU + e VKT (VK () + e (KT (1) B (1) Ep (1)K (i)

+e(H)Q()Dali )DA(Z)Q()+€BQ() ())Dp (i) D ()Q(7)
+epx ()Q()Dp (1) D (1)Q(0) + g (VK T (1) B (1) Ep (i) K (i)

(
+eq (1))Q() L(i) De, (i) D¢, () LT (D)Q(i) |-
By letting Y, (i) = Q(¢)L(%), we have
Dy(i) = AT(0)Q) + C) ()Y, (i) + Qi) A7) + Yo (4)Cy (i)

+Z)‘UQ +eg! (VKT (K@) + e (DK () EL () Ep(i) K (i)

= K'(i) [I E5 (i) BL(D)] [dlag(EK( L ee (L epo(i)D)]
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eQ()Q()Da())D s (1)Q(i) + epq(i)Q(:) Dp () D (1)Q(0)
+epx (1)Q() Dp (i) D (1)Q(i)

[\/é‘Q DA \/é“BQ DB 7,) \/&“BK(Z)DB(Z')]

[ VoD (i)

which gives

(i) = AT(H)Q) + Qi) A1) + Yo (i)Cy (i) + C, (i)Y, (3)
+Q(0)G, (1)Go(1)Q(i) + K T (i) F, (i)D" (i) Fo(i) K (i)
N
+Y Q) +ec ()Y (i) Do, ()DE, ()Y T (3),
j=1
with
Yo(i) = Q(i)L(i),
F )= [TEL(i) EL(i)]
D,(i) = diag(ex (1)L, 66( )L e ()D),
G, (i) = [\eo()Da(i) \/epo(i)Dp(i) \/epr (1) Dg(i) ] -

After using the Schur complement (3.73) becomes

i KT (i)F, (i) Q(i)G, (i) Yo(i)Dc, (i)
Fo()K(i)  —Do(i) 0 0 “0
Go(1)Q(9) 0 -1 0

D¢ ()Y (i) 0 0 —ec, (1)1

where #=AT ()Q(i) + Q(0) A1) +Y,()C(i)+ CT (i)Y, () + 37y Xi; Q).
The following theorem gives the way to design the observer-based output
feedback controller.

Theorem 31. Let €4 = (¢4(i),- -+ ,ea(N)), ep = (ep(i), -+ ,ep(N)), ex =
(xc (i), 1ex(N)), 20 = (i) 1 eQ(V)), 2 = (e(i), -+ 1ec(N)): 251G =
(epq(i), -+ ,eBo(N)), and epx = (epk(3),- - €BK(N)) be a given sets of
positive scalars. If there exist symmetric and positive-definite matrices X =
(X(1), -, X(N)) >0, Qo = (Qo(1),--+ ,Q0(N)) > 0, and matrices Y. =
(Ye(1), -+ ,Ye(N)) and Y, = (Yo(1), -+ ,Y,(N)) satisfying the following set
of LMIs for each mode i € .-

Fe(i)  X@OFT(@)YT()ER@E) Si(X)
F@)X (i) —D() 0 0
Ep(i)Y (i) 0 —ep (i)l 0
S (X) 0 0 —X;(X)

<0,  (3.74)
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fo(jﬁK(i) KT_(QZT({)@ Qi )gT( i) Yo(i )gc (4)
GD)QU) 0 1 0 <0, (3.75)
D¢ ()Y T (1) 0 0 —ec, (1)1
where |
Foli) = XA (@) +Y ()BT (i) + A(D) X (i) + B(i)Y ()

+ea(@)Da(i)D (i) + EB(Z)DB(Z)DT(Z')
+ex (1) B()BT (i) + ec (i) D (i) D (i) + X X (i),

N
# = AT(H)QU) + Q) A®H) +Yo()C(i)+ CT ()Y, () +>_ X;Q(),
j=1

then the controller gains that stabilize system (3.39) in the stochastic sense
are given by

K(i) = Yo() X' (0),

L(i) = Q' ()Yo(d).

This theorem provides a procedure to design the observer-output feedback
control of the form (3.64) that stabilizes system (3.39) in the robust stochastic
sense. To solve the LMIs of this theorem, we can solve the first LMI to get

the gain K(4),7 =1,2,--- , N, that will be used in the second LMI to get the
second set of gains L(i),i =1,2,--- /N.

(3.76)
(3.77)

Example 38. To show the usefulness of the theoretical results developed in this
theorem, let us consider the two-mode system of Example 34.

The positive constant €4() and ep(i), ¢ = 1,2 are fixed to the following
values:

ca(l) = 0.10,
ep(l) = ex(1) =eq(1l) =e(1) = epo(l) = epr (1) = 0.50,
ca(2) = 0.10,

83(2) = €K(2) = €Q(2) = 66(2) = 5BQ(2) = 5BK(2) = 0.50.
Solving the LMIs (3.74)—(3.75), we get

x= | St Sae | X =| 000t om0 |
V) = | ot Somose | VD= | a0
= [ o] =[S S0
o = | T e | Q0= | T e
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Y,(1) = {—48.5105 18.9195 —36.3759 —13.9821}

17.5438 —66.1793 |’ Yo(2) = {—13.6054 11.3450
This gives the following gains for the desired controller:

—2.9254 —0.0084 | —1.5752 —0.5612
K1) = [ 0.1889 —2.8807 |~ K(2) = {0.1500 1.5178}

—1.3190 —0.8755 ] —2.0855 —0.4714
Ly = [ 01062 —42438|° L= [—1.2590 0.1669 }

Based on the results of this theorem, the system of this example is sto-
chastically stable under the observer-based output feedback control with the
computed gains.

Let us now consider that the dynamics are perturbed by a Wiener process.
We want to stochastically stabilize the new dynamics and design the observer-
based output feedback controller that will accomplish this goal. Assume that
the new dynamics are given by the following:

dx(t) = A(T(t)7 t)x(t)dt + B(r(t), t)u(t)dt + W(r(t))z(t)dw(t),
y(t) = Cy(r(t), 1)z (1), (3.78)
:C( ) = Zo,

where all the variables and the matrices keep the same meaning as before.
Let the desired controller be given by the following form:

dv(t) = ( (@) ()dt + B(r(t))u(t)dt + L(r(t)) [Cy (r(#))v(t) — y(t)] dt
W(r(t))v(t)dw(t), v(0) = 0, (3.79)

u(t) = ( ) (),

where the matrices K (r(t)) and L(r(t)) are design parameters that have to

be determined.
Let us define as before the estimation error e(¢) and rewrite the dynamics

(3.78) and those of the error using the state variable 7(t) = [i((g] .
For the dynamics (3.78), we have
dz(t) = [A(r(t)) + AA(r(t), t)] x(t)dt + [B(r(t)) + AB(r(t), t)] u(t)dt
+W(r(t))x(t)dw(t).

Replacing the control u(t) by its expression and by adding and subtracting
B(r(t))K(r(t))z(t)dt and AB(r(t))K (r(t))z(t)dt, we get

da(t) = [A(r(t)) + B(r()) K(r(t)] x(t)dt — B(r(t)) K (r(#)) [x(t) — v(t)] dt
—AB(r(t), ) K(r(1)) [2(t) — v()] u(t)dt + AA(r(t), t)2(t)dt
+AB(r(t), t) K (r(t))x(t)dt + W(r(t))z(t)dw(t)
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= [A(r(t)) + (T(t VK (r(t)] x(t)dt + [AA(r(t),t)
+AB(r(t), ) K (r(t))]z(t)dt — B(r(t)) K (r(t))e(t)dt
—AB(r(), ) (r(t))e(t)dt + W(r(t))z(t)dw(t).

For the error dynamics, we have

de(t) = dx(t) — dv(t) = [A(r

1)) + AA(r(t), 1)) x(t)dt
+[B(r(t) + AB(r(t),t

(

), O] u(t)dt + W(r(t))z(t)dw(t)

—A(r(t)v(t)dt — B(r(t)) K (r(t))v(t)dt

—L(r(1)) [Cy(r(t)v(t) — Cy(r(t))a(t) — ACy(r(t),t)] dt

W(r(t))v(t)dw(t)

= [ (r(t)) + L(r(t)Cy (r(t))] e(t)dt + [AA(r(t),
+AB(r(t),t)K(r(t)) + L(r(t)) AC, (r(t), t)] «

)

)
—AB(r(t), ) K (r(t))e(t)dt + W(r(t))e(t)dw(t).

t)dt

By letting n(t), A(r(t)), AA(r(t),t), and W(r(t)) be defined as follows:

=1,

Aoy = [AC)+ BE@KE®)  ~BE@)K( ()
_ 0 A(r () + L)y (r(1)) |
2400 ABOR(() ~ABC0.0K(1()

- t

AAr(®),8) = FABH)K(r(t) | —AB(r(t), OK (r(1))

| [ +z0rm) A, (1)

~ _W(T(t)) 0

e = | "0 e |

the extended dynamics becomes:
dn(t) = |A(r(t)) + AA(r(t), t)] n(t)dt + W(r(t)n(t)dw(t).  (3.80)

As we did previously for systems without external disturbance, let us start
with the study of the nominal class of systems and see how we can design
a stochastically stabilizing observer-based output feedback control and then
take care of the effects of the uncertainties on the system’s matrices.

The following result shows that if there exist sets of gains K = (K(1),-- -,
K(N)) and L = (L(1),---,L(N)), then the observer-based output feedback
control will stochastically stabilize the class of systems disturbed by a Wiener
process (nominal systems) if some appropriate conditions are satisfied.

Theorem 32. Let K(i),i=1,2,--- ,N be a given set of gains. If there exist
sets of symmetric and positive-definite matrices P = (P(1),--- ,P(N)) > 0
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and @ = (Q(1),--- ,Q(N)) > 0 such that the following LMIs hold for each
RS

Zp(i) P(i)B(i)
{BT(i)P(i) ‘1 } <0, (3.81)
i) KT (i
{i@(g)) K_]g )} <0, (3.82)

where

Zp(i) = [A( i)+ BE)K ()] P(i) + P(i) [A@) + B() K ()

+Z>\23P +WT (i) P(1)W (i),

Hali) = [A(Z) + L(D)Cy ()] Q) + Qi) [A(1) + L(5)C,y (i)]
N

+zw )+ W (6)QU)W(),

then the closed-loop system is stochastically stable under the controller (3.79).

Proof: Let us consider the Lyapunov candidate function to be given by
the following:

I

3
_‘
—~
=
~
<
S~—

3
~~
=

where the matrices P(i) > 0 and Q(¢) > 0 are symmetric and positive-definite
matrices.
Using Theorem 82 from Appendix A, we get

F YAV ). e(t).) + 5t (07 O (Vi (a0, e(0). T @)

Using the fact that

V() e(t). ) = 2[

we obtain the following:
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LV (@(t), et),d) = 20T (AT (OP(D)n(t) + D Ayn (OP(j)n(t)

j=1

+n T (W (OPHW(i)n(t),

which can be rewritten as

N

LV (@(t),e(t),i) = 17 (1) ATOP() +P()A) + Z A P(j)
T (0P | ()
= 0T (OT(E)n(e)
with
N
(i) = AT(DP() + P()A() + Z N P() + W (HP()W(i)

Using these expressions, we have

o - Jr(i) P(i)B(i)K(i)}

[—KT(Z')BT(Z')P(Z’) Ja (i)
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N .
> =1 i P () N 0
0 Zj:l /\ng(] )

Tp(i) + 3235 A PG) 0
0 To(i) + 300, X Q)

+

0 _P(H)B()K(i)
+ {KT(@)BT@)P@) 0 } )

where

[AGi) + B(i)K(i)] " P(i) + P(i) [A(i) + B(i) K (i)]
+W T (i) P(i)W(i),

Jo(i) = Q) [AG) + L(E)Cy ()] + [AG) + L(H)Cy ()] " Qi)

5
3
I

Notice that

{ o0 —P(z‘)B(z‘)K(z)}
KTOBTOPG) 0
_ {8 P(l)%(Z)K(Z)] . [KW [ 8}

and

{8 —P(z‘)l;ﬁ’)(i)K(i)} _ [8 —P(iO)B(i)] [0 K(i)] .

Using Lemma 3 from Appendix A, we get

[8 —P(i)fé(i)K(i)] N |:_KT(i) gT(i)p(i) 8}
. [Pu)B(i)BT(i)P(i) o }
0 K'(i)K(4)
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Using conditions (3.81)—(3.82), we conclude that ¥ (i) < 0 for all i € .

and therefore

j€S

D%V(I(t), e(t), Z) < - min {/\mm [—W(])}} [;yT (t) el (t) ] [$(t):| )

The rest of the proof of this theorem can be obtained in a similar way as

before.

O

Let us now return to the determination of the controller parameters K =
(K(1),---,K(N))and L = (L(1),--- , L(N)). Let us transform the conditions
(3.81) and (3.82), starting with (3.81). Let X (i) = P~1(i). Pre- and post-
multiplying the left-hand side of this condition by X (¢) after using the Schur
complement, we get the following condition, which implies the previous one:
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X (i) [AG) + B()K ()] + [A() + B(i)K(i)] X (i) + B(i)B" (i)

N
+ Z A X ()X HH)X @) + XHOWT (@)X W)X (i) < 0.

This inequality can be rewritten as follows:

X(D)AT@) + X(i )KT( )BT (i) + A1) X (i)
+B(i)K(i)X (i) + B(i))B (i) + Z A X () X 1) X (3)

+X(@OWT (@)X ()W) X (i) < 0,

which, after letting Y. (7) = K (¢) X (¢) and using the Schur complement and the
fact that Zjvzl i X ()X HH)X (1) = X\ X (1) + Si(X)XHX)S;T (X) gives

Zx (i) X(@HWT (i) Si(X)
W)X (@) —X() 0 <0,
ST (X) 0 -X(X)
with

Zx (i) = X()AT (i) + Y. ()BT (i) + A(1) X (i) + B(i)Ye(i)
+B(i)BT (3) + \i X (4).

For (3.82), we have

AT(')Q('HQ(') (i) + QU)L(H)Cy (i) + Cy (i) LT (1)Q(7)

+Zw +WT()QUEW(i) + KT (1)K (i) < 0.

Letting Y, (¢) = Q(#)L(¢) and using the Schur complement, we get

(0]

with
R (i) = AT(')Q(')+Q(') (1) + Yo (1) Cy (1)

+C,) (i) +Z>\UQ +WT@HQ()W(i).

The following theorem summarizes the results of this development.
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Theorem 33. If there exist sets of symmetric and positive-definite matrices
X = (X(1),---,X(N)) >0 and Q@ = (Q(1),--- ,Q(N)) > 0 and matrices
Y. = (Y.(1), -, Yo(N)) and Y, = (Y (1), -+ , Yo(N)) such that the following
set of coupled LMIs holds for each i € . :

Zx(i) X@OHW' (i) Si(X)

W)X (@) —X(4) 0 <0, (3.83)
ST (X) 0 -X(X)
[‘ﬁ@(g) Kjé’)} <0, (3.84)

with

Zx(i) = XA (1) + Y, (B (i) + A()X (i)
+B(0)Ye(i) + B(i) BT (i) + Xii X (3),
%’Q(i)ZA()Q()JrQ() () + Yo (1) Oy (2)

+CJ ()Y, (0) + Z A Q) + W (D)Q)W(i),

then the controller gains that stochastically stabilize system (3.78) are given
by

K(i) = Ye(i)X (1), (3.85)
L(i) = Q7' ()Y,(d). (3.86)

Example 39. To show the usefulness of the theoretical results developed in this
theorem, let us consider the two-mode system of the previous example.
Solving the LMIs (3.83)—(3.84), we get

[ 18.1321 —0.0132 X(2) = [16.0151 —0.0141
| —0.0132 18.2444 (2)= | —0.0141 16.2159

Ya(1) = —11.9152 —272.2874] Y2 =10

[ —0.0326 —2.9349
| 279.5776 —11.6643

| 2.9266 —0.0317

[—0.6680 —14.9249 [ —2.1920 —180.9908

K1) = | 15.4185 —0.6282 } Ki(2) = | 182.7414 —1.7957 ]
_ .4 | 3.7464 —0.0000 _ .t [ 37464 0.0000
Q) =10 [—0.0000 3.7464 ] Q@) =10 | 0.0000 3.7464}

—5.6386 0.7493 [—1.3123 —0.9741
0.7493 —5.6386 | —0.9741 —0.9931

Y,(1) = 10* - [ ] . Y,(2) =10%-

This gives the following gains for the desired controller:

—0.6680 —14.9249 —2.1920 —180.9908
K1) = [15.4185 ~0.6282 ] K@) = {182.7414 —1.7957 ]
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L(1) —1.5051 0.2000 ] L@ = {—0.3503 —0.2600

~ | 0.2000 —1.5051 —0.2600 —0.2651 |

Using the results of this theorem, the system of this example is stochasti-
cally stable under the observer-based output feedback control with the com-
puted gains.

Let us now consider the effects of the uncertainties on the dynamics and
establish the corresponding results that permit us to design the robust stabi-
lizing controller of the form (3.79). Before proceeding with the design of such
a controller, let us assume that some sets of gains characterize the controller
and show that they stabilize our class of systems. The following theorem gives
such results.

Theorem 34. Let 4 = (€4(1),--- ,ea(N)), eg = (eB(1),--- ,eB(N)), eqg =
(EQ(l)’ T 7EQ(N))7 €Q1 = (€Q1(1)7 T EQy (N))7 €Qy = (5Q2(1)7 T
€, (N)), and ep, = (ep,(1),--- ,ep,(N)) be sets of given positive scalars.
If there exist sets of symmetric and positive-definite matrices P = (P(1),--- ,
P(N)) > 0 and Q = (Q(1),--- ,Q(N)) > 0 such that the following set of
coupled LMIs holds for each i € .&:

[ Zp(i) P(i)Da(i) P(i)Dp(i) P(i)Dp(i)
D} (i)P(i) —e;' (i) 0 0
DL (i)P(i) 0 —e5t ()1 0
Dy (i) P(i) 0 0 —ep, ()1
Ep(i)K (i) 0 0 0
Ep(i)K (i) 0 0 0
| BT(i)P(i) 0 0 0
KT()Eg(i) KT (0)Eg (i) P(i)B(i)
0 0 0
0 0 0
0 0 0 <0, (3.87)
—ep (i)l 0 0
0 —eq, ()1 0
0 0 -1 |
i Haoli) Q(i)Da(i) Q(i)Dp(i) Q(i)Dp(i)
D} (1)Q(i) —e5, (i1 0 0
DL (H)Q(i) 0 —eg, ()1 0
DL(H)Q(i) 0 0 —e5 (i)1
Ep(i)K (i) 0 0 0
Ep(i)K (i) 0 0 0
K(i) 0 0 0
L D¢ (LT (1)Q(4) 0 0 0
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KT()EL () K (0)Eg(i) KT (i) Q()L(i)De, (4)
0 0 0 0
0 0 0 0
0 0 0 0
—ep, ()] 0 0 0 <0, (389
0 —eo@I 0 0
0 0 I 0
0 0 0 —ec, (i)1

where
Hp(i) = [A(') +B(i)K(i)]" P(i) + P(i) [A(i) + B()K (i)]
+ZMP )+ W () P(i)W(i) + e (i) E4 (i) Ea(i)

+€cy( VEE, () Ec, (i) + g, () E4 () Ea(i),
Aoli) = [A(') + L(#)Cy (i)] " Q) + Qi) [A(0) + L()Cy (9)]

+ Z A Q(7) + W' (1)Qi)W(i),

then the closed-loop system is stochastically stable under the controller (3.79).

Proof: Considering the same Lyapunov candidate function as the previous
theorem and following the same steps, we get

LV (x(t), e(t), ')—277 (AT (@OP()n(t) + 20" (HAAT (i, OP(i)n(t)

+Zm n(t) + 1" (OWT @PEW(E)n(E),

which can be rewritten as

N

LV (x(t),e(t),i) = 1" (t) [AT(Z') (i) + P(D)AG) + Y Ay P(j)

+AAT (i, t)P(i i
+W T () P(i)W(i

Notice that

X

Q(
AA(i,t) + AB(i, t) K (i) —AB(i, t) K (i)
AA(i,t) + AB(i,t) K (i) + L(i) AC, (i, t) —AB(i, t) K ( }
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P(i)AA(i,t) + P(i)AB(i, t) K (i) P(i)AB(i,t)K(i)}

Qi) AA(i, 1)
)AB(i, t)K( ) —Q()AB(i, ) K (i) | °

+Q(i
+Q(i)L(i) AC, (i, 1)

AAT (i, t)P(4)

. . AAT (i,1)Q()
AAT(l,t)P<Z) T i T i i
KT DaB" e oro) +§Cg>@%§,.;gg§>] ,
“KTMABT(i,0)PG) —KT({H)ABT(i,HQ()
and

{ (D) AA(i, 1) 0} [P( )DA(i)Fa(i, ) Ea(i) 0}

0 0 0 0

_ [P(z’)DA(z) 0] [FA(i,t) 0] [EA(Z') 0}

0 0 0 0 0 0

[ 0 0} B [ 0 0}

Q)AA(t) 0| | Q)Da(i)Fa(i,t)Ea(i) 0

[P(Z)AB(Z t)K (i) 0} _ [P(i)DB(z)F (i,t)Ep (i) K (i) o}
0 0 0 0

_ l:P(Z)DB(Z') 0} [FB(i,t) 0] [EB(Z')K(Z') 0]

0 0 0 0 0 0
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{8 —P(i)Alz(M)K(i)} _ {8 _P(i>DB(i)FBO(i’t)EB(i)K(i)]
_ {0 —P(z’)DB(i)} {0 0 } {0 U }
0 0 0 Fp(i,t)| |0 Eg(i))K(i) |’

[0 0 } B [0 0 }
0 —Q)AB(i,t)K(i) | |0 —Q(i)Dp(i)Fp(i,t)Ep(i)K (i)

- {8 —Q(i)ODB(i)] [8 FB(()i,t)} {8 EB(i(;K(i)} :
Using Lemma 7 from Appendix A, we get
{P(z‘)AOA(i,t) 8} N [AAT(%t)P(i) 0]

<eal) [FOPAD 2] TPAOPE 0

{P(i)AB(z’,t)K(i) o} N {KT(Z')ABOT(Z'J)P(Z') 0]
0
Ep )

0
ezt [[TOFO 0] [E0K0 0

_ {EB(Z')P(Z')DB ()DL (@) P(i) + 5 (KT (1) EL (1) Ep (i) K (i) 0}

0 0]’

[ 0 0} [o AAT(i,)Q(i)
Q(i)AAG, 1) 0| T [0 0
0 0
< . (1) {0 Q(i)Da(i)D 4 (1)Q(i)

157
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[ 0 0] n [0 KT(H)ABT (i,)Q(i) ]
Q(i)AB(i,t)K(i) 0 0 0
. [0 0 ]
< £, (1) [ Q()Ds(i)DL()Q() |

0 [KV DEROEBOK() 0]
_ [6Q2< KT ()ER () Ep(i)K (i) 0
0 20, ()Q(0)Ds()) DE(1)Q() |

[ 0 o] N [0 AC,) (i, ) LT (1)Q(4) |
QU)LG)AC,(G,4) 0] T |0 0

1,410 0 i

< éc, (0 {o Q(i)L(i) D ()D ()LT(i)Q(i)_

KT(i)ABT (i,t)P(i) |
< ep [ POPEOPROPO
1,410 0

_ {apl (i)P(i) D (i) D (i) P(i) 0
0 ep (VK T(DEL () Ep()K () |

[0 0 ] N [0 0
0 —Q(i)AB(i,t)K(3) 0 —K"(i)ABT(i,t)Q(i) |
L [0 0
< (@) [o Q@) Ds(i)D
0 0
)

(i)Q(i):
<o (D) [0 KT()EL(i

b
Ep(i)K(i)

0 0
= [0 [ eq(1)Q(i) Dy (1) D (1)Q(i) ﬂ :
+eg (1)K T (0) EE (1) Ep (1) K (i)

Using all these transformations, we obtain
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LV (@(t),e(t),i) <" (T (@)n(t),

with

®(i) = AT (i)P(i) +Z)\”]P’ )+ W (G)P(i)W(i)

+ [m( i) P(i) Da(i) D} (i >PO< i) + 22" (D EL () Ea) o]
0

ep(i)P(i)Dg (i) DL (i) P(i)

+ [[+e§1(z‘)KWi)Eg(z‘)EB(z')K(i)} 0]

N {Eéf(i)&g (i) Eali)

N [s@i(i)KW)Eg (i) Ep(i)K (i)

0 0
0 .
£Q (1) Q1) Da()) D A (1)Q(0) |
0 :
£q.(1))Q(i) Dp(i) D}y (i)Q(i)__
0

0 ec, QL) De, (1) D¢, (LT (1)Q()

+ {6131 (i) P(i)Dp (i) D j (i) P (i) 0
0 ep (VKT () EL () Ep (1)K (i) |

159
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Using these expressions, we have

where

—

T

N—

—

| <t

w

+ =

==X

AR

—_

= = M

/l\(\E

F<hkEm =
=

—~ o~

S+ + + +

=

— &

i) + L()Cy (0)] + [AG5) + L(1)Cy ()] Q(3)

~

(i) = Q) [A

—~
S
~

~—~ o~
......

—

~

—_— — — e — —

Notice that

Using Lemma 2 from Appendix A, we get
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< [P(i)B(i)BT(i)P(i) 0
= 0 KT@H)K(@G) |

letting _#p(i) and _Zq(i) be defined as follows:

Fpli) = [AG) + BOK(D)] P(3) + P() [AG) + BOK ()]
W (5) P()YW(i) +ZAUP +ex () EL () Eali)

+ec, (1) B¢, (1) Ec, (i) +5Q1(7’)EA( i)Ea(7)
Soli) = Q@) [AG) + L(E)C,y (')] +[A@) + L), (D] Q(i)

+WT(3) )+ Z A Q)

and taking care of all these transformations, we get

Sp(i) P(i)Da(i) P(i)Dp(i) P(i)Dp (i)
D)(i)P(i) —e;'l 0 0
DL (i)P(i) 0 —e5'l 0
DE(i)P(i) 0 0 —ep 1
Ep(i)K(i) 0 0 0
Ep(i)K (i) 0 0 0
BT (i)P(i) 0 0 0
KTG)EL()) KT (i) (i) P(i)B(i)
0 0 0
0 0 0
0 0 0 <0,
—EBH 0 0
0 —EQ2H 0
0 0 -1 |
Zqli) Q(i)Da(i) Q(i)Dp(i) Q(i)Dp(1)
D} (H)Q(i) —eg11 0 0
DE(H)Q(i) 0 —eoi1 0
DL (#)Q(i) 0 0 —e5'T
Ep(i)K (i) 0 0 0
Ep(i)K (i) 0 0 0
K(i) 0 0 0
D} ()L (3)Q(i) 0 0 0
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KT (0)EL () K™ (0)ER(i) K™ (i) QU)L()De, (i)
0 0 0 0
0 0 0 0
0 0 0 0 <0
—ep,I 0 0 0 ’
0 —eql 0 0
0 0 —I 0
0 0 0 —eo, (|

which are both negative-definite by hypothesis.
Using (3.87)—(3.88), we conclude that @(i) < 0 for all ¢ € . and therefore

JjE

) . . x(t)
LV (x(t),e(t),1) < —min {Amin [} [27(8) e (1)] [e(t)] :

The rest of the proof of this theorem can be obtained using the same steps
used in the proof of Theorem 32. g

Let us now return to the determination of the controller parameters
K = (K(1),--- ,K(N)) and L = (L(1),---,L(N)). Transform the condi-
tions (3.87) and (3.88), starting with (3.87). Let X (i) = P~!(i). Pre- and
post-multiplying the left-hand side of the equivalence of this condition (using
the Schur complement) by X (i) gives the following condition, which implies
the previous one:

This inequality can be rewritten as follows:

XA (@) + X@OK T (1)B" (i) + A@0)X (i) + B(i)K (1) X (i)
+B()BT (i) + ea())Da() D3 (1) + €5 ()X () E} (1) Ea (i) X (i)
+ep(i)Dp(i)Dp (i) + ep ()X (K T (1) ES (1) Bp (i) K (1) X (i)

) ec, (X (1) ES, (1) Ee, ()X (i)
(4)

+eor (DX () EL () Ea(i) X (i) +
) ) VK (i) X (i) +ep, (i) D (i) D

)
+€Q2 ()X()KT()ELG)Ep(i )

+ Z N X)X 7YX E) + X)W ()X (i)W (i) X (i) < 0,
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which, after lettmg Y.(i) = K(¢)X (¢) and using the Schur complement and the
fact that E L AGX (DX THH)X () = A\ X (1) + Si (X)X HX)S (X), gives

Zx(i)  X()EL() X()EL () Y, (1) EL (i)
EA()X (i) —ea(i)l 0 0
Ea(i) X (i) 0 —£q, (1)1 0
EB(Z)YC(’L) 0 0 —EB(’i)]I
Eg(i)Y.(i) 0 0 0
W (i) X (3) 0 0 0
Ec, (1) X (i) 0 0 0

ST(X) 0 0 0

Y () EL (1) X(@)WT (i) X(1)ES, (i) Si(X)

0 0 0 0

0 0 0 0

0 0 0 0

—e0, () 0 0 o |<°

0 — X (4) 0 0

0 0 -1 0

0 0 0 —X(X) |

with
Zx (i) = X(i)AT (i) + Y., ()BT (i) + A({) X (i) + B(i)Ye(i)
+B(i)B (i) + M\ X (1)
+e4(i)Da(i)D ) (i) + ep(i)Dp (i) D (4)
+ep, (1) Dp (i) D (i).

For (3.88), following the same steps as for the inequality (3.87), we have

Qi) [AG) + L)Cy (1)) + [A(0) + LEC, ()] Q) + WT (1)Q(i)W(i)
+eq, (NQ()Da(i) DA (1)Q() + eq, ()Q(1) Dp (i) Dy (1) Qi)
+ep, (1)K (1) B (1) Ep (1)K (i) + £q()Q(1) Dp (1) Dy (1)Q(0)
N
+eg (DK () EL () Ep(i)K (i) + KT (0K @) + Y 2;Q()

j=1

t+ec! ()Q(i)L(i) De, (1) DS, ()) LT ()Q(i) < 0.

Letting Y, (¢) = Q(4)L(4) and using the Schur complement, we get
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Zq(i)  Q(i)Da(i) Q(i)Dp (i) Qi) Dp(i)
Di(1)Q(i) —eg, ()l 0 0
DE(1)Q(i) 0 —e5, (D)1 0
D (1)Q(i) 0 0 —e5 (i)I
Ep(i)K (i) 0 0 0
Ep(i)K (i) 0 0 0

K(i) 0 0 0

LD, ()Y, (i 0 0 0
KT()BL(i) KT()EE (i) KT (i) Yo(i)De, (i)

0 0 0 0

0 0 0 0

0 0 0 0 0
—ep, ()1 0 0 0 <%

0 —eq()I 0 0

0 0 —I 0

0 0 0 —ec, ()

with
Rq(i) = AT(1)Q(i) + Q( ')A(‘) +Yo())Cy(4) + C, ()Y, ()

+ZAUQ )+ W (HQE)W().

The following theorem summarizes the results of this development.

Theorem 35. Let 4 = (€4(1), -+ ,ea(N)), eg = (es(1), -+ ,eB(N)), eq =
(EQ(l)v T 7€Q(N))7 €Q: = (ng(l)v T HEQ (N))7 €Q, = (ng(l)v T
€, (N)), and ep, = (ep,(1),--- ,ep,(N)) be sets of given positive scalars.
If there exist sets of symmetric and positive-definite matrices X = (X (1),--- ,
X(N)) >0 and Q = (Q(1),--- ,Q(N)) > 0 and matrices Yo = (Yc(1),---,
Y.(N)) and Y, = (Y, (1), -+, Yo(N)) such that the following set of coupled
LMIs holds for each i € . :

Zx (i) X()EL() X()EL() Y. () EL ()
EA()X (i) —ea(i)l 0 0
EA())X (i) 0 —e0, ()T 0
EB(Z)Y::(Z) 0 0 —€B(i)]1
Bp(i)Yo(i) 0 0 0
W ()X () 0 0 0
Ec, (i)X (i) 0 0 0

ST (X) 0 0 0
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YO EL(@) X@WT (i) X (1) ES, () Si(X)
0 0 0 0
0 0 0 0
_EQ(Z (4)I 8 8 0 <0, (3.89)

0 —X (i) 0
0 0 —I 0
0 0 0 ~X(X) |

[ Zq(i)  Q(i)Da(i) Q(i)Dp(i) Q(i)Dp(i)
D} ()Q(i) —eq (i) 0 0
DL ()Q(7) 0 —eq, (1)1 0
D4 (1)Q(i) 0 0 —eg ()1
Ep(i)K (i) 0 0 0
Ep(i)K (i) 0 0 0

K(3) 0 0 0
L D¢, ()Y, (d 0 0 0
KT (0)BL(i) KT(0)Eg (i) K (i) Yo(i)De, (i)

0 0 0 0
0 0 0 0
0 0 0 0

—ep, (i1 0 0 0 <0, (3.90)
0 —eq (i)l 0 0
0 0 —1 0
0 0 0 —ec, (i)l

with
Rx (i) = X(D)AT () + Y. ()BT (i) + A(i) X (i) + B(i)Ye(i)
+B(i)BT (i) + Aii X (i)
+ea(i)Da(i)) D (i) + (i) Dp(i) D (i)
+ep, (1)Dp (i) D (i),
Ao (i) = AT()QI) + Qi) A(i) + Yo (i)Cy (i) + C,f (i)Y, (i)

N
+3°XQU) + W (1)Q()W(i),
j=1

then the controller gains that stochastically stabilize system (3.78) are given
by
KG) = Yo(i)X~2(3), (3.91)
L(i) = Q71 (i)Yo (i) (3.92)
Ezxample 40. To show the usefulness of the developed results in this theorem,

let us consider the two-mode system of the example considered before with
the same data.
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Fix the required positive scalars to the following values:

ea(1) = 0.10,
ep(1) = (1) = egi(1) = eg2(1) = ep(1) = 0.50,
£a(2) = 0.10,
e5(2) = £0(2) = £01(2) = £02(2) = £p(2) = 0.50.

Solving the LMIs (3.89)—(3.90), we get

x| ol |+ X =[S o
v = [ e 0= [0 e
o= i wias |- 9= [5G i
= [ s+ 0= [Soaunt o

The corresponding gains for the
K= |
za = |

—6.3302 —0.1874 |
—0.0131 —5.7818 |

—1.2327 —1.3468 ]
0.2582 —5.2278 |

considered controller are given by
—5.0911 —0.6797
—0.2228 —4.9460

—4.3851 0.2613
—1.5283 —0.6987

NS
)=

Based on the results of this theorem, the system of this example is sto-
chastically stable under the observer-based output feedback control with the
computed gains.

3.6 Stabilization with Constant Gains

Earlier in this chapter we supposed complete access to the system mode. In
reality, this is hard to achieve and we must estimate the mode to continue to
apply the previous results. In this section, we relax this assumption and try
to synthesize controllers that do not require knowledge of the mode.

Let us start by designing a constant gain state feedback controller for the
nominal system. The structure for this controller is given by

u=2x(t), (3.93)

where JZ is a constant gain that we have to determine.
Using the nominal system dynamics (3.1) and the expression of the con-
troller, we get the following expression for the closed-loop system:

#(t) = [A(r(8)) + B(r(t))# ] x(t).
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Theorem 36. Let 2 be a given gain matriz. If there exists a symmetric and
positive-definite matriz P > 0 such that the following set of LMIs holds for
each i € 7 :

AT ()P + # BT (i)P 4+ PA(i) + PB(i)# <0, (3.94)

then the nominal system (8.1) is stochastically stable under the state feedback
controller with constant gain.

Proof: Let P > 0 be a symmetric and positive-definite matrix and definite
the Lyapunov candidate function as follows:

V(xe,r(t) =14) = x ' (t)Px(t).

Let . denote the infinitesimal generator of the Markov process (z(t), r(t)).
The expression of the infinitesimal operator acting on V(.) and emanating
from the point (z,4) at time ¢, where x(t) = « and r(t) = i for ¢ € .%, is given
by

N
LV (x(t),i) = & (t)Px(t) + 2" ()Pi(t) + Y \ija' (t)Px(t)

Using the fact that Z;VZI Aij = 0 for every i € .7, we get

LV (x(t),i) = @' (t)Px(t) +z ' (t)Pi(t)
= [[AG) + B(@)#]a(t)]" Pa(t) + " (t)P [A(i) + B(i).A] (t)
= a2"(t)[AT()P+ 4 BT(H)P + PA(’L) + P B(i)] (t)
= a (1) A@0)x(t),

with A(i) = AT(i)P + # TBT(i)P + PA(i) + PB(i).% .
Using (3.94) we get

LV (@(t),1) < —min {Amin (= 4(0))} ' (t)a(t).

The rest of the proof of Theorem 36 can be obtained following the same steps
as before. O
From this theorem, it is possible to stochastically stabilize the class of
systems we are considering if condition (3.94) is satisfied. The P we need is
constant and does not depend on the mode 3.
To determine the gain /", transform the condition (3.94). For this purpose,
let X = P~! and pre- and post-multiply this inequality by X to give:

XAT(i)+ X2 "B (i) + A())X + B(i)# X < 0.

Letting K = ' X, we get
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XAT(i)+ K"B" (i) + A(i)X + B(i)K < 0.
If this LMI is feasible, the controller gain is given by
H =KX '=KP. (3.95)

The controller gain can be determined by solving the LMI of the following
theorem.

Theorem 37. If there exist a symmetric and positive-definite matriz X > 0
and a constant gain K such that the following set of LMIs holds for each
1€ S

XAT (i) +A@)X + K"BT (i) + B(i)K <0, (3.96)

then the state feedback controller with the gain # = KX~' stochastically
stabilizes the nominal system.

FEzxample /1. Let us consider the system with two modes considered in the
previous example. Notice that the system is instable in mode 1 and it is
stochastically instable. Solving the LMI (3.96), we get

¥ — 0.4791 0.1129
~10.1129 0.4698 |’

which is a symmetric and positive-definite matrix. Using (3.96) gives the fol-
lowing constant gain:

= [ 9.8277 —51.0015] .

51.1597 —14.6804
With this controller, the closed-loop state equation becomes
i(t) = Aa(i)z(t),
with

[10.8277 —51.5015 |
51.2597 —13.6804
Aa(i) =4 ) (3.97)
[ 9.6277 —51.5015 |
51.6597 —14.9304

,when ¢ =1,

, otherwise.

The standard conditions for stochastic stability can be summarized as
follows: If there exists a set of symmetric and positive-definite matrices P =
(P(1), P(2)) > 0 such that the following holds for each r(t) =i € .7
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N
AL P(i) + P(i)Aa(i) + > A\ P(j) <0
j=1

then the closed-loop state equation is stochastically stable.
Using these conditions, we get the following matrices:

8.5974 —2.0276

P = 50276 8.4410 ] . PO

5.5621 —0.4028
—0.4028 5.6338

which are both symmetric and positive-definite and therefore the closed-loop
system is stochastically stable under the constant gain state feedback con-
troller.

If the uncertainties are acting on the dynamics, the previous results can
be extended to handle this case. In fact, if we replace A(7) and B(i) by A(:) +
AA(i,t) and B(i) + AB(i,t), respectively, in the previous condition, we get
for every i € .7
XAT(i)+ A()X + KB (i) + BG)K + XAAT (i,1)
+AA(i, )X + KTABT (i,t) + AB(i,t)K < 0.

Using Lemma 7 from Appendix A, we get

XAAT(i,t) + AA(i,t) X < ea(i)Da(i)D} (i)
+ea ()X EL (D) Ea(DX,

KTABT(i,t) + AB(i,t)K < ep(i)Dp(i)D} (i)
+e5' (VK TEL () Ep(i)K.

Based on these inequalities we need to have the following to guarantee the
stochastic stability of the closed-loop state equation:

XAT(i) + A()X + KB (i) + BG)K
+ea(i)Da(i)D A (i) + (i) Dp (i) D (i)
+e M) XEL () Ea(i)X
+e5'()KTEL () Ep(i)K < 0,

which implies the previous one.
Using the Schur complement, we get

/(l) XEj(i) KTEL(i)
E (d)X — ( )T 0 <0, (3.98)
Eg(i))K 0 —ep(1)l

with

I(i)=XAT(i)+ A@)X + K'B' (i) + B(i)K



170 3 Stabilization Problem
+ea(i)Da(i)D s (i) + e (i) Dp (i) D (i).

The following theorem determines the controller with constant gain that
robustly stochastically stabilizes the class of systems we are studying.

Theorem 38. If there exist symmetric and positive-definite matrices X > 0
and sets of positive constants €4 = (e4(1),--+ ,ea(N)) and eg = (ep(1),-- -,
ep(N)) and a constant gain K such the following sets of LMIs (3.98) hold for
every i € ., then the stabilizing controller gain is # = KX .

Example 42. To design a robust stabilizing controller with constant gain, let
us consider again the two-mode system of the previous example.

Letting e4(1) = €4(2) = 0.5 and ep(1) = ep(2) = 0.1 and solving the
LMIs (3.98), we get

o 0.2641 0.0897 K- —0.5365 —0.0496
~ 10.0897 0.2001 |’ ~ | —0.0315 —0.5139 | ’

which gives the following gain:

= —2.2975 0.7827
| 0.8891 —2.9678 "
Using the results of this theorem, the system of this example is stochasti-
cally stable under the state feedback controller with the computed constant

gain.

Let us now consider the effects of external Wiener process disturbance
to see how we can design a controller with constant gain that stochastically
and/or robustly stochastically stabilizes the system.

Based on the results of Chapter 2, the free nominal system will be stochas-
tically stable if there exists a symmetric and positive-definite matrix P > 0,
such that the following holds for each i € .%:

AT ()P + PA(i) + W' (1) PW(i) < 0.

Plugging the controller expression into the system dynamics, we get the
following dynamics for the closed loop:

dz(t) = [A(r(t)) + B(r(t)) 2] x(t)dt + W) z(t)dw(t).

Replacing A(i) by A(:) + B(i)#, we get the following condition for sto-
chastic stability of the closed-loop state equation for every i € .%:

[A(i) + B(i)#]" P+ P[A(i) + B(i)# ]+ W (i)PW(i) < 0.

Notice that this inequality is nonlinear in the design parameters P > 0
and 7. Let X = P~!. To put it into LMI form, pre- and post-multiply this
inequality by X. After some simple algebraic manipulations, we get
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XAT(i)+X# "B (i)+ A(i)X + B(i)# X
+XWT (i) P7'W(i)P < 0.
Letting K = J# X, we obtain the following LMI:

WZ()Z))( X ‘f’;i) <0, (3.99)

where
(i) =XAT(i)+ XA(i) + K'B' (i) + B(i)K.
The following theorem summarizes the results of this development.

Theorem 39. If there exist a symmetric and positive-definite matriz X > 0
and a constant gain K such that the following set of LMIs (3.99) holds for
each i € %, then the state feedback controller with the gain J# = KX !
stochastically stabilizes the system.

Ezample 43. To show the usefulness of the results of this theorem, let us con-
sider the two-mode system of the previous example. Solving the LMI (3.99),
we get

¥ — 11.7639 1.8477 K- —15.5182 19.8940
T 1.8477 11.6092 |’ ~ | —19.0505 —16.6443 |’

which is a symmetric and positive-definite matrix. (3.95) gives the following
constant gain:

= {—1.6290 1.9729 } _

—1.4300 —1.2061

With this controller, the closed-loop state equation becomes

@(t) = Aa(r(t)z(t),

with
[—0.6290 1.4729 ]
,when r(t) =1,
—1.3300 —0.2061
Ag(t) = ] )
—1.8290 1.4729 .
, otherwise.
—0.9300 —1.4561

The standard conditions for stochastic stability can be summarized as
follows: If there exists a set of symmetric and positive-definite matrices P =
(P(1), P(2)) > 0 such that the following holds for each i € .
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N
AL)P() + P(i)Aali) + > X P(j) <0,
j=1

then the closed-loop system is stochastically stable.
Using these conditions, we get the following matrices:

P(1) = 23.2198 —1.0277 13.4892 1.7971 ] ,

~ [ -1.0277 31.4927} PO = [1.7971 17.1656

which are both symmetric and positive-definite. Therefore the closed-loop sys-
tem is stochastically stable under the constant gain state feedback controller.

If both the external Wiener process and the uncertainties are acting on the
systems, similar results can be obtained. In fact, if we replace A(i)+ B(i).# by
A()+AA(i,t)+ B(i)# + AB(i,t). 2, we get the following required condition
that guarantees robust stochastic stability:

[A(i) + AA(i, t) + B(i)# + AB(i, t).¢]" P

+P[A(3) + AA(i,t) + B(i) X + AB(i,t).%]

+WT(i)PW(i) < 0.
Notice that this inequality is nonlinear in the design parameters P > 0
and .# . Let X = P~!. To put it into LMI form, let us pre- and post-multiply

this inequality by X. After some simple algebraic manipulations, we get for
every i € .

XAT(i)+ X2 "B (i) + A()X + B(i) # X
+XWT()PTIW(i)X + XAAT (i,t) + AA(i, 1) X
+X#TABT(i,t) + AB(i,t).# X < 0.

Using Lemma 7, we can transform the term X AAT (i, t) + AA(i,t) X and
XAH# TABT(i,t) + AB(i,t)# X as before, and after letting K = # X, we
obtain the required LMI that guarantees the stochastic stability of the closed-
loop:

Z(i) XET(i) KTEL(@i) XWT ()

Ea(i)X —ea(i)l 0 0

Eg(i)K % —ep(i)I 0 <0, (3.100)
WEHP 0 0 X

where

J(i)=XAT(i)+ A()X + K" BT (i) + B(i)K
+ea(i)Da(i)D ) (i) + (i) Dp (i) D5 (3)-

The following theorem summarizes the results of this development.
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Theorem 40. If there exist a symmetric and positive-definite matriz X > 0
and sets of positive constants €4 = (€4(1),--+ ,ea(N)) and eg = (ep(1),-- -,
ep(N)) and a constant gain K such the following sets of LMIs (3.100) hold
for every i € .7 then the stabilizing controller gain is # = KX 1.

Ezxample 44. To design a robust stabilizing controller with constant gain, let
us consider again the system with two modes of the previous example. Letting
ea(l) = e4(2) = 0.5 and ep(1) = ep(2) = 0.1 and solving the LMIs (3.100),
we get

p_ 0.4208 0.0578 K- —0.5702 0.0343
~ 10.0578 0.4165 |’ ~ | 0.0044 —0.6076 |’

which gives the following gain:

- {1.3931 0.2755 } .

0.2147 —1.4885

Using the results of this theorem, the system of this example is stochastically
stable under the state feedback controller with the computed constant gain.

3.7 Case Study

To end this chapter let us consider the system described in Chapter 1 involving
the VTOL helicopter. With the same data given in Chapter 1 and assuming
that we have access to the state vector, let us design a state feedback controller
using the developed design method. Solving the set of coupled LMIs, we get

[0.6065 0.0053 0.0872 0.0395 |
0.0053 0.5756 0.0103  0.0031

0.0872 0.0103 0.6253 —0.0854
| 0.0395 0.0031 —0.0854 0.5060 |

[1.1272 0.0239 0.2684 0.2290 ]|
0.0239 1.0095 0.0275 0.0129

0.2684 0.0275 1.1807 —0.2519
| 0.2290 0.0129 —0.2519 0.7662 |

[1.1347 0.0128 0.1733 0.2183 ]
0.0128 1.0560 0.0264 0.0342

0.1733 0.0264 1.2140 —0.2585
 0.2183 0.0342 —0.2585 1.0168 |

[—0.0436 —0.0125 —0.0838 0.1196
| —0.0396 —0.0673 —0.0 —0.2067 |’

y(2) = [—0.0966 0.1326 —0.0591 —0.0611
= | -0.1242 —0.0567 0.0 —0.4055 |’
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[—0.0154 0.1039 —0.1804 0.6468 |
| —0.1239 —0.0234 0.0  —0.0982 |

~!
—
<
=
|

which gives the following gains:

[—0.0731 —0.0207 —0.0925 0.2266 |

KQ) = | —0.0301 —0.1135 —0.0505 —0.4139 | ’

K(2) = [—0.0578 0.1354 —0.0580 —0.0838 ]
= | 0.0412 —0.0460 —0.1330 —0.5846 | ’

K(3) = | 01448 0.0782 0.0125 06678

| —0.0939 —0.0185 —0.0025 —0.0764 |

We can also assume that we do not have access to the mode and try to
design a constant gain state feedback controller. Using the previous results
and solving the set of LMIs, we have

[ 3.3304 —1.0031 0.1220 0.6575
¥ — —1.0031 1.4556 0.2100 —0.4049
0.1220 0.2100 1.4461 —0.5585 |’
| 0.6575 —0.4049 —0.5585 0.9409
v — [ 0.1386 0.1416 0.2689 0.2778 ]
| —0.0621 0.1817 0.4079 —0.2551 |’

which gives the following constant gain:

—0.0465 0.1876 0.4156 0.6552 ]

K= 0.0186 0.0719 0.2235 —0.1205

If we assume that the state vector is not accessible, we can design an
output feedback controller using the previous results. Using the same data as
before and solving the appropriate set of coupled LMIs gives

[ 9.7282 —1.8814 —0.2079 —1.9571
X(1) = —1.8814 4.7466 1.9035 3.6740
~ | =0.2079 1.9035 9.2696 1.4797 |’

| —1.9571 3.6740 1.4797 14.7762

[ 8.8208 —1.4447 0.3358 1.1365
X(2) = —1.4447 4.2255 1.4165 4.9098
~ | 0.3358 1.4165 9.4633 0.4707 |’

| 1.1365 4.9098 0.4707 10.5495

[ 9.7866 —3.3633 1.0574 —0.4175
X(3) = —3.3633 6.1659 2.7704 4.5104
~ | 1.0574 2.7704 7.5558 —1.2452 |’

| —0.4175 4.5104 —1.2452 8.9236

[6.1898 0.0671 0.8070 0.3487
Y(1) = 0.0671 5.8269 0.0888 0.0155
~ 1 0.8070 0.0888 6.2532 —0.7316 |’

| 0.3487 0.0155 —0.7316 5.2439
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[10.4897 0.2056 2.4237 1.9123 ]
0.2056 9.5823 0.2373 0.0815

2.4237 0.2373 11.0087 —2.1617 |’
| 1.9123 0.0815 —2.1617 7.2361 |

[10.3650 0.1051 1.4839 1.7359 ]|
0.1051 9.9009 0.1995 0.2453
1.4839 0.1995 11.1810 —2.1769 |’
| 1.7359 0.2453 —2.1769 9.3320 |

[ —3.3800 5.1499
—5.4839 0.3679

1.5367 0.0 ’
| —14.1434 13.5104

[—4.1110 2.5550
—3.9626 1.0908
1.7776 0.0 ’
| —4.8024 16.8858

[ —3.5742 2.2258
—5.4298 1.4920

256429 -0.0 |’
| —15.4107 17.4410

[ —0.3879 —0.2185 —0.8007 1.0865 |
| —0.3573 —0.7192 —0.0 —2.2098 |

[ —0.8189 1.0843 —0.5558 —0.6340 |
| —1.0365 —0.5550 —0.0 —3.8356 |

[—0.1996 0.8602 —1.5629 5.8799 ]
| —1.0439 —0.2591 0.0  —0.9351 |

which gives the following gains:

[—0.8071 0.6479 —0.7407 0.1657
—0.9743 —0.8361 —1.0124 —0.6135
0.8275 —0.0130 0.0909 —1.6445 |’
—0.8736 1.1252 0.1745 1.1515

0.7175 —0.6640
1.0119 0.5559
—0.5036 0.0556 |’
0.8608 —1.1607

—0.0608 —0.0358 —0.0965 0.1979
—0.0266 —0.1213 —0.0446 —0.4255 |’

[—1.0678 —1.1790 —1.0286 —1.9246
—2.7181 —6.1764 —1.5655 —5.4328
1.0969 —0.1029 —0.3614 —1.2342 |’

| 0.7875 4.3755 1.7833 4.4348

175
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[ 1.0047 1.2911
2.4371 5.7491
Kp(2) = —0.5630 —0.7171 | ’
| —0.7801 —4.4594
Ke(2) = [—0.0492 0.1165 —0.0606 —0.0940
@7 0.0344 —0.0508 —0.1192 —0.5742 |’
[—0.2155 —3.5038 —0.1381 —3.8405
Ka(3) = 0.9598 —10.5379 0.8146 —10.2005
A= 0.0594 55874 —1.0472 4.1746 |
| —2.2909 7.7417 —1.1495 7.8591
[ 0.1085 3.6175
—0.8997 10.1916
Kp(3) = 0.3646 —5.6498 | ’
| 2.2687 —7.8583
Ke(3) = [—0.1298 0.0720 0.0033 0.6531
A7 ~0.0856 —0.0231 —0.0047 —0.0848 | -

For the observer-based output feedback controller, using the same data as
before and solving the appropriate set of coupled LMIs gives

[76.2103 0.6638 10.9612  4.9596
(1) | 00638 72:3326 12929 0.3952
~ 10,9612 1.2929 78.5798 —10.7318 |’
| 4.9596 0.3932 —10.7318 63.5807
[141.6507 3.0038 33.7306 28.7827 ]
X(2)— | 30038 1268566 3.4561 16243
T | 33.7306 3.4561 148.3684 —31.6521 |’
| 28.7827 1.6248 —31.6521 96.2770 |
[142.5915 1.6080 21.7749 27.4260 ]|
x(3)— | 16030 1326978 3.3168 42958
T | 21.7749 3.3168 152.5544 —32.4800 |’
| 27.4260 4.2958 —32.4800 127.7716 |
Y.(1) = [—5.6210 —6.4418 —5.9411 15.0267
e/ 7 | —5.2413 —6.1006 0.0 —25.9682
Y(2) = [—12.2878 13.0699 —2.8444 —7.6732
T -15.8768 —3.7312 0.0 —50.9584 |
Y.(3) = [ —2.0774 T7.4119 —18.0888 81.2837
T -15.8380 —1.2188  —0.0 —12.3391 |’

which gives the gains

K(1) = —0.0842 —0.0890 —0.0298 0.2384
~ | —0.0339 —0.0809 —0.0505 —0.4138 |’
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K(2) = —0.0707 0.1061 —0.0198 —0.0669
~ | 0.0387 —0.0192 —0.1330 —0.5843 |’

K(3) = —0.1529 0.0345 0.0472 0.6798
~ | —0.0959 —0.0055 —0.0025 —0.0764 | -

Using this set of gains and solving the other set of coupled LMIs gives

[1.3964 0.2046 0.0651 0.0539
Q(1) = 0.2046 2.4239 —0.0332 0.2200

0.0651 —0.0332 1.3019 —0.1052 |’
| 0.0539 0.2200 —0.1052 0.7997

[1.4429 0.1126 0.0149 0.1668 ]|

Q@) = 0.1126 2.0044 0.0530 0.5171
0.0149 0.0530 1.3584 —0.2004 |’

| 0.1668 0.5171 —0.2004 0.6454 |

[1.4050 0.0540 0.0987 0.0798 |

Q(3) = 0.0540 1.9969 0.0673 0.5242
0.0987 0.0673 1.2275 —0.1072 |’

| 0.0798 0.5242 —0.1072 0.6142 |

[—0.6682 2.6114 ]
—1.9517 3.1193
0.3768 —0.0
—2.4647 —0.4393 |

—0.5672 1.9127 ]
—0.9708 3.4482
0.2759 —-0.0
—1.6452 —0.5542 |

—0.6580 3.2837 ]
—2.7291 3.4712
0.3580 0.0
—3.0845 —0.7045 |

which gives the following set of gains:

[—0.2932 1.7356 ]
—0.5153 1.2313
0.0555 —0.1380

| —2.9133 —1.0232 |

[—0.0873 1.5375 |
0.2466  2.5532
~0.2174 —0.6325

| —2.7919 —3.4984
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—0.0873 1.5375
0.2466 2.5532
—0.2174 —0.6325
—2.7919 —3.4984

L(3) =

3.8 Notes

This chapter dealt with the stochastic stabilization problem and the robust-
ness of the class of piecewise deterministic systems. Under some appropriate
assumptions, different types of controllers like state feedback, output feed-
back, and observer-based output feedback have been studied and LMI design
approaches have been developed for the nominal systems and also for sys-
tems with norm-bounded uncertainties. The results we developed can easily
be solved using any LMI Toolbox such as Matlab or Scilab. Most of the results
in this chapter are based on the work of the author and his coauthors. The
three stabilization techniques require complete access to the mode and the
state vector of the system at time ¢. We have also relaxed the dependence of
the gain on the mode and we developed design approach for a state feedback
controller with constant gain.



4

. Control Problem

In the stabilization chapter we discussed the design of controllers that guar-
antee the stochastic stability of the closed loop for nominal and uncertain
dynamical systems belonging to the class of piecewise deterministic systems
we are considering in this book. In practice we are interested in more than
stability and its robustness; for instance, designing a controller that rejects the
effect of external disturbance that may act on the system dynamics. Among
the controllers we can use to reach this goal, the linear quadratic regulator is
a good candidate for stabilizing and rejecting the effect of disturbances for the
class of piecewise deterministic systems. Unfortunately this approach requires
special assumptions on these external disturbances that should be Gaussian
with some given statistical properties that are difficult to satisfy.

An alternative that copes with the limitation of the linear quadratic reg-
ulator was proposed to synthesize controllers to stabilize systems subject to
arbitrary external disturbances with finite energy or finite average power, and
simultaneously guarantee the disturbance rejection with some desired level.

In this chapter, we study the design of controllers for the class of piece-
wise deterministic systems that guarantee disturbance rejection and ensure
stochastic stability. The robustness problem of this class of systems is also
discussed.

The rest of the chapter is organized as follows. In Section 4.1, the 7%
control problem is stated and the effectiveness definitions given. Section 4.2
deals with the state feedback 2%, stabilization problem and its robustness.
In the Section 4.3, the output feedback 5%, stabilization problem is covered.
The robust stabilization of this controller is also described. Section 4.4 treats
the observer-based output feedback 772, stabilization and its robustness. Sec-
tion 4.5 treats the 7%, stabilization for stochastic switching systems with
multiplicative noise. All the results developed in this chapter are in the LMI
framework and are illustrated by simple examples.
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4.1 Problem Statement

Let us consider a dynamical system defined in a probability space ({2, F,P)
and assume that its dynamics are described by the following differential equa-
tions:

a(t) = A(r(t), t)a(t) + B( (®), )u(t) + Bo(r(t))w(t), z(0) = o,
y(t) = Cy(r(t), () + Dy (r(t), u(t) + By (r(t))w(), (4.1)
2(t) = Cx(r(t), H)a(t) + D= (r(t), thu(t) + B (r(t))w(?),

where z(t) € R™ is the state vector; u(t) € R™ is the control vector; y(t) € RP
is the measured output; z(t) € R? is the controlled output; and w(t) € R is the
system external disturbance. The matrices A(r(t),t), B(r(t),t), Cy(r(t),t),
D, (r(t),t), C.(r(t),t), and D,(r(t),t) are given by

A(r(t),t) = A(r(t)) + Da(r(t)) Fa(r(t), ) Ea(r(t),
B(r(t),t) = B(r(t)) + Dp(r(t)) Fp(r(t),t) Ep(r(t)),
Cy(r(t),t) = Cy(r(t)) + Do, (r(t)) Fo, (r(t), 1) Ec, (r(t)),
C.(r(t), 1) = C.(r(t)) + Do, (r(t)) Fo. (r(t), ) Ec. (r(t)),
Dy(r(t),t) = Dy(r(t)) + Dp, (r(t))Fp, (r(t),t) Ep, (r(t)),
D (r(t),t) = D=(r(t)) + Dp. (r(t)) Fp. (r(t),t) Ep. (r(t)),

)
)s B(r(t), Bu(r(t), Cy(r(t)), Dy(r(t)), By(r(t)), C:(r(t)),
(r®), Da(r(t)), Ea(r(t)), Dp(r(t)), Ep(r(t)), Dc,(r(t)),
( (t)) Do, (r(t), Ec.(r(t)), Dp,(r(t), Ep,(r(t)), Dp.(r(t)), and
p.(r(t)) are known real matrices with appropriates dimensions. The matrices
FA( (t),1), Fp(r(t), 1), Fe,(r(t),t), Fp, (r(t),1), Fo.(r(t),t), and Fp_(r(t),?)
are time-varying unknown matrices satisfying the following for every i € .%:
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The Markov process {r(t),t > 0} besides taking values in the finite set
- represents the switching between the different modes where we assume the
behavior is described by the following probability transitions:

Plr(t+h) = jlr(t) =]
_ {)\ijh + o(h) when 7(t) jumps from i to j ,

| (42)
14+ Aizh+o(h) otherwise,
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where )\;; is the transition rate from mode ¢ to mode j with A;; > 0 when

i#jand Ay = — YN, ., \ij and o(h) is such that lim,_o 2 = 0.
The system disturbance w(t) is assumed to belong to %20, 00), which

means that the following holds:

/00 w' (Hw(t)dt < oc. (4.3)
0

This implies that the disturbance has finite energy.

In the rest of this chapter we deal with the design of controllers that
stochastically stabilize closed-loop systems and guarantee the disturbance re-
jection with a certain level v > 0. We also discuss the design of robust con-
trollers that guarantee the same goal. Mathematically we are concerned with
the design of a controller that guarantees the following for all w € 4]0, 00):

N|=

12|z <7 [llw(®)13 + M (z0,70)] * ,

where v > 0 is a prescribed level of disturbance rejection to be achieved; zy and
ro are the initial conditions of the state vector and the mode, respectively, at
time ¢ = 0; and M (zg,70) is a constant that depends on the initial conditions
(20,70)-

Let us begin this chapter by developing results for the nominal system,
when all uncertainties are equal to zero. Before proceeding let us define the
different concepts we will use for this purpose.

Definition 5. Lety > 0 be a given positive constant. System (4.1) with u(t) =
0 is said to be stochastically stable with y-disturbance attenuation if there exists
a constant M (xg, o) with M(0,79) = 0, for allrg € &, such that the following
holds:

S} 1/2
=12 £ []E/O 21 (t)z(t)dtl (wo,r0) | < [lwll3 + M (xo,70)]

Nl

(4.4)

Definition 6. System (4.1) with u(t) = 0 is said to be internally mean square
quadratically stable (MSQS) if there exists a set of symmetric and positive-
definite matrices P = (P(1),--- , P(N)) > 0 satisfying the following for every
i€

N
AT(i)P(i) + P(i)A(i) + Y _ A P(j) < 0. (4.5)
j=1

By Definition 1 it is obvious that system (4.1) is internally MSQS when
w(t) = 0, (4.1) being free of input disturbance. Likewise, we can give the
following definitions:

Definition 7. System (4.1) with u(t) = 0 is said to be internally SS (MES)
if it is SS (MES) when w(t) = 0.
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Definition 8. System (4.1) is said to be stabilizable with ~y-disturbance rejec-
tion in the SS (MES, MSQS) sense if there exists a control law such that the
closed-loop system under this control law is SS (MES, MSQS) and satisfies

(4-4).

For uncertain dynamics we have similar definitions that are summarized
as follows:

Definition 9. Lety > 0 be a given positive constant. System (4.1) with u(t) =
0 is said to be robustly stochastically stable with vy-disturbance attenuation if
there exists a constant M (xq,ro) with M(0,rg) =0 for all ro € .7, such that
the following holds for all admissible uncertainties:

1
2

2l 2 [E / T T @)t (zo,r0)| < [ll3 + Mzo )] E . (46)

Definition 10. System (4.1) with u(t) = 0 is said to be internally robust mean
square quadratically stable (RMSQS) if there exists a set of symmetric and
positive-definite matrices P = (P(1),--- ,P(N)) > 0 satisfying the following
for every i € . and for all admissible uncertainties:

N
AT(i,t)P(i) + P(i)A(i,t) + Y _ \i; P(j) < 0. (4.7)
j=1

By Definition 1 it is obvious that system (4.1) is internally RMSQS when
w(t) = 0, (4.1) being free of input disturbance. Likewise, we can give the
following definitions:

Definition 11. System (4.1) with u(t) = 0 is said to be internally RSS
(RMES) if it is RSS (RMES) when w(t) = 0.

Definition 12. System (4.1) is said to be robust stabilizable with y-disturbance
rejection in the RSS (RMES, RMSQS) sense if there exists a control law such
that the closed-loop system under this control law is RSS (RMES, RMSQS)
and satisfies (4.6).

The following theorem shows that when w(t) # 0, internal MSQS implies
stochastic stability.

Theorem 41. If system (4.1) with u(t) = 0 is internally MSQS, then it is
stochastically stable.

Proof: To prove this theorem, let us consider a candidate Lyapunov func-
tion defined as follows:

V(z(t),r(t) =z (t)P(r(t))x(t),

where P(i) > 0 is symmetric and positive-definite matrix for every i € .7.
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As before, the infinitesimal operator . of the Markov process {(z(t), r(t)),

t > 0} acting on V' (z(t),r(t)) and emanating from the point (z,i) at time ¢,
where x(t) = x and r(t) = ¢ for i € ., is given by:

LV(x(t),i) = & OP@zt)+z( +ZAW (t)

= ' (1) AT(i)P(i)+P(i)A(i)+Z>\ijp(j)

422" (t)P(i) B, (i)w(t).
Using Lemma 7 in Appendix A, we get the following for any &,,(i) > 0:

22T (1) P(i) B (i)w(t) < e, (i)x" (8)P(i)Bu (i) B, (i) P(i)x(t)
Few(i)w ! (t)w(t).

Combining this with the expression of £V (z(t),i) yields

N
LV (x(t),i) <z (t) |AT()P>) + P(i)A®G) + Z NiiP(4) | z(t)

e 0T (P BG)BL () PE)(E) + eu(i)eT ()(1)
N
=2T() | AT@PE) + POAG) + Y M P(G) | 2(0)

Jj=1

with

Based on Dynkin’s formula, we get the following;:
E [V (x(¢),i) — V(xo,70)] [/ LV (x s))ds|zo, ro]

which combined with (4.8) yields

E[V(z(t),i) — V(zg,r0)] <E [/0 xT(s)E(r(s))x(s)dﬂxo,ro}
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+Ew(i)/0 wl(s)w(s)ds.  (4.9)

Since V (z(t),4) is nonnegative, (4.9) implies

E[V(2(t),9)] + E [/t xT(S)[—E(T(S))]x(S)dSIxo,ro]

0

< V(zg,70) —|—€w(i)/0 w' (s)w(s)ds,

which yields

€S

min{Amin (~Z()))E [ / t xT<s>m<s>ds} <E [ / t xvs)[—E(r(s))]x(s)ds}
< Vi) +eu(i) [ T (s)w(s)ds.

This proves that system (4.1) is stochastically stable. O

Let us now establish what conditions should be satisfied if we want (4.1)
be stochastically stable with y-disturbance rejection. The following theorem
gives such conditions.

Theorem 42. Let v be a given positive constant. If there exists a set of sym-
metric and positive-definite matrices P = (P(1),--- , P(N)) > 0 such that the

following set of coupled LMIs holds for everyi €
. CT(i)B.(i)
J()(Z) |: z . .
L LFP@BLG] (4.10)
[EACEXOREE:

where Jo(i) = AT(i)P(i)—&—P(i)A(i)—l—Z:é\]:1 \ij P(5)+C] (i)C,(i), then system
(4.1) with u(t) = 0 is stochastically stable and satisfies the following:

-

l2ll2 < [V lwll3 + zg P(ro)zo] * , (4.11)

which means that the system with uy = 0 for all t > 0 is stochastically stable
with ~y-disturbance attenuation.

Proof: From (4.10) and using the Schur complement, we get the following
inequality:

N
AT(i)P(i) + P(i)A(i) + Y \ij P(j) + C (i) C. (i) < 0,
j=1

which implies the following since C (i)C, (i) > 0:
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AT()P(i) + P(i)A(i) + Z Ai; P(j) < 0.

Based on Definition 6, this proves that the system under study is internally
MSQS. Using Theorem 41, we conclude that system (4.1) with u(t) = 0 is

stochastically stable.

Let us now prove that (4.11) is satisfied. To this end, let us define the

following performance function:

Jr=E

/O (2" (t)z(t) — VZwT(t)w(t)]dt] .

To prove (4.11) it suffices to establish that J. is bounded, that is,
Joo < V(xo,70) = 29 P(r0) 0.

Notice that for V(x(t),i) = T (t)P(i)z(t), we have

LV (x(t),i) = z' (t)

N
AT (i)P(i) + P(i)A(i) + > AijP(ﬁ] a(t)

j=1

and

21(8)z(t) =P (Dw(t) + 2V (2(t),r(t) = 0" (O 1)),

with

Therefore,

T
Jr=E l/o (2T (t)2(t) — V2w (t)w(t) + LV (2(t), r(t))]dt]
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-E

T
/ .L’V(x(t),r(t))]dt] .
0
Using now Dynkin’s formula,

T
E [/0 LV (x(t),r(t))dt|zg, ro| = E[V(2(T),r(T))] — V(zo,70),

we get

Jr=E VO 1" (OO t)n(t)dt| —E[V (z(T),r(T))] + V (o, 70)-

Since O(i) < 0 and E[V (x(T),r(T))] > 0, (4.12) implies the following:
Jr < V(zo,70),

which yields Jo, < V(xg,70), i-e., ||2]|3 — ¥?[|w||? < zd P(ro)xo.
This gives the desired results:

N

Izll2 < [V2llwl3 + 2q P(ro)o]
This ends the proof of the theorem. O

Ezample 45. To illustrate the effectiveness of the results of this theorem, let
us consider a two-mode system with the following data:

e mode #1:
Ap=| 0% _1;)5} - sw=[5000]
B, = | ?8] o em= ot
nw=[sste]. pa=[900].

e mode #2:
a= 48 Sl Be=[50t0]
B,(2) = '3;3 ?;8] . G9)= —318 ?ﬁg— !
po=[i0]. p=[0].
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The switching between the two modes is assumed to be described by the
following transition matrix:

~2.0 2.0
A= [ 3.0 —3.0}

The desired disturbance level for this example is fixed to v = 5.0. Solving the
LMI (4.10), we get

11.8533 2.5811 10.9411 1.3425
P = [2.5811 6.4475] P2) = [ 1.3425 6.6235] '

Based on the results of the theorem we conclude that the system is sto-
chastically stable and guarantees the disturbance rejection of the desired level

.

Let us return to the dynamics (4.1) and consider now that the uncertain-
ties are not equal to zero. In this case the system with u(t) = 0 for all t > 0
is internally mean square quadratically stable if there exists a set of symmet-
ric and positive-definite matrices P = (P(1),---,P(N)) > 0, such that the
following holds for all admissible uncertainties and for every i € .7:

N
AT (5, t)P(i) + P(i)A(i, t) + Z \i; P(j) < 0.

This condition is useless since it contains the uncertainties F4(,t). Let us
transform it into a useful one that can be used to check the robust stability.
If we use the expression of A(i,t), we get

N
AT (i) P(i) + P(i)A(i) + Z XijP(§) + P(i)Da(i)Fa(i, t)Ea(i)

+E(i)Fj (i,t)D} (i)P(i) < 0.

Using now Lemma 7 in Appendix A, the previous inequality will be satis-
fied if the following holds:

N
AT@)P@) + P@AG) + 3 Mg P() +a(0) Ea () Ba(i)

+e3' () P(i) Da(i) DA (i) P(i) <0,

with €4(7) > 0 for all i € ..
Using the Schur complement we get the desired condition:

[ Jo(1)  P(1)Da(i)

Dy(i)P(i) —ea(i)l } <0, (4.12)
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with Jo(i) = AT (i) P(i) + P(i)AGi) + S35, Ay P(j) + ea(i) EX (i) Ea(i).
The results of this development are summarized by the following theorem.

Theorem 43. If there exist a set of symmetric and positive-definite ma-
trices P = (P(1),---,P(N)) > 0 and a set of positive scalars €4 =
(€a(l), -+ ,ea(N)) such that the following set of coupled LMIs (4.12) holds
for every i € & and for all admissible uncertainties, then system (4.1) with
u(t) =0 for all t > 0 is internally mean square quadratically stable.

The following result shows that if (4.1) is internally mean square stochas-
tically stable for all admissible uncertainties, it is also robustly stochastically
stable.

Theorem 44. Let w(.) € %[0,00). If the system (4.1) with u(t) = 0 for
all t > 0 is internally mean square stochastically stable for all admissible
uncertainties, it is also stochastically stable.

Proof: The proof of this theorem is similar to the one of the previous
theorem and the details are omitted O

Theorem 45. If there exists a set of symmetric and positive-definite matrices
P = (P(1),--- ,P(N)) > 0 such that the following set of coupled LMIs holds
for every i € . and for all admissible uncertainties:

) C/(i,t)B. (i)
Tu() [ +P(i) B (i)

o } <0, (4.13)
[Satlinty | 27080 -

with J, (i) = AT(i,£)P(i) + P(i)A(i, ) + 301 \ijP(j) + CT (i,£)C. (i, 1), then
system (4.1) with u(t) = 0 for all t > 0 is robustly stochastically stable and
satisfies the disturbance rejection of level v,

N

lzll2 < [v*llwll3 + zq P(ro)ao] (4.14)

Proof: Start by proving that if the LMI (4.13) is satisfied then it is implied
that the system is robustly stochastically stable. Notice that if the LMI (4.13)
is satisfied for every i € ., then it is implied that

N
j=1
and since C (i,t)C,(i,t) > 0 for all i € .7 and for all ¢, then we get

N
AT (i, t)P(i) + P(i)A(i, t) + Z Xij P(j) <0,
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which implies that the system is mean square quadratically stable.

Let us prove also that the LMI (4.13) implies that the system satisfies the
disturbance rejection of level «y. For this purpose, choose a Lyapunov function
V(z(t),r(t)) defined as

V(a(t),r(t) = (t)P(r(t)z(t),

where P(i) > 0, ¢ € ., is symmetric and positive-definite matrix.

The infinitesimal operator £ of the Markov process {(z(t),r(t)),t > 0
acting on V(.) and emanating from the point (x,¢) at time ¢, where z(t) = =
and r(t) =i for ¢ € . is given by

N
LV (x(t),i) =z (t) [AT(Z‘, t)P(i) + P(i)A(i, t) + Z i P() | =(t)

1227 (1) P (i) B (D)0 (t).

Let us define the following performance function:

Jr=E

T
/ [T (t)z(t) — 'ysz(t)w(t)]dt] .
0
To prove (4.14), it suffices to establish that J is bounded for all admissible
uncertainties, that is,
Joo < V(20,70) = g P(ro)zo.
Notice that

N
2LV (x(t),i) = =" (t) AT(i,t)P(i)+P(i)A(i,t)+Z)\ijP(j) x(t)

+a T (1) P()Bu (w(t) +w' (8)B] (1) P(i)x(t),

and



190 4 . Control Problem

with
CT (i, 1) B. (i)
O, (i) = - {U(Z) { +P(i) B (i) }
TTOCC] -
(1) = [oT(®) wT(0)]
Therefore,

T
Jr=E VO [27(t)2(t) = YT (w(t) + LV (x(t),r(t))] dt]

T
- VO .,?V(a:(t),r(t))dt] .

From Dynkin’s formula, we get

E

T
/0 2LV (x(t), r(t))dt|xo, To] =E[V(z(T),r(T))] - V(xo,70),

which implies
Jr=E

T
/0 " (O)Ou(r(t))n(t)dt | —E[V (x(T),r(T))] + V(zo, 7). (4.15)

Since O,,(i) < 0 and E[V (z(T),r(T))] > 0, (4.15) implies the following:
Jr < V(zo,70),
which yields Jo, < V(xg,70), i-e., ||2]|3 — ¥?[|w||? < zd P(ro)zo-
This gives the desired results:
1
zll2 < [v?llwll3 + zg P(ro)ao] * ,

which gives (4.14). This ends the proof of the theorem. O

The LMI of this theorem is useless since it depends on the uncertainties.
Let us transform it to get an equivalent LMI condition that does not depend
on the system uncertainties, which we can use easily to check if a given system
is robustly stochastically stable. For this purpose, notice that

AT (i, t)P(i
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Using the Schur complement we show that this is equivalent to the follow-

ing inequality:

Bj(i)P(i) —*1  B](i)

Jl(iat) P(Z)Bw(z) C;r(l,t)
<0
C,(i,t) B. (i) —I

Using the expressions of A(i,t) and C,(i,t) we get

Ji(i)  P(i)By (i) C/ (i) ]
Bi(i)P(i) —*1 B/ (i)
L C.(d) B.(i) I
[EYG)F](i,t)D}(i)P(i) 0 0]
0 00
0 00|
P(i)Da(i)Fa(i, t)Ea(i) 0 0]
0 00
0 00|
[0 0 B/, (i)FZ_(i,t)DS (i) |
+

+

o

00 ’
00 0

0 00
+ 0 00| <o,
D¢, (i)Fc, (i,t)Ec, (i) 00

with Ji (i) = AT(i)P(i) + P(i)A(i) + 3210 ) Ay P(5)-
Notice that

E}(0)F4 (i,)D4 ()P () 00

0 00

0 00

EJ() 007 [FI(i,t)00] [DLIG)P(i)00
=] 0 00 0 00 0 00},
0 00 0 00 0 00

0 00

P(i)Da(i)Fa(i,t)Ea(i) 00
0 00
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P()Da(i) 007 [Fa(i,t) 007 [Ea(i)00
= 0 00 0 00 0 00|,
[ 0 00] [ 0 00] [ 0 ]

00 B (i)F¢ (i,)DZ_(i)

00 0

00 0

00EL (i)] [oo 0 00 0
=100 0 00 0 00 0 ,
00 0 00FS (i,t) | 00D (i)
and

0 00
0 00
De.(i)Fo_(i,t)Ec_ (i) 00
00 0 00 0 0 00
=00 0 00 0 0 00].
00 D¢ (i) | |00 Fg (i,t) | | Ec.(i) 00

Using Lemma 7 in Appendix A, we get

P(i)Da(i)Fa(i,t)Ea(i) 0 0]
0 00
0 00|
EL(0)F(i,t)D4(i)P(i) 0 0]
+ 0 00
0 00|
[P(Z)DA(Z) 00] [DA(z)P( i) 00]
< ey t(@) 0 00 0 00
0 00 0 00|
Ei(i)00] [Ea(i)00]
+e4(i)| 0 00 0 00
0 00 0 00]
- [EAl(DP( i)Da(i)D A (i )g( i) +ea()EL (1) Eali) 8 8]
0 00|
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00 Ec (i) 0 007
< ecz( ) 00 0 0 00
00 0 Ec.(i,t) 00 |
00 0 00 0
tec. (i) [00 0 00 0
00 D¢, (i) | 00D (4) |
ect (VB (D) Ec. (i,t) 0 0
0 0 ec. (i) Do, (i) DS (i)

Using these transformations, we get
Jn(i)  P(i)Bu(i) C (i) ]
BJ(i)P(i) —*1 B/ (i)
C. (i) B.(i) —I |
ea(D)E} (1)Ea(i) 0 0]

(i) AG) + 370, A ().
e defined as

Win(i) = diag[ea(i)L, ec. ()],
())Da(i), EC, (i)

and using the Schur complement we get the equivalent inequality:

A
i)
T (i) = Ju(i) +ea(D)E (1) Eald),
di
= (P

Im(i)  P(i)B, (i) CJ (i)
B (i)P(i) I B] (i)
C.(3) B.(i) —I+ec,(i)De, (i)D{ (i)
7,1 (i) 0 0
T (i)
8 <0. (4.16)
Wi (4)

The following theorem summarizes the results of this development.

Theorem 46. Let v be a positive constant. If there exist a set of symmetric
and positive-definite matrices P = (P(1),--- ,P(N)) > 0 and sets of positive
scalars €4 = (ea(1),--+ ,ea(N)) and ec, = (ec.(1), -+ ,ec.(N)) such that
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the following set of coupled LMIs (4.16) holds for every i € . and for all
admissible uncertainties, then the system (4.1) is robustly stochastically stable
and moreover the system satisfies the disturbance rejection of level ~y.

Ezample 46. To illustrate the effectiveness of the results of this theorem, let
us consider the two-mode system of Example 45 with the following extra data:

e mode #1:

Da(1) = -8:;8_ . Ea(1) = [0.200.10],
Dp(1) = -8:;8- . Ep(1)=1[0.200.10],
De.(1) = 8;8 . Ec.(1)=1[0200.10],
Dp.(1) = _8:;8- , Ep.(1)=1[0.200.10],
e mode #2: - -
Dy(2) = _8:13_ : Ea(2) =[0.100.20],
Dp(2) = -8:18- , Ep(2)=[0.100.20],
Dc.(2) = _8:13_ , Ec.(2) =[0.100.20],

Dp_(2) =[0.130.10], Ep_ (2)=[0.100.20].
Solving the LMI (4.16), we get

2.7536 0.4831 2.2407 0.1031
P = [0.4831 3.2025] - PR = [0.1031 3.2327] '

Based on the results of this theorem, we conclude that the system is sto-
chastically stable and satisfies the disturbance rejection of level v = 2.7901.

4.2 State Feedback Stabilization

In this section the structure of the controller we consider is given by the
following form:

u(t) = K (i)a(t), (4.17)

where z(t) is the state vector and K (i), ¢ € . is a design parameter with an
appropriate dimension that has to be chosen. In this section we assume the
complete access to the state vector and to the mode at each time t.
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Let us drop the uncertainties from the dynamics and see how we can design
a controller of the form (4.17). Plugging the expression of the controller in the
dynamics (4.1), we get

#(t) = AG)r(1) + Bu(i)e(?), s
z C.(i)x(t) + B.(i)w(t), '
where A(i) = A(i) + B(i)K (i) and C, (i) = C,(i) + D, (i) K (i).
Using the results of Theorem 42 we get the following results for the sto-
chastic stability and disturbance rejection of level v > 0 for the closed-loop
dynamics.

Theorem 47. Let v be a given positive constant and K = (K(1),--- , K(N))
be a set of given gains. If there exists a set of symmetric and positive-definite
matrices P = (P(1),--- ,P(N)) > 0 such that the following set of coupled
LMIs holds for everyi € &%

, (4.19)

with Jo(i) = AT (i)P(i)+ P(i) A1)+ Y00, Mij P(j)+CT (i) C.(i), then system
(4.1) is stochastically stable under the controller (4.17) and satisfies

N

zll2 < [v?llwll3 + zg P(ro)ao] * , (4.20)

which means that the system is stochastically stable with v-disturbance atten-
uation.

To synthesize the controller gain, let us transform the LMI (4.19) into a
form that can be used easily to compute this gain for every mode i € .7.
Notice that

, o) (i) B. (i)
TJ?(Z_), LP(i)Bw(l)] _
555) o
[ 7, (i) P(i)Bw(i)}
Bl (i))P(i) —~I
iy
N [38] [C.(0) B.(3)]

with Jy(i) = AT (i) P(i) + P()AG) + Y3, Mij P(j).
Using the Schur complement we show that (4.19) is equivalent to the
following inequality:
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Ji(i)  P(i)B,(i) C] (i)
BT( )P(i) =T B/(i)
C=(i) B.(i) -1

<0.

Since A(i) is nonlinear in K (i) and P(i), the previous inequality is also
nonlinear. Therefore it cannot be solved using existing linear algorithms. To
transform it into an LMI, let X (i) = P~1(i). As we did many times previously,
let us pre- and post-multiply this inequality by diag[X (i), L, I], which gives

Jx (i)  Bu(i) X(4)C] (i)
BI() -1 B] (i)
C. ()X (i) B.(i) —I

with Jx (i) = X(0)AT () + AD)X(0) + SN, A X ()X ()X (0.
Notice that

<0,

XA+ A X (1) = XE)AT (@) + A@)X (@) +Y T ()BT (i)

N
}:MX@X”UMUF=MXU+S() "(X)S(X),
X(i)[C:(i) + D (i) K(3)] " = X(i)C. (i) + Y (4)D] (i),

where Y (i) = K(4) X (7), and S;(X) and X;(X) are defined as

Si(X) = [VATX(@), Va1 X (1) v N1 X (0,
5 'V )\ZNX(Z):| 5

Xi(X) = diag[X(1),---, X (i = 1), X(i +1),--- , Y(N)].

Using the Schur complement implies that the previous inequality is equiv-
alent to the following:

s B | S| s

BIG) -1 BI() 0
{czu)m)} B .| ey
-‘v-DZ(i)Y(i) #

ST(X) 0 0 ~&i(X)

with J(i) = X (i) AT (i) + A(&)X (i) + YT ()BT (i) + B(i)Y (i) + Xis X (i)
From this discussion we get the following theorem.

Theorem 48. Let v be a positive constant. If there exist a set of symmet-
ric and positive-definite matrices X = (X(1),---,X(N)) > 0 and a set of
matrices Y = (Y(1),--- ,Y(N)) such that the following set of coupled LMIs
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(4.21) holds for every i € #, then system (4.1) under the controller (4.17)
with K (i) = Y (i) X ~1(i) is stochastically stable and, moreover, the closed-loop
system satisfies the disturbance rejection of level ~y.

Ezample 47. To illustrate the effectiveness of the results developed in this
theorem, let us consider the two-mode system of Example 45 with the same
data.

Solving the LMI (4.21), we get

2.5267 —0.0000 2.2378 —0.0000
X(1) = [—0.0000 2.5267 ] , X@)= [—0.0000 2.2378 ] ’

—4.8707 —1.1826 ~2.7171 0.6162
Y= [—2.1020 0.1826 ] Y@= [—1.2876 —0.4792] '

Based on the results of this theorem, we conclude that the system is stochas-
tically stable under the state feedback controller given by

with

—1.9277 —0.4681 —1.2141 0.2754
K1) = —0.8319 0.0723 ] , K(2)= {—0.5754 —0.2141 |’

and that satisfies the desired disturbance rejection of level v = 5.0.

The controller that stochastically stabilizes the system and at the same
time guarantees the minimum disturbance rejection is of great practical in-
terest. This controller can be obtained by solving the following optimization
problem:

min v>0, v,
P X=(X(1),,X(N))>0,
: Y=(Y(1),-,Y(N)),

s.t.: (4.21) with v = 42,

The following corollary gives the results on the design of the controller
that stochastically stabilizes the system (4.1) and simultaneously guarantees
the smallest disturbance rejection level.

Corollary 6. Let v > 0, X = (X(1),---,X(N)) >0, and Y = (Y(1),---,
Y (N)) be the solution of the optimization problem P. Then the controller
(4.17) with K (i) = Y (i) X ~1(i) stochastically stabilizes the class of systems we
are considering and, moreover, the closed-loop system satisfies the disturbance
rejection of level \/v.
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FEzample 48. To illustrate the theoretical results of this theorem, let us con-
sider the two-mode system of Example 45 with the same data. Solving the
problem P, we get

36.2448 —0.0000
X1 = [—o.oooo 36.2448} ’

—9.8677 —0.0236 |
—0.0235 —9.7952 |

33.4662 —0.0000
X@) = [—0.0000 33.4662] ’

—9.7516 —0.0050 |
—0.0050 —9.7181 | -

Y (1) =10° - [ Y(2) = 10°- [

The corresponding gains are given by

—9272.2522 —0.6507 ] —291.3851 —0.1500 ]|
KQ)= { —0.6493 —270.2522 |’ KQ)‘[ —0.1500 —290.3851 | -

Based on the results of this corollary we conclude that the system is sto-
chastically stable and guarantees the disturbance of level v = 1.0394.

Let us examine the dynamics (4.1) when the uncertainties are not equal to
zero and see how to synthesize the state feedback controller of the form (4.17)
that robustly stabilizes the class of systems we are studying while guaranteeing
the desired disturbance rejection of level 7. Following the same steps for the
nominal case starting from the results of Theorem 45, we get

jO(i,t) P(Z)Bw(l) ;—(iat)
BI(i)P(i) -1  B](i) | <0, (4.22)
I

C.(i,t)  Ba(i) -
with

Jo(i,t) = AT(i,t)P(i) + P(i)A(i, t) + Y A P(j),
J=1

A(iyt) = A(it) + B(i,t) K (i),

Culint) = Ca(iyt) + D (i, 1)K (i),

Using the expressions of A(i,t), C.(i,t) and their components, we obtain
the following inequality:

J1(4) P(i) B, (i) [+KTC({)(8ZT(Z)} _
BJ ( i))PEzg —7°1 B: ()
D.()K(i

[ +C. (i) ] B N
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P(i)Da(i)Fa(i,t)Ea(i) 00 ]
+ 0 00
0 00]
P(Z)DB (Z)FB (i, t)EB (Z)K(Z) 0 0_
+ 0 00
0 00
KT(i)Eg(i))Fg (i,t)D (i) P(i) 00
+ 0 00
0 00
00 KT()EL_(i))Fp_(i,t)D) (i) ]
+ 100
[0 0 0
0 00
+ 0 00
Dp_(i)Fp,(i,t)Ep_(1)K(i) 00
00 EL (i) (i.1) DE. (1)
+ 100 0
00 0
+

with

Notice that

E}(i)F (i,t)D 4 (i) P(i) 00

0 00

0 00

Ej(@)00] [Fi@G,t)00] [DL(#)P(i)00

=| 0 00 0 00 0 00|,
[ 0 00][ 0 00]{ 0 00]

[ P(i)D (i) Fa(i, t)Ea(i) 0 0]
0 00

0 00

P(i)DA(z')OO__ Fu(i,t) 00 [E4(i)00
= 0 00 0 00 0 00/,
[ [ 0 00] [ 0 00]
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P(i)Dp(i)Fp(i,t)Ep(i)K(i) 00
0 00
I 0 00
P)D(i) 007 [Fu(i,t) 007 [Es()K (i) 00
= 0 00 0 00 0 00{,
0 00 ] 0 00 0 00

KT()EL i) F§ (i, ) DE(i)P(i) 00
0 00
0 00
KT@HEL@) 00| [FA(3i,t) 007 [DL(i)P(i) 00
= 0 00 0 00 0 00|,
0 00 0 00 0 00
00 KT(i)ES_(i))Fp_(i,t)D}_(i)
00 0
00 0
00K"(@)E, (i)] [oo 0 00 0
=100 0 00 0 00 O ,
00 0 00 Fp (i,t) | [00Df (i)
0 00]
0 00
Dp_(i)Fp,(i,t)Ep_(i1)K(z) 0 0]
00 0 00 0 0 00
=100 0 00 0 0 00|,
00Dp.(i)| |00 Fp_(i,t) | | Ep.(i)K (i) 00
00 Bl ())FL (i,6)DS (i)
00 0
00 0
00EL (i)] oo 0O 00 0
=100 0 00 0 00 0 ,
00 0 00FS (i,t) | 00D (i)
and
0 00
0 00
DC (Z)F (i,t)Ec (Z) 00
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00 0 00 0 0 00
=100 0 00 0 0 00].
00Dc. ()| |00 Fc (i,t)| | Ec.(i)00

Using Lemma 7 in Appendix A, we get

P( )DA( )FA(Z t)EA( ) 00]
0 00
0 00|
E}(i)F} (i,t)D}(i)P(i) 0 0]
+ 0 00
0 00|
[P(i)DA(i) 00] [ D} (i)P(i) 0 0]
< eali) 0 00 0 00
0 00 0 00|
1) 00] [Ea(i) 007
+e31 (1) [ 0 00 0 00
0 00 0 0 0_
ea(D)P(@)Da(i)DL () P(i) +e3 () E} (i) Ea(i) 0
= 0 0 0 ,
0 00
P(i)Dp(i)Fp(i,t)Ep(i)K(i) 00
0 00
0 00|
KT()EL @) Fg (i,)D5(0)P(#) 00]
+ 0 00
0 00
P(i)Dg(i) 007 [ DL(i)P(i) 00
< ep(i) 0 00 0 00
0 00| 0 00|
KT@H)EL(#) 00] [Ep(i)K(i)00]
+e5t (1) [ 0 00 0 00
0 00 0 00|
N .
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0 00]
+ 0 00
Dp,(i)Fp, (i,t)Ep, (1)K (i) 00 |
00 KT(i)E}, (i) 0 00]
<ep'(i) |00 0 0 00
00 0 Ep_ (1)K (i) 00 |
00 0 00 0
+ep, (i) [00 0 00 0
00Dp_ (i) [00D] (i) |
eps (VKT () Ep_(i)Ep. (i,t)K(i) 0 0
= O O 0 b)
0 0ep.(i)Dp. (i) Dp_ (i)
[00 Bl ()FE (i,t)DE_(3) ]
00 0
100 0 |
i 0 00]
+ 0 00
| Dc, (i) Fe, (i,t)Ec, (i) 00 |
00 EL (i) 0 00]
<ecl(i) |00 0 0 00
00 0 Ec (i) 00 |
00 0 00 0
+ec. (i) |00 0 00 0
00 De_(i) | [00 DS (i) ]
ol ()EL (1) Ec. (i) 0 0
= 0 0 0 .
0 0 ec. (i) De. (i) D¢ ()

Using all these transformations we get

J (i) P(i)B,(i) C (i) + KT ())DI (1)]
Bi()PG) =l B! (i)

D.()K (i) + C:(i)  B.(i) -1 ]
ea(i)P()Da() DX () P(i) + 5 () EX (1) Ea(i) 0 0]

+ 0 00
0 00|
{ ep ()P DpHDEHP) 1 o]

| L+es KT EL () Ep () K (i)

0 00

0 00|
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[651 ()K" (i)E},_(i)Ep, (i)K(i) 0 0 ]
+ 0 0 0

0 0 ep.(i)Dp.(i)Dp_(3)
raj (i))K T () El_(i)Ec, (i,t)K (i) 0 0
+ 0 0 0

<0,
0 0 ec. (i) De. (i) DS (i)

with
Ji(i) = AT(i)P(i) + P(i)A(i) + K T (i) BT (i) P(i)
N
+P(i)B(i)K (i) + Z Ai; P(5).

Let Jo2(i), W(i), and 7 (i) be defined as

Jo(i) = Ji(i) + €4 ()ET () Eali) +e5' ()K T () Eg (i) Ep(i) K (i),
W(i) = diag[e;l(i)ﬂ, 5gl(i)]l, ec, ()L ep, ()],
T(i) = (P(i)Da(i), P(i)Dp(i), K () ES (i), KT (i)Ep_(i)) -

Using the Schur complement we get the equivalent inequality:

Jo(i)  P(i)By(d) { C (i) ]

+KT (DI ()
T
POR ma ue
TT(i 0 0
T()

0|
W)

with U(i) =1 —ep_(i)Dp, (i)D], (i) — ec.(i)Dc, (i) D{; (i)
This matrix inequality is nonlinear in P(%) and K (i). To put it into LMI

form, let X (i) = P~!(i). Pre- and post-multiply this matrix inequality by
diag[ X (¢), I, L, I] to get

. . X(@)C] (i
J3(1) B (i) [+X(i)KT(i)DZT(Z')}

B, (i) -7’1 B (i)
D.(i)K (i) X (4) : .
[ L. (0)X () ]Bz(’) —U(i)
TT(i)X(4) 0 0
X ()T (4)
0|
—W(i)
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with

J3(i) = (')AT(i) +A(D)X (@) + XK T (1) BT (i)
+B()K (@)X (i ) +€A (Z)X(i)EX(i
+ep! (X (KT () (
N

+2Aijx<z’>x*u>x<z’>.
Jj=1

Notice that

N
_Z A X (1) X)X (1) = A X (i) + Si(X) X HX)S] (X).

Letting Y (i) = K(4)X (¢) and using the Schur complement we obtain

i B | s
A APV (1.23)
()Y (i . , 23
ZT(4) 0 0
ST (X) 0 0
Z(i) Si(X)
0 0
0 0 <0, (4.24)
V(@) 0
0 —Xi(X)

with

J(i) = X(i)AT (i) + A@)X (1) + YT ()BT (i) + B(i)Y (i)
+ea())Da())D (i) +ep() Dp(i) D (i)
+2i: X (4),
U(i) = I—ep,(i)Dp. (i) Dp_ (i) — ec.(i)De. (i) DL (i),
Z(i) = (XG)EA@), Y ()ER(:), Y ()EL (),Y T () Ep, (1)),
V(i) = diaglea(i)L,ep(i), ec, (1)L, ep. (4)I].

The following theorem summarizes the results of this development.
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Theorem 49. Let v be a positive constant. If there exist a set of sym-
metric and positive-definite matrices X = (X(1),---,X(N)) > 0 and a
set of matrices Y = (Y (1),--- ,Y(N)) and sets of positive scalars eq =
(EA(l)v o ,ea(N)), ep = (EB(1>7 toe >EB(N))7 €c. = (Ecz(l)’ U EC, (N))7
and ep. = (ep.(1), -+ ,ep,(N)) such that the following set of coupled LMIs
(4.24) holds for every i € % and for all admissible uncertainties, then the
system (4.1) under the controller (4.17) with K (i) = Y (i)X ~1(i) is stochas-
tically stable and, moreover, the closed-loop system satisfies the disturbance
rejection of level .

Ezample 49. To show the effectiveness of the theoretical results of this theo-
rem, let us consider the two-mode system of Example 46 with the same data.
Fix the required positive constant to the following values:

ea(l) = €a(2) = 0.50,
eg(1) = ep(2) =ec(1) =ec(2) =ep(l) =ep(2) = 0.10.
Solving the LMI (4.24), we get

[1.2271 0.0800 1.7939 0.0942
X(1) = | 0.0800 0.9253} ’ X(2) = [0.0942 1.1861} ’
[—1.3360 —0.2774] —0.2270 —0.1418
Y()= | —0.2751 —0.6293 |’ Y(2)= [0.1485 0.3717 } :

The corresponding gains are given by

[—1.0753 —0.2068 ]
K1) = —0.1808 —0.6645 |’ K(2) = {

—0.1208 —0.1099
—0.0996 0.3213 |-

Based on the results of this theorem, we conclude that the system is sto-
chastically stable and guarantees the desired disturbance rejection of level
v =5.0.

As was done for the nominal system, we can determine the controller that
stochastically stabilizes the class of systems we are considering and at the same
time guarantees the minimum disturbance rejection by solving the following
optimization problem:

min V>0, v,
EA:(EA(l),'-- ,SA(N))>O,
EB:(EB(l).,-“ ,EB(N))>O,
Pu: ec,=(ep, (1), ,ec,(N))>0,
u: ep.=(ep. (1), ,ep. (N))>0,
X=(X(1),,X(N))>0,
Y=(Y (1), ,Y(N)),

s.t.: (4.24) with v = 42,

The following corollary summarizes the results on the design of the con-
troller that stochastically stabilizes the system (4.1) and simultaneously guar-
antees the smallest disturbance rejection level.
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Corollary 7. Let v > 0, e4 = (ea(1),---
eg(N)) >0, ec. = (ec.(1),- ,ec.(N)) >0, ep, = (ep.(1),--+ ,ep.(N)) >
0, X = (X(1),---,X(N)) >0, and Y = (Y(1),--- ,Y(N)) be the solu-
tion of the optimization problem Pu. Then the controller (4.17) with K (i) =
Y (i) X ~1(i) stochastically stabilizes the class of systems we are considering
and, moreover, the closed-loop system satisfies the disturbance rejection of

level \/v.

,€a(N)) >0, eg = (ep(l),---,

Ezample 50. To illustrate the effectiveness of the results developed in this
theorem, let us consider the two-mode system of Example 49 with the same
data.

The required positive scalars are fixed to the following values:

ea(l) = €4(2)
63(1) = 53(2)

0.50,
ec(l) =ec(2) =ep(l) =ep(2) =0.10.

Solving the problem Pu gives

[0.8525 0.0321 1.0584 0.0414
X(1)= 1 0.0321 0.7363} ’ X@) = [0.0414 0.8281} ’
[ —1.5699 —0.1755 | —0.9827 —0.0893
Y1) = | —0.1659 —1.2116 |’ Y@= [—0.0812 —0.5942] ’
which gives the following gains:
[ —1.8356 —0.1584 | —0.9261 —0.0615
K1) = | —0.1329 —1.6397 |~ K(2)= {—0.0488 —0.7150}

Based on the results of this corollary, we conclude that the system is
stochastically stable and assures a disturbance rejection level equal to v =
1.0926.

Let us now discuss the design of a nonfragile controller that robustly sto-
chastically stabilizes the class of systems we are considering and simultane-
ously guarantees the desired disturbance rejection of level +. For this purpose,
let the matrices B(i,t), Dy(i,t), and D, (i,t) be free of uncertainties, that is,

B(i,t) = B(1),
D, (i,t) = D,(3).

Following the steps of Chapter 3, the nonfragile controller gain we will be
synthesizing has the following form:
K(i,t) = K(i) + AK (i, t), (4.25)

with AK(i,t) given by



4.2 State Feedback Stabilization 207

where p(i) is an uncertain real parameter indicating the measure of non-
fragility against controller gain variations and Fk (i, ¢) is the uncertainty that
will be supposed to satisfy the following for every i € .¥:

Fg (i, t)Fre(int) < 1L

Plugging the expression of the state feedback controller with the gain given
by (4.25) in the dynamics (4.1), we obtain the following closed-loop dynamics:

@(t) = [A(i,t) + B(i) [K (i) + p(i) Fi (i, ) K ()] 2(t) + Bu (i)w(?),
y(t) = [Cy(i,t) + Dy (@) [K (@) + p(i) Fie (i, 1) K ()]] (t) + By (i)w(?),
2(t) = [C2(i,t) + D= (i) [K(i) 4 p(i) Fie (i, ) K ()] 2(t) + Bz (i)w(t).

These dynamics will be robustly stochastically stable and have the desired
disturbance rejection of level « if the following holds for every i € .¥ and for
all admissible uncertainties:

i, t
(7) | <0, (4.26)
I

with

The controller gain we are designing is assumed to have the following form:
K(i) = o(i)B" (i) P(i),

where P(i) > 0 is a design parameter that is symmetric and positive-definite
matrix for every ¢ € . that is the solution of (4.26).
Using the expression of A(i,t) we get

N
AT (i, t)P(i) + P(i)A(i, t) + Z Ai; P(j) =

AT (i)P(i) + P(i)A(i) + P(i )DA(Z)FA(Z'J)EA(Z')
—l—EA (i,t)FJ (i,t)D } (i) P(3)

+K " (i)BT (i) P(i) + P(i)B(i) K (i)

K (1, 1)K (i)

+p(@)P(1)B(i)Fr (i,t) K (i
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and

From Lemma 7 in Appendix A, we get

P(i)Da(i)Fa(i,t)Ea(i) + E (i,t)F4 (i,8)D A () P(i)
< ea(i)P()Da(i) Dy ()P(i) + &3 (1) B4 (1) Ba(i),

and
00 EZ_(i)Fg (1)D¢ (7)
00 0
00 0 |
0 00]
+ 0 00
D¢, (i)FCZ (i, t)ECZ (’L) 0 0_
00 EZ (7) 0 00]
<ecl(@) o0 0 0 00
00 0 Ec, (i) 00 ]
00 0 00 0
+ec. (i) [00 0 00 0
00 D¢, (i) | 00D (i) |
ec (VEL_(i)Ec., (i) 0 0
= 0 0 0 I
0 0 ec. (i) De. (i) D¢, (4)
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[00 p(i)o(i)P(i) B(i) Fy (i,t)Dp,_(3) ]
00 0
00 0

0 00

+ 0 00

00 0(#)P(i)B(7) 0 00
< p(i)ep (3) {0 0 0 ] 0 00
00 0 o(i)BT (i)P(i) O 0]
00 O 00 O
+p(i)ep, (7) [00 0 {00 0
00Dp, (i)] [00D] (i) |
ep. (1)p(i)0* (i) P(3)
sstora ] ° ’
= 0 0 0
p(i)ep. (i) Dp. (i)
0 0 { <D}, (i) ]
Using all these transformations the previous matrix inequality becomes
J (i) P(i)B,(i)
( )P (i) 7’1
o)) D= ()BT (i)P(i) + C.(i)  B.(3)
C] (i) + o(i)P(i) B(i) D (4)
B] (i) <0,
—Up(1)

with

J(i) = AT(i)P(i) + P(i)A(i) + P(i) B(i) K (i)

N
+KT@)BTG)PE) + 3 A P()
+ea(i)P(i) D a(i)D (i) P(i
+ex (D)p(i)0

Uy(i) =1 —ec_(i)De, (i)DE_(i) — pli)ep. (i) Dp, (i) D)_(i).
Letting
Z(i) = [EA(i), 0(i)P(i)B(i), B (i), 0(i) P(i) B(i)] ,

) = diag [ea(? ex (i) eo, (1 ep. (i)
NU) = diag A( )]L p(z) L Cz()]I’ ,D(Z) I,
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and using the Schur complement we get

J(i) P(i)B. (i)
B/ (i)P(i) —°1
o(i)D.(i)B' (i)P(i) + C:(i)  B.(i)
ZT(4) 0
CI (i) +o(i)P(i)B(i)D] (i) Z(3)
B (i) 0 0
—U,(i) o | =
0 —N (i)

where

+ea(0)P(i)Da(i) Dy (1) P(i) + ex (0)p(i) P(i) B(i) BT () P(i).

This inequality is nonlinear in o(i) and P(¢). To cast it into an LMI, let
X (i) = P71(i) and pre- and post-multiply the previous inequality matrix by
diag [X (7), L, I,T] to imply

<0, (4.27)

with

Letting Y (i) = K (i) X (i) and noticing that
X(0)L(0) = [X(1)EA(0), o()B(i), X () EC, (1), 0(0) B(7)]

7

N
2 A XX THG)X () = X () + Si(X0)XH (XS] (X),
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and after using the Schur complement again, we get

(4) B.(i)
B[ (i) —21
0())D:(i)B' (i) + C=(i) X (i) B.(i)
UT( ) 0
ST (X) 0
X()C] (i) + o()B(i)DI (i) U(i) Si(X)
BI(i 0 0
—U,(3) 0 0 <0, (4.28)
0 -W(@E) 0
0 0 —-X(X)

with

J(i) = X(@)AT (i) + A@D)X (i) +
+Xi X (@) +eali )DA( )DI (i) +
Ui = [XOEL (), X()EE, (i), (

O N i

The following theorem summarizes the results of this development.

Theorem 50. Let v be a positive constant. If there exist a set of symmetric
and positive-definite matrices X = (X(1),--- ,X(N)) > 0 and a set of ma-
trices Y = (Y(1),--- ,Y(N)) and positive scalars eg4 = (ea(1),--- ,ea(N)),
ec, = (ec.(1), - ,ec.(N)), ep, = (ep.(1), -+ ,ep.(N)), and ex = (ex (1),
e (IN)) such that the following set of coupled LMIs (4.28) holds for every
i € % and for all admissible uncertainties, then the system (4.1) under the
controller (4.17) with K (i) = Y (i)X ~1(i) is stochastically stable and, more-
over, the closed-loop system satisfies the disturbance rejection of level .

Example 51. To show the effectiveness of the results of this theorem, let us
consider the two-mode system of Example 49 with the same data except that
AB(i,t) = 0 for every i € .&.

Let us fix all the required positive scalars to the following values:

ea(l) = €a(2) =05
ec(l)= ec(2)=¢p ( )=¢ep(2) =er(l) =ex(2) =0.1,
p(1) = p(2) =0.5.

The desired disturbance rejection level is fixed to v = 5.0.
Solving the problem Pw, we get

X(1) = 5.3344 —0.4466} X(2) = { 5.0491 —0.4032

—0.4466 5.6761 —0.4032 4.8075
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—11.1933 15.4484 0.1564 6.3403
Y= {—28.0308 2.7894 } » Y= {—10.8011 3.6176] ’

o(1) = —5.4060, 0(2) = —4.8388.
The corresponding controller gains are given by

—1.8828 2.5735 0.1372 1.3303
K1) = {—5.2482 0.0785] - K@) = {—2.0932 0.5770] '

Based on the results of this theorem, we conclude that the system is sto-
chastically stable and guarantees the desired disturbance level.

As done previously, we can determine a nonfragile controller that stochas-
tically stabilizes the class of systems we are considering and simultaneously
guarantees the minimum disturbance rejection by solving the following opti-
mization problem:

min v>0, v,
ea=(ea(1),-,ea(N))>0,
E13:((53((11))7“' 763(1\(’])\;;070
ec,=(€p, ;' €D, >0,
Pw: b =(ep. (1) 2y (N))>0, (4.29)
X=(X(1),,X(N))>0,
Y=(Y (1), ,Y(N)),

s.it.: (4.28) with v =~

The following corollary summarizes the results of the design of the con-
troller that stochastically stabilizes the system (4.1) and simultaneously guar-
antees the smallest disturbance rejection level.

Corollary 8. Let v > 0, 4 = (e4(1),--- ,ea(N)) > 0, ec. = (ec. (1), -,
ec.(N)) >0, ep, = (ep.(1), -+ ,ep.(N)) > 0, e = (ex(1), -+ ,ex(N)) >
0, X = (X(1),---,X(N)) >0, and Y = (Y(1),--- ,Y(N)) be the solu-
tion of the optimization problem Pw. Then the controller (4.17) with K (i) =
Y (i) X ~1(i) stochastically stabilizes the class of systems we are considering
and, moreover, the closed-loop system satisfies the disturbance rejection of

level \/v.

Example 52. To show the effectiveness of the results of this theorem, let us
consider the two-mode system of the previous example with the same data.
The required positive scalars are fixed to the following values:

&‘A(l) = 8,4(2) = 0.57
ec(l) = ec(2) =ep(l) =ep(2) = ek(1) = ek (2) = 0.1,
p(1) = p(2) = 0.5.

Solving the problem Pw, we get
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16.0649 —0.0112
X(1) = [—0.0112 16.0720] ’ X(2)= {—0.0220 15.1748

—164.2228 —51.6292 —35.4198 —22.8874
Y1) = [ —57.0415 —66.0119} » Y@= {—20.8337 —49.6442} ’

o(1) = —17.0442, 0(2) = —16.1671.

15.2067 —0.0220]

The corresponding controller gains are given by

—10.2247 —3.2195 —2.3314 —1.5116
K1) = [ —3.5536 —4.1097} K@) = [—1.3748 —3.2735] ’

Based on the results of this corollary, we conclude that the system is
stochastically stable and guarantees a disturbance level equal to v = 1.0043.

Notice that in designing the state feedback controller, we have always
assumed complete access to the system mode. This assumption may not be
practically valid in some cases and an alternative is required. In the rest of
this section we focus on the design of the state feedback controller that does
not require access to the system mode. The structure of this controller is given
by the following expression:

u(t) = Hx(t), (4.30)

where J# is a constant gain to be determined.
Plugging the controller’s expression into the system dynamics we get

(t) (r(t)z(t) + Buw(r(t))w(t),
2(t) = C.(r(t)z(t) + B:(r(t))w(t),
where A(r(t)) = A(r(t)) + B(r(t)A, Cu(r(t)) = C.(r(t)) + D4 (r(t)).7.

Based on what we developed earlier, we have the following results.

A
C

Theorem 51. Let v be a given positive constant and & a given constant
gain. If there exists a symmetric and positive-definite matriz P > 0 such that
the following set of LMIs holds for every i € & :

jO(Z) éz (Z)Bz (Z) + PBw(Z)
BI(WC-() + BL@P Bl()B.() 1 | <% U3
where Jo(i) = AT (i)P + PA(i) + C (i) C.(3), then system (4.1) is stochasti-
cally stable and satisfies the following:

lzll2 < Pl + 27 ) Pz(0)] (4.32)

Proof: The proof of this theorem is direct and the detail is omitted. O
To synthesize the controller gain, let us transform the LMI (4.31) into a
form that can be used easily to compute this gain. Notice that
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{AT(Z')P + PA®i) + C] (i)C. (i) CT(Z)BZ(l) + PB,(i )}

B! (i)C.(i) + B} ()P Bl (i)B.(i) =~ | —
AT(i)P + PA(i) PB,(i) C'Z (7) ]
Bl (i)P —21 BZT (7) '
Using the Schur complement we show that (4.31) is equivalent to the

following inequality:
AT(i)P + PA(i) PB,(i) C] (i)
Bg(i)P -1 B] (i) | <O.

Since A(7) is nonlinear in .# and P, the previous inequality is then non-
linear and therefore it cannot be solved using existing linear algorithms. To
transform it into an LMI, let X = P~!. As done many times previously, pre-
and post-multiply this inequality by diag[X, I, ], which gives

XAT(i) + A({)X Bo(i) XCJ (i)
BIG) -1 BIG) | <o.
Cz (Z)X B, (2) -1
Notice that

XAT(@)+A(@H)X = XAT (i) + A()X + Y BT (i) + B(i)Y,
X (i) [C.(0) + D.()K(i)] " = X(1)C] (i) + Y (5)D] (i),
where Y = 7 X.

Using the Schur complement again implies that the previous inequality is
equivalent to the following:

J (i) B,(i) XC] (i) +YTD]I (i)
B] (i) —21 BT (4) <0, (4.33)
C.(1)X + D, (i)Y B.(i) -1

with J(i) = XAT(i) + A(@)X +Y BT (i) + B>i)Y.
From this discussion and using the expression of X, we get the following
theorem.

Theorem 52. Let v be a positive constant. If there exist a symmetric and
positive-definite matriz X > 0 and a matriz Y such that the following set of
LMIs (4.33) holds for every i € .7, then the system (4.1) under the controller
(4.30) with # =Y X~ is stochastically stable and, moreover, the closed-loop
system satisfies the disturbance rejection of level ~y.

Ezample 53. Let us in this example consider the two-mode system of Example
45 with the same data. Solving the LMI of the previous theorem when v = 5.0
we get
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¥ — 9.5507 1.1766 v — —6.7818 —0.8451
T 1.1766 4.5472 | ° © | —0.8451 —2.8332 |’

which gives the following gain:

w— [—0.7098 —0.0022} .

—0.0121 —0.6199
With this controller, the closed-loop state equation becomes

#(t) = Aa(i)x(t),

with
[—1.2098 0.9978 | ‘
,when i =1,
0.2879 —3.1199
Aai) =1 _
—1.7098 0.0978 .
, otherwise.
0.1879 —2.6199

The standard conditions for stochastic stability can be summarized as
follows: If there exists a set of symmetric and positive-definite matrices P =
(P(1), P(2)) > 0 such that the following holds for each r(t) =i € .7:

N
AL () P(i) + P(i)Ag (i) + Z Aii P(j) <0,

then the closed-loop system is stochastically stable.
Using these conditions, we get the following matrices:

12.9296 2.3139 11.2888 —0.1445
P = [ 2.3139 6.2671] PO = [0.1445 8.0984 |

which are both symmetric and positive-definite matrices and therefore the
closed-loop system is stochastically stable under the constant gain state feed-
back controller.

From the practical point of view, the controller that stochastically sta-
bilizes the system and simultaneously guarantees the minimum disturbance
rejection is of great interest. This controller can be obtained by solving the
following optimization problem:

min,>o, v,
Pc: X;O’ (4.34)
st 1 (4.33) with v =~%
The following corollary gives the results of the design of the controller that

stochastically stabilizes the system (4.1) and simultaneously guarantees the
smallest disturbance rejection level.
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Corollary 9. Let v > 0, X > 0, and Y be the solution of the optimization
problem Pc. Then the controller (4.30) with # =Y X1 stochastically sta-
bilizes the class of systems we are considering and, moreover, the closed-loop
system satisfies the disturbance rejection of level \/v.

Ezxample 5. In this example let us consider the same system of the previ-
ous example with the same data. Solving the LMI of the previous theorem
iteratively, we get

P [3.2560 0.3312] v

—4.4808 —0.4168
0.3312 1.8966 ’

—0.4168 —2.8857
which gives the following gain:

P [—1.3783 0.0210 } .

0.0273 —1.5263

With this controller, the closed-loop state equation becomes

&(t) = Aa(i)x(t),

with
[—1.8783 1.0210 | .
,when ¢ =1,
0.3273 —4.0263
Aq(i) = ) )
—2.3783 0.1210 .
, otherwise.
0.2273 —3.5263

The standard conditions for stochastic stability can be summarized as
follows: If there exists a set of symmetric and positive-definite matrices P =
(P(1), P(2)) > 0 such that the following holds for each r(t) =i € .7

N
AL@)PG) + P)) Aali) + S Ay P(G) <0,

j=1

then the closed-loop system is stochastically stable.
Using these conditions, we get the following matrices:

7.2981 1.0301 7.0007 —0.3456
P = {1.0301 3.9112} P = {0.3456 57152 |

which are both symmetric and positive-definite matrices and therefore the
closed-loop system is stochastically stable under the constant gain state feed-
back controller. The corresponding minimal disturbance rejection level 7 is
equal to 1.0043.
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Let us now focus on the design of a robust state feedback controller with
constant gain. Assume that the dynamics (4.1) have uncertainties and see
how we can design a controller of the form (4.30) that robustly stabilizes the
class of systems we are studying and at the same time guarantees the desired
disturbance rejection of level «y. Following the same steps for the nominal case

starting from the results of Theorem 52, we get

BI()P —2*1 BIG) | <0,

C.(i,t) B.(4) —I

with
Jo(i,t) = AT(i,t)P + PA(i, 1),
A(i,t) = A(i,t) + B(i, t). %,
C.(i,t) = C.(i,t) + D, (i, t). % .

(4.35)

Using the expressions of A(i,t), C.(i,t), and their components, we obtain

the following inequality:

C (i)
Jl (Z) PBW (Z) —’—%TD; (’L)
Bi(i)P =1 B (i)
D. (i) N

[ 0. 0) } B:(0) b

EX(i)F] (i,t)D} ()P 0 0]

0 00

0 00|

PDA(i)Fa(i,t)Ea(i) 00 ]

+ 0 00

0 00

PDg(i)Fp(i,t)Eg(i)# 00

+ 0 00

0 00

HTEL)FS (i,t)DL(i1)P 00

+ 0 00

0 00

002 TEL (i)FJ_(i,t)D]_(i)
+ 100 0
00 0

0 00

+ 0 00

Dp.(i)Fp. (i,t)Ep. (i)2 00 |
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00 EL_(i)F¢, (i,t) D¢ (i)

00 0
00 0

0 00
0 00| <o,

_|_

+

De..(i)Fe. (i) Ec. (i) 0.0

with Jy (7) = AT(i)P + PA(Q) + %TBT(Z‘)P + PB(i)% .
Notice that

E}()F} (i,t)D}(i)P 00

0 00

0 00

EJ(i)00] [Fi(i,t)00] [Di(#H)P 0O

= 0 00 0 00 0 00],
0 00 0 00 0 00
PDa(i)Fa(i,t)Ea(i) 00

0 00

0 00

PDA(i) 007 [Fa(i,t)007 [Ea(i)00

= 0 00 0 00 0 00},
0 00 0 00 0 00
PDg(i)Fg(i,t)Eg(i)# 00

0 00

0 00

PDg(i) 007 [Fg(i,t) 007 [ Eg(i)# 00
= 0 00 0 00 0 00},
0 00 0 00 0 00

[ A TELG)FS (i,t) DL ()P 00

0 00

i 0 00
HTEL@E)00] [FA(i,t) 007 [DL(i)P OO
= 0 00 0 00 0 00/,
0 00| 0 00 0 00

(00T EL_()F} (i,t)D}, (i)
00 0
100 0
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002 TEL (i)] [0oO 0 00 0 ]
=100 0 00 0 00 0 ,
00 0 00 Fp (i,t) | |00 D] (4) |
I 0 00]
0 00
| Dp. (i)Fp. (i,t)Ep, (i) 00
00 0 00 0 0 00
=00 0 00 0 0 00],
00Dp.(i)| |00 Fp.(i,t) | | Ep.(i)# 00
00 ES_()F¢_(i,t) D¢, (4)
00 0
00 0
00EL (i)] [o0 0O 00 0
=00 0 00 0 00 0 ,
00 0 00F (i,t) | 00D (i)
and
0 00
0 00
c.(W)Fe.(i,t)Ec. (1) 00

00 O 00 0
=100 O 00 0
00 D¢, (7) 00 Fe.(i,t)

Using now Lemma 7 in Appendix A, we get

PDa(i)Fa(i,t)Ea(i) 00]

0 00

0 00|

EX()F} (i, DY ()P 00]

+ 0 00
0 00|

PDA (D ())P00]
<eali) 0 00
| 0 00]

EX( EA(i)00

+e531 (i) 0 00 0 00
0 00] 0 00

[eA(i)PDA(i)DZ(i)P + e ' ()EL () Ea(i) 0 0]_
= 0 00
0 00

219
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PDB(i)FB(’L t)

0
0
[%TEg(i)Fg i,t)D

+ 0
0
00
O()

PDg(i)

<eg(i) [ 0

[%TEB

+5B

ep(i)PDp(i) i)P+

|

+

+eg %’TET()

OO

00

00 0

0

0
Dp.(i)Fp_(i,t)Ep
002 E} (i)
00 0
00 0

00 O
00 O
00 Dp. (i)

b, (i) 0 0
0 0
0 €D, (i)DDZ

<ept(i) {

+ep. (i)

") TEL ()E
0
0

FZ’

00
00

0
0

0

0
Dc. (i)Fe, (i,t)Ec

Ep(

0047 B} ()F5_(i.H)D}_(i)]

Ep. (i) 00

00
00
00 D}, (i)

00 B (1)FZ (i.t)D_(i)]

()00

5(i)# 00]
00
00]

POO]
00
00|

)P 0O]

00
00|

i) 00]

00
00|

%00]

B(0)

D (
0
0

0

0
Ep(i)
00

00

00]
00
i) 00 |
007
00

(
0
0

z

0
0

b

(i)Dp_ (i)

00]
00
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00 EL (i) 0 00]
<ecl(i)[00 0 0 00
00 0 Ec (i,t) 00 |
00 0 00 0
+ec. (i) |00 0 00 0
00 De_(i) | [00 DS (i) ]
ol ()EL (i) Ec. (i) 0 0
= 0 0 0
0 0 ec. (i) De. (1) D¢ ()
Using these transformations we get
J1(i) PB,(i) C; (i) + 2 "D (i) |
B (i)P —°1 B (i)
D.(i)# + C.(i) B.(i) —I |
ea(d)PDAE)DL ()P + e, ())E)(i)Ea(i) 00]
+ 0 00
0 00
[ep(i)PDp(i)DL(i)P +e5' # TEL(i)Eg(i)# 00]
+ 0 00
I 0 00
[ep (i) TEL (i)Ep, (i) 0 0 ]
+ 0 0 0
L 0 0 ¢ep.(i)Dp. (i)Dp_(i) ]
ot (VBS, (i) Ec. (i) 0 0
- 0 0 0 <0,
0 0 ec. (i)De. (1) D¢, (i)

with Jy(i) = AT (i)P + PA(i) + # " B" (i)P + PB(i).¥ .
Let Ja(4), W(i), and 7 (i) be defined as

Jo(i) = J1(i) +e4" (DEL()Ea(i) +e5' ()4 T EL(i)Ep(i)X,
W(i) = diag[e;l(i)l[, 5}31(2')11, ec, ()L ep, ()],
T(i) = (PDa(i), PDp(i), B (i), # T Ep_(3)) -

Using the Schur complement we get the equivalent inequality:

Jo(7) PB,(i) +;;32T(1)} 7T(1)
BI((?);?; —21 B/ (i) 0 <0
D.(i . 0 7

{ +C-(1) } B0 O )

221
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with U(i) = 1 p. (i) Dp, (i) D}, (i) — zc.. (i) De, (i) D._(i).

This matrix inequality is nonlinear in P and . To put it into LMI form,
let X = P~L. Pre- and post-multiply this matrix inequality by diag[X,T,T,1]
to get

B0 B +X§§9(T§3 MEC
Dl?;)(i)x o oo )| <o
A XN 0
TT()X 0 0 —W(i)

with

J3(i) = XAT(i) + A(@)X + X% "B (i)
B(i)) XX +¢, (Z)XEA ())Ea(i)X (i)
+egt ()X TEL()Ep(i)# X.

Notice that
XT(i) = (Dali), Dp(i), XEL (i), X4 T E} (1)) -

Letting Y = 2 X and using the Schur complement we obtain

11)35( ()i})/ -1 BJ(i ) 0 1 <o, (4.36)
¥ i)X} B
Z7 (i) 0 0 —V(i)

with
J(@)= XAT(i)+A@)X +Y BT (i) + B(i))Y
+ea(0)Da(i)D} (i) + (i) Dp (i) Dp (i),
U(i) = I—ep. () Dp. ()Dp, (i) — £c. (i) De. (1) D¢, (0),
2(i)= [XEA(0),Y Eg(0), X "ES (),Y B} (i)],
V(i) = diaglea (), ep (i), ec. (i), ep, (4)I].
The following theorem summarizes the results of this development.

Theorem 53. Let v be a positive constant. If there exist a symmetric and
positive-definite matrix X > 0 and a matrizY and sets of positive scalars € 4 =
(ea(l), -+ ,ea(N)), ep = (ep(1), -+ ,ep(N)), ec. = (ec.(1), -+ ,ec.(N)),
and ep, = (ep.(1),--- ,ep.(IN)) such that the following set of LMIs (4.36)
holds for every i € . and for all admissible uncertainties, then the system
(4.1) under the controller (4.30) with ¢ =Y X 1 is stochastically stable and,
moreover, the closed-loop system satisfies the disturbance rejection of level .
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FEzample 55. To show the effectiveness of the theoretical results of this theo-
rem, let us consider the two-mode system of Example 49 with the same data.
Let us fix the required positive constant to the following values:

EA(l) = EA(Q) = 0.50,
63(1)2 53(2)260(1)ZEc(Q)ZED(l)ZfZD(Q):O.lO.
Solving the LMI (4.36) with v = 5.0, we get

X — 3.7967 —2.8740 v — —3.5141 2.8775
| —2.8740 4.5911 |’ © | 2.8017 —3.8579 "

The corresponding gains are given by

~0.8575 0.0900
A= [0.1936 —0.7191}

Based on the results of this theorem, we conclude that the system is
stochastically stable and guarantees the desired disturbance rejection level
v =5.0.

With this controller, the closed-loop state equation becomes

B(t) = A (i)z(t),
with

[—1.3575 1.0900 | .
,when i =1,
0.4936 —3.2191

[ -1.8575 0.1900 |

, otherwise.
0.3936 —2.7191

The standard conditions for stochastic stability can be summarized as
follows: If there exists a set of symmetric and positive-definite matrices P =
(P(1), P(2)) > 0 such that the following holds for each r(t) =i € .7

N
AL () P(i) + P(i)Ag (i) + Z Xii P(j) <0,

then the closed-loop system is stochastically stable.
Using these conditions, we get the following matrices:

11.7556 2.5739 10.3809 0.2804
P() = [ 2.5739 6.0528] » PR)= [ 0.2804 7.7345} ’

which are both symmetric and positive-definite matrices and therefore the
closed-loop system is stochastically stable under the constant gain state feed-
back controller.
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As done for nominal system, we can determine the controller that stochas-
tically stabilizes the class of systems we are considering and simultaneously
guarantees the minimum disturbance rejection by solving the following opti-
mization problem:

min v>0, v,
ca=(ea(1),,ea(N))>0,
EB:(EB(l),-~~ ,EB(N))>O7
Pu: ECZZ(EDZ (1)1“'1€Cz (N))>07
’ ep,=(ep. (1), ,ep, (N))>0,
X>0,
Y,

)

s.it.: (4.16) with v =42

The following corollary summarizes the results of the design of the con-
troller that stochastically stabilizes the system (4.1) and simultaneously guar-
antees the smallest disturbance rejection level.

Corollary 10. Let v > 0, €4 = (e4(1),--- ,ea(N)) > 0, ep = (ep(1),---,
eg(N)) >0, ec, = (ec.(1), -+ ,ec.(N)) >0, ep, = (ep.(1), -~ ,ep.(N)) >
0, X >0, and Y be the solution of the optimization problem Pu. Then the
controller (4.30) with # = Y X~ stochastically stabilizes the class of sys-
tems we are considering and, moreover, the closed-loop system satisfies the
disturbance rejection of level \/v.

Ezample 56. To illustrate the effectiveness of the results developed in this
theorem, let us consider the two-mode system of the previous example with
the same data.

The required positive scalars are fixed to the following values:

ea(l) = €a(2) = 0.50,
55(1) = 63(2) = Ec(l) = 60(2) = €D(1) = SD(Q) = 0.10.
Solving the problem Pu gives

Y — 28.8798 —38.7485 v — —29.9278 38.8262
~ | —38.7485 55.0593 |’ | 38.7400 —56.0388 |’

which gives the following gains:

~1.6168 —0.4327
A= [—0.4333 —1.3227}

Based on the results of this theorem, we conclude that the system is sto-
chastically stable and assures a disturbance rejection level equal to v = 1.0043.
With this controller, the closed-loop state equation becomes

o(t) = Aq(i)z(t),

with
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[—2.1168 0.5673 | .
,when i =1,
—0.1333 —3.8227
Aq(i) = ) )
—2.6168 —0.3327 .
, otherwise.
—0.2333 —3.3227

The standard conditions for stochastic stability can be summarized as
follows: If there exists a set of symmetric and positive-definite matrices P =
(P(1),P(2)) > 0 such that the following holds for each r(t) =i € .7:

Aq(P@) + P)Aa(i) + ) NigP(j) <0

then the closed-loop system is stochastically stable.
Using these conditions, we get the following matrices:

6.2321 0.0531 6.2483 —1.0435
PQ) = [0.0531 3.9069} P) = {1.0435 5.9999

which are both symmetric and positive-definite matrices and therefore the
closed-loop system is stochastically stable under the constant gain state feed-
back controller.

4.3 Output Feedback Stabilization

As mentioned earlier in Chapter 3, state feedback stabilization is sometimes
difficult to use since complete access to the state vector is not always possible
for reasons such as lack of technology or inadequate budget. To overcome this
difficulty, we use output feedback control or observer-based output feedback
control. In this section, we focus on the design of output feedback control and
see how to compute the gains of this controller. The structure we use is given
by the following dynamics:

{xc(t) Ka(r(t)ze(t) + Kp(r(t))y(t), z(0) = 0,
(t) = Ko(r(t)z.(t),

where x.(t) is the state of the controller and K4 (i), Kp(i), and Kc(i) are
design parameters to be determined.
For simplicity in development, we assume that in the dynamics (4.1), the
matrices D, (r(t)) and By(r(t)) are always equals to zero for each mode.
Using (4.1) and (4.37), we get the following dynamics for the extended
system:

(4.37)

S
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with

For the controlled output, we have
2(t) = [Ca(r(t) Da(r(t)Ke(r(t) ] n(t) + B (r(t))w(t)
= Co(r(®)n(t) + B(r(t)w(t).

Based on the previous results of this chapter, the extended system will
be stochastically stable and guarantee the disturbance rejection of level
v, if there exists a set of symmetric and positive-definite matrices P =
(P(1),---,P(N)) > 0 such that the following holds for each i € .%:

~(') + éT(l) 2 (i )
+[CT()B() + P@)Bu ()] [T - }
x [BI()C-(0) + BT( )P(i )] 0, (4.38)
with J (i) = AT (i) P(i) + P(i)A(0) + 327, NijP(5).
Let P(i), i € .7 be defined by

o | Pu(i) Pa(i)
P(i) = [PJ@) fg(i)} :

where Pj(i) > 0, P3(i) > 0.
Let us now define the following matrices:

, I 0
Vo) =[5 _prier )
Based on these definitions, we conclude that

e [ W
V(@)U ) = [Pg_l(z)PgT(Z)W(Z) 0] ’
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Pre- and post-multiply the-left hand side of (4.38) by U (i)V (i) and
V(4)U (i), respectively, to get

UTGVT @) [T6) + CTHEC-6)] VU 6)
+UT VT (@) [C1(5)B.(6) + P()Bu(i)]
x [ BI0)B.)]  [BI(0)C.() + BL(PG)] VUG <o.
Now compute
UT )V G)P@)A@G)V (5)U (i)
and
UTGVT@OPGVEUG)

in function of the system data. The other required terms are computed later.
In fact, for the first term we have

_ [ng —WT(i)@(iSPl@)} PJ') o
AG)  B)Koli) w(i)
X[Kgmcy(i) Ka(i) H— '

Performing the matrices multiplication we get

Zy(i) = W (@) PL(i) AD)W (i) = W T (i) Po(i) K p (i) Cy (| )W (i)

—W T (i) Py (i) Py ' (i) Py (i) A(i) W (i)

W (i) Py (i) B(i) K (i) Py (i) Py (§)W (4)

—W T (i) Py(i) K4 (i) Py ' (i) Py (i)W (i)

+W (i) Py (i) Py (i) Py (1) B(i) K (i) Py ' (i) Py (i)W (4)

+W (i) Py (i) Ka (i) Py (i) Py ()W (i) + W T (i) Py(i) K (i) C (i) W (3),
Zy(i) = W (i) Py(i)A(i) — W (i) Pa(i) Py ' (i) Py (i) A(4)

~W (@) Pa(i) KB (1) Cy (i) + W T (i) P2 (i) K (1) Cy (0),
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—Py(i)B(i)Kc (i) Py (i) Py (i)W (4)
—Py(i)Ka(i)Ps ' (i) Py (i)W (i),

Zy(i) = Pr(i)A(i) + P2(i) K (i)C, (4).
Using some basic algebraic manipulations and
W) [Pi(i) — Pa(i) Py (

the previous elements Z1 (i), Z2(i), Z3(i), and Z4(¢) become
( ) (

(i) = W (i) [Pi(i) - az> <> i) AW ()
W (i) [P(6) ~ Ba(i)Py ()] ()] BG)Ko (i)
3<w T ()W i)

= A(i)W (i) — B(i)Kc (i) Py l(z')PJ (i)W (3),
Zy(i) = W (i) [Pr(i) — Pa(i) Py ' (i) Py (i) A(i) = A(d),

Z3(1) = PL(1) A(D)W (i) + P2(Z) ( ) (Z)W(i)
) (

Using the fact that U (i)VT (:)AT(i)P(i)V (i)U(i) is the transpose of
UT @V (@)PEAGV (U () we get
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UiV ()/i (@) P(@)V (i)U (3)
WT(i)A T() 1(4) ]
+wi@e, %y (1)
WTEAT (i X K (i) Py ()
—WT (i) Py (i) —WT(i)P, (z) H4)
= | LxP ' O)KS@BT (i) | | xKL(i)B T<) 1(0)
—WT()P()
x Py ()() (Z()) 5 (i) |
AT(0) [+0T<> S0Py <>}_

For the term U " (i)V " (i) P(j)V (i)U (i), we have

W) —WW)PMPJ@)} {le P2(j)]
I 0 Py (j) P3(j)
—P )P ()W (i) 0
WTOPAGWE ] |
—WT(Z)PQ(Z)
Py (i) Py ()W (i) WT @) Pi(5)
B W G)P0) ~W (5)Py(i)
x Py (i) P (i)W (i) <Py (i) Py (j)
+WT() (i 31(2)
| x P3(j)P5 " (1) Py ()W (i) |
| BGIWG) PGPS )P (W) Pi(5)
which con be rewritten as follows using the fact that W=1(j) = Pi(j) —
Py(5)P;*(j)Py (j) and some algebraic manipulations:
WT(Z')W’ (j)W(i)
+W (i) [Pz(i)P Hi)Ps(7) — ]Ps_l *
x [Pa(i) Py (i) P3(5) — Pz()] W(i)
[PL(5) = P2(5)Ps (D) Py (1)) W(3) Pi(j)

For the term U T (i)V T

(#)CT ()C.(1)V (1)U (i), we have

UT@H)VT(6)C] (1)C.(i)V (1)U (i)

_ {WW) —WT<z'>Pz<i>P31(z')] [ Cl (i)
I 0 KC( )DT(z’):
X [CZ(i) Dz(i)KC(i)] {_p (T;I;(Q(Z)W(Z) g
_ [W}z) —WT(z')PS(z)P—lu)'
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C(i)C. (i) CZT(Z)DZ( VK (i) ]
()DZT() 2(1) K¢ () D] (i) D. (1) K (4)
W (4) ]1]

—Py (i) Py ()W (i) O

W (H)C ()C ()W (i)
W' (@H)C (i)D =())Ko(i) Py L) Py ()W (i)

—W T (i) P (i) P57 (i) K¢ ()D; (1)C: ()W (i)
= +WT(Z) 5(1) Py ( i)K £ (1) D, (i)
D (i) Kc (i) P (i) Py ()W (3)

)
{cT()o L)W (i) - CT () (z’)Kcu)}
<Py OPT W)

W) PP (K
% D] (7)C- (1)
Cl@)C.(i

For the term U (:)VT (i)CJ (i)B. (i), we have
UT @)V ()C (i) B:(0)

WG W PP ()] [ CT () |
I 0o H T0)D MB(Z)
WO (1)B.(0)
WP )
CKI()D] (1) B (i
T (1) Bo(0)

_[wT@) —WT(i)P2(i)P31(i)} [Pl(i)
I 0 )

Using all the previous computations, the stability condition for the closed-
loop system becomes

My (i) Ms(i)
MJ (i) Ms(i)
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that is,
My(0) + Ni (DN @NT () Ma(i) + NMi@ON T GONT (@) | _
M ) + Na(ON LGN (6) M (i) + Na(OON (1N (3)
with
Mi(i) = My(i) + W (5)CT (1)C. ()W (i)
+W T (0) P (i) Py () K& (1) DY (1) D (3)
<Kei)F; L) Py ()W (i)
ZA”W 2() Py () Py () — Py ()] Py ()
[P2<> Yi)PsG) — P (G)) W)

Mi(i) = A@DW (@) + W (AT (i )
—B(i)Kc(i) Py (l)
-w () 2 (i) Py

Ms(i) = Pi(i)A(i) + Pa(i) Kp(i)Cy (i) + AT (i) Py (i)

N(i) = ¥*1— B] (i)B.(i),
Ni(i) = WT(@)C] (i) B (i)

—W T (i) Py(i) Py ' (i) K (i) D] (8) B2 (i) 4 Buw (i),
Na(i) = CT(3)B.(i) + Pi (i) Bu (i)

Since
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2 AW [P P ()P () = P ()] P (7)

—

x [Po(i) Py (1) Ps(5) — ) (7)) W(4)
AW T () P2 (i) Py () K& (1) D] (1) D2 (i) K (1) P (1) Py ()W (3) > 0,

we get the following equivalent condition:

M (7) +N1(Z)./\/’71(Z)N1T(Z) My(i) +N1(Z)N1(Z)N2T(Z):| <0
My (@) + No (N TN (1) M3 (i) + No ()N @GNS (6) '
Letting
N (4) Y i) — X (i)
PO = |10 0 X0 2700
that is,

Pi(i) = X(i),

Py(i) = Y7H(i) — X (i)

Py(i) = X(i) = Y~ '(i),

implies W (i) = [Py (i) — P(i)P; LG
If we define Kp (i) and K¢ (i ) by

(

(
Kp(i) = Po(i)Kp(i) = [Y (i) — X(i)] Kp(i),
Kel(i) = —Kc(i)Py ' (i))P) (D)W (i) = Kc ()Y (i),

and we use all the previous development, we get

[ MG () + NN TN (1) Ma(i) + N (NN (0)
M3 (i) + Na (N TN (i) M3 (i) + No (NN (0)

)Py (1)) =Y (i) and Py (3) P} (i) = —LL.

with
Mi(i) = A( ‘)Y( i)+ Y (i)AT (i) + B(i)Ko (i) + K& (i) B (i)
+Z/\”YT (Y G +Y T (0)CT(6)D.(i)Ke (i)

+’Cc() L (DC()Y () + YT (1)C) ()C:(D)Y (),
M(i) = A()+YT() TOX (@) +YT(@)Cy ()R

+’Cc( )BT ()X (1) = YT ()K A (i) [X (1) = Y'(3)]

+ZMY () + YT ()C] ()C.() + KL(G)D] ()C.(0),
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Using the following expressions for the controller parameters:

7 [AT ) + X6 AG)Y ()
i) + K (i)Cy ()Y ()
(i) + CT (D= ()Ke i)

Ka(i)=[X(@) - Y~
+X () B
+CT ())C. ()Y
N (DN LD
+ XA TGY )] Y ),

Kp(i) = [Y71() - X()] " Ks (i),

Ke(i) = Ke (i)Y (i),

we have M (i) = 0, which implies that the stability condition is equivalent
to the following conditions:

M)+ YT (@) ())C.(1)Y (i) + N (DN LGN, (i) < 0,
M (i) + No (NN (i) < 0,

which gives

[A() + K& 0D, ()C:(1)] Y (i) + B(i)Kc (i) + YT (1)C/ (1)C(0)Y (i)
+Y (i) [AT () + CJ (1) D= ())Kc(0)] + K& (0BT (i)

N
+Y XY T@OY Y ) + M GON TGN () < 0
and
X(1)A(i) + Kp(i)Cy (i) + AT ()X (i) + Cy (DK p (i)
+ Z A X (5) + CT(0)C. (1) + No(DN TGN (i) < 0

Notice that

N
DAY TOYTHGY () = XY (1) + SV (V)ST(Y),



234 4 . Control Problem

with §;(Y) and Y;(Y) as defined before.
Using this, the previous stability conditions become

K&(i)D] (1)C- (i)Y (i)
+YT()C)T(Z) =()Kc (i)

<0,

Notice that if

K& @)D} (1)C.(1)Y (i) 00 YT (H)C] (1) D5 (i)Ke (i) 0
0 00|+ 0 0 0
0 00 0 00
K@) D] (i)D,(i)Kc (i) 00 YT ()C] (3)C. (i)Y (i) 00
< 0 00| + 0 00
0 00 0 00
we get
Ix(i)  YT()C. (i) KL(1)DI (i) YT (4)C) (4)
C. (i)Y (4) I 0 0
D, (i)K¢ (i) 0 ~I 0
C.(1)Y (7) 0 0 -1
N (4) 0 0 0
Si(Y) 0 0 0
Ni(i) Si(Y)
0 0
b b |
~N@G) 0
0 -Xi(Y)
X(i)A(i) + Kp(i)Cy(2)
FATOX @) +CIOC0) | N3() | _
+Cy (KR > + 00 A X ()
NS (4) —N(i)

with Jx (i) = A@)Y (i) + YT () AT (i) + B(i)Kc (i) + KL ()BT (3) + A Y ().
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Finally notice that

UT@VTE)P@HV(3H)U(>) = {Yﬁi) X%} .

The results of the previous development are summarized by the following
theorem.

Theorem 54. System (4.1) is stable if and only if for every i € & the
following LMIs are feasible for some symmetric and positive-definite ma-
trices X = (X(1),---,X(N)) > 0, and Y = (Y(1),---,Y(N)) > 0,
and matrices Ko = (Ka(1),--- ,Ka(N)), Kg = (Kp(1),--- ,Kp(N)), and
Ke = (Ke(1),--+,Ke(N)):

Jx(i)  YT(E)CT (i) KE()DI(6) YT (E)CT (i)

0
A B (4.39)
0

<0, (4.40)

[Y“) L ] >0, (4.41)

with
Tx(i) = AGY () + YT (@AT () + Bi)Ke() + /CE(') (@) + MY ()
Y) = [\/THY(Z% Tty \/ i1— 1 sV 7,2+1Y Z),

'V NY(Z)} )

Yi(Y) =diag [Y'(1),--- , Y (i = 1),Y(i+1),--- , Y(N)].

Furthermore the dynamic output feedback controller is given by
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Ka(i) = [X() - Y=1()] " [AT(i) + X ()AG)Y (3)
+X (1) B(i)Kc (i) + Kp(i)Cy(1)Y (i)
TN (N TGNT ()
+ X A Y IO ()] Y,

Kp(i) = [Y71(i) = X()] ' Kn(i),

Ko(i) = Ko(i)Y ().

(4.42)

Ezample 57. To illustrate the results of this theorem, let us consider the two-
mode system of Example 45 with the following extra data:

e mode #1:

am =50 =500,
By (1) = '3;3 2;8' . Gy = —318 ?ﬁg— :
By = [H000] 1 p - [1000)
= 5010
e mode #2:

a@ = P2 0L B = (1000,
B,(2) = '3;3 2;8' . G9)= —318 ?ﬁg— !
B - [H000] p - [1000)
e = 59l

Solving LMIs (4.39)—(4.41), we get
131.7769 0.4868 131.7924 0.3609
X(1)= [ 0.4868 131.1781] ’ X(2) = { 0.3609 131.1062} ’

0.4843 —1.1468 0.2461 —0.6813
Y= [—1.1468 2.7880 } ’ Y= {—0.6813 2.0074 ] ’

—8.4260 —0.1195
—0.1195 —8.1164 |’

—8.3574 —0.0445]

Kp(1) =10 [

—_ 3 .
Kg(2) =10 [0.0445 —8.1763
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—0.5271 —1.1465}

—0.7652 —0.6807
Ke(®) = [—1.1468 1.7772 ]

Ke(2) = {—0.6808 0.9941
The controller gains are given by

—1.2755 —0.3518 Kp(l) = 192.1449 52.9780
—0.4526 —0.5948 | ’ BT 1 53,3990 83.5483

—9.2179 —1.6985
—2.2843 —4.9327

Ka(1) = 10*- {
—78.9255 —32.8749
Ke(l) = [—32.8544 —12.8762}

138.2775 25.4226
Kp(2) = [ 25.6205 71.1886}

Ka(2) =10%- {

4 [—66.9426 —23.0582
Ko(2) =10 {23.0770 7.3367]

Based on the results of this theorem, we conclude that the system is sto-
chastically stable under the designed controller and guarantees the disturbance
rejection with a level equal to v = 1.7354.

Let us now consider the case when the system is subject to norm-bounded
uncertainties and see how to design an output feedback controller that ro-
bustly stochastically stabilizes the system and simultaneously guarantees the
disturbance rejection of level . Let us plug the controller expression in the
system dynamics and combining the two dynamics, we get the following:

[{t(t) ] _ [ (A(T(t) ) B(r(t),t)Kc(r(t))} {fﬂ(t)}

de(t) (1)Cy(r(t).1) Ka(r(t)) (1)
[ (r t))] w(t
0
= »t)77 w(t)v
with
_ [z
n(t) = xc(t)] )
dvw— [ AUDD  BEO0KCO)]

For the controlled output, we have

2(t) = Cx(r(t), t)z(t) + D.(r(t), ) Ko (r(t))ze(t) + B:(r(t))w(t)
[Ca(r(),t) Do(r(t), ) Ke(r(t)) ] n(t) + B (r(t))w(t)
= C.(r(t),t)n(t) + Ba(r(t)w(?),

with
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B.(r(t)) = Bu(r(t)).

Notice that the matrices A(r(t),t) and C,(r(t),t) can be rewritten as fol-
lows:

A(r(t),t) = A(r(t)) + AA(r(t),t) + AB(r(t),t) + AC,(r(t), ),
C.(r(t),t) = Cu(r(t) + ACc. (r(t),t) + ADp_ (r(t).t),

with

t
BB = [ PRUOIRCO OB O]

- :8 KB(T(t))(l))Cy (T(t))] {8 Fcy(g(t%t)] [8 Ecy?r(t))}
)

— Do, (rlt) Fe (r(6) 0B, (1),
ACe.(r(8).0) = [ De. (r{6) Fe. (r(8) B (r(8)) 0]
— [De.(riey 0] | 7o (00 0 [ e (OV 0

] 0 0 0 0
0 Fp,(r(t),t) | [0 Ep, (r(t))Kc(r(t))
= Dp.(r(t)EFp.(r(t), 1) Ep. (r(t)).
Using the previous results on stochastic stability and disturbance rejection,

the closed-loop system will be robustly stochastically stable and guarantee the
disturbance rejection of level v if the following holds:
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_J(i,t)  P(i)B ()CT(Z t)
B,(@))P@i)  —*T  B/(3)
C.(Gi,t)  B.(i) I

with J(i,t) = AT (i,t)P(i) + P(i)A(i, t) + Ej L AiiP(5).
Using the expression of A(i,t) and C.(i,t), we rewrite this inequality as
follows:
_ @) P()Bu(i) G (i)]
B, ()P(i) -1  B!()
C’z(i BZ(Z) -1
P(i)Da(i)Fa(i,t)Ea(i) + EX (i) F4 (i,)D 4 (1) P(i) 0 0
+ 0 00
0 00
P(i)Dp(i)Fp(i,t)Ep(i) + EL (i) Fg (i,t) D5 (i) P(i) 0 0
+ 0 00
0 00
P(i)De, (i) Fe, (i,t) Ec, (i) 00
o | [ #5607, 6.0 DE, () PG)

0 00
0 00
0 0 EL ()E¢ (i,4)D¢ (i)

+ | 0 0 0

De. (1)Fe. (i, 1) Ec. (i) 0 0

[ 0 0 BF, () F5, 1.)D, (1)
+1 0 ) 0 0 <0
Dp, (i)Fp,(i,t)Ep, (i) 0 0

with J(i) = AT (i) P(i) + P(i) A(i) + 3 iy Aij P(5)-
Notice that if

P()Da(i)Fa(i,)Ea(i) + E()F4 (i, ) D} (i) P(i) 0 0

0 00

0 00

P(@)Da(i)00] [Fa(i,t) 007 [EA(i) 00

= 0 00 0 00 0 00
0 00 0 00 0 00]
E}(i,t)00] [F{(i)00] [DL(i)P(E)00]

+ 0 00 0 00 0 00
0 00 0 00 0 00 ]
P(i)DA(i)D} (i)P(i) 0 0]

< eyt (i) 0 00
0 00
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E}(i))Ea(i) 00

+ea(i) 0 00

0 00

e4 P Da(i)D (D) P(i) +ea(D)E} (1) Ea(i) 00

< 0 00/,

0 00
P(i)Dp(i)Fp(i, ) Ep(i) 46 EL(i)Fg (i,t) DL () P(i) 8 8'
0 00|
P(i)Dp(i) 007 [Fp(i,t) 007 [Ep()00]

= 0 00 0 00 0 00
0 00 0 00 0 00]
EL(@) 007 [Fg(i,t) 007 [DL(i)P(i) 0 0]

+1 0 00 0 00 0 00
0 00 0 00 0 00|
[P(i)DB(i)Dg(i)P(z) 00]

<ez'(i) 0 00
0 00|
EL(i)Ep(i) 00]

+ep(i) 0 00
0 00|

[81}1(Z)P(Z)IN?B(z)DE(i)P(Z) +ep()EL()ER(i) 0 0]

< 0 00],
0 00

0 00
0 00|
P(i)D¢, (i) 007 [ Fe,(i,t) 007 [Ec, (i) 00]

= 0 00 0 00 0 00
0 00 0 00 0 00]
ES (6,4) 001 [FZ, (1) 007 [ DS, (i)P(i) 00]

+ 0 00 0 00 0 00
0 00 0 00 0 00 ]
P(i)De, (i) D&, (i)P(i) 0 0]

< saj(z) 0 00
0 00 ]
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E{ (i)Ec, (i) 00

+ec, (7) 0 00
0 00
ec (i)P(i)De, (1)DE, (i) P(i) + ¢, (i) B, (i) Ec, (i) 0 0
< 0 00/,
0 00
0 0 E&_(i)F¢ (i,t) D¢ (i)
i o 0 0
De, (i)Fe. (i, t)Ec, (i) 0 0 |
00E/L ()] 00 0 00 0
=100 0 00 0 00 0
00 0 00F, (i,t) | 00D (i)
(00 0 ][00 0 0 00]
+100 0 00 0 0 00
00 Dc. (i) | {00 Fc.(ist) ] | Ec.(i)00]
El ())Ec. (1) 00 00 0 ]
= 6521(2) 0 00| +ec. () |00 0
0 00 00 D¢, (i)D¢, (i) |
ol (ES (1) Ec. (i) 0 0
= 0 0 ~ O ~ b
0 0 ec., (i)De. (1) D¢, (3)
and
0 0 Eh ()Fp (i,)Dh_(i)]
0 0 0
D (i)FDz (Z,t)ED ( ) 0 0 |
00EL (i)] [o0 0 00 0
=100 0 00 0 00 0
00 0 | |00F] (4,t)] 00D (i)
00 0 J[o0o o 0 00
+[00 0 00 0 0 00
100Dp_(i)| [00Fp, (i,t)| | Ep.(i)00
E} (i)Ep, (i) 00] 00 0 ]
=ep'(9) 0 00| +ep.(i) |00 0
0 00| 00 Dp_(i)D}, () |
ept () ED_ (i) Ep. (i) 0 0
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the previous conditions for robust stochastic stability will be satisfied if the
following holds for each i € .7:

AT@)P() + PE)AG) + SN, Ay P() P(i)Buli) C1(0)]

BJ (i) P(i) —2 BI()

C.(i) B.G) I |
(i

{sAl(i)P(i)DA DVDL(i)P(i) +ea(i)E} (i)Ea(i) 00
_|_

0 00

0 00 ]
[egl(z‘)P(z‘)DB(nD;(i)P(i) +ep(i)EL()Ep(i) 00]

+ 0 00
0 00]

rcj (i)P(i)Dc, (i) D¢, () P(i) + ec, (1) EE, (i) Ec, () 0 0]
+ 00
00]

0 0¢ep.(i)Dp.(i)Dp_ (i)
which can be rewritten as follows:
CJG@) P(i)Buwl(i) CJ (i)
B, (0)P(i) =1 B/ ()

where

+ + +
(O]
i)

+ ecli
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If we define Z(i) as follows:
#(i) = 1—ec.(i)De. ()D& (6) = ep. (1) Dp. (i) Dp_(i)
— I-c0.())De. (i)DZ_ (i) — ep. () Dp. () DY, (i),
which should be positive-definite, the previous LMI becomes

{ G0 P(z‘)m}
) B, ()P(i) 1
+ [%T((ﬂ Z1(i) [ C.(i) B.(i)] <0,
which gives in turn the following:
)+ I 0@ C) |
By (i)P(i) o AT i
L arie o) BT
Using the Schur complement again, we get
J(0) + CL()# 7 ()C.(0) + [ P(0) Buli) + C ()27 (i) B.(i)]

x [ BI ()@~ )B.()]  [BIGWPG) + B )& 0)0-()] <o,

which gives the following after using the expression of J (1):

N
AT(i)P(i) + P(i)A(i) + Z Aii P(5)
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Let P(7) have the following form:

70 = 516 o)

(4.43)

(4.44)

As before, we pre- and post-multiply the right-hand side of this inequality

by, respectively, U " (i)V ' (i) and V (i)U(i) to make it useful.

Notice that some of the terms have already been computed and we do not

need to recompute them. For the other terms we have

_[ Da(d) 00 Dgp(i) 0 0 ]
= | Pi(i)Da(i) 00 P(i)D(i) 0 Pa(i)Kp(i)De, (i) |
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_ {WW‘)E_% (i) 00 =WT (i) Py(i) Py () K& (0) E (i)

Ut @)V (0)C; (i)

. [WE(Z-) —WT(i)PS(i)Pgl(i)} {Kg%%(i)}

_ {W%‘)OJ (i) = WT (i) Po(i) Py ' () K () D] (z‘)}
C. (i) ’

and
[ [ WT@)C] (i)% 1 (i)B. (i
= | l-w7@

If we define the following variables:

M) = C(iYW (i) = D.(i) Kc (i) Py () Py (i)W (3),

M(i) = C. (i),

M(i) = T—ec.(i)De. (i)DE (i) — ep. (i) Dp. (i) Dp,_ (i) = (i),
Ni(i) = WT(E)CT (i)A4571 (i) B.(d)

—W (i) Po(i) Py ' (i) K5 (i) D) (i) A5~ (i) B (i)
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+By (i),
A5(i) = Pi(1)B ()+CT()«/V3 (i) B- (i),
(i) = 71 BT() () B.(i),
Aa(i) = [Da OODB 00],
(i) = [P 00P1 (1)D (@)0 Py(i)Kg(i)Dc, (i) ] ,
_ [WT 00[ o ZCZ P(az_l Z)}
(1) Py(4)

Ly 55( I]
Mo (@)= [B} (2)00000},
M1 (@) = [WTHEL (i) 00 =W T (i) P (i) Py (i) KL (D) ES_(i) ]
M30) = [FZL()000],

and using all the previous computations, (4.43) becomes
() + Zoli) + Z(0) + L) + () + Zo()) <0, (4.45)

with
. ) N
2(i) = AT (i) P(i) + P(i) A(>i) + Z AijP(j) =

AW (i

ST (AT (5)
"‘Zj L AGW T (@)W (
—B(i) Ko (i) Py (i) Py (i
1() T

)W (0)

W
—WT (i) Py(i) P (i) K (1) B

3\J

(
(i)
(4)
+N AW () [P <i>Pgl<z> ( —TPJ u)]
L <Py () [P(0) Pyt (0) P3(j) — Py ()] W
AT( ) —|— Py (i)A()W (i
+Py () K (i) Cy (i)W (i
=P B()Ke () Py () P ()W (i)
—P2<>KA<> L) J(z)W()
+3 N [PG) - <> ()P (i) W (i)

T
)
] ’L

()
(1)
T’L
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Ai) + WT(D)AT (i) Py (1)

+WT(0)C ()KL ()P, (i)
W) Py (i) Py (z)Kc< DB (i )Pa(i)
~WT(i)Pa(i) Py (i) K | (i) Py (4)

+ N AW ) [P) — PPy ()P (5)]

+ATOF(0) + Oy (VK5 (DF; (1)
+ZJ 1)‘sz1(]’)

Py(i)A(i) + P2(i) K (i) O,y (i ]

DL
xT71(i) | Dg(i) | P())V(i)U(4)

D¢, (i)
[ Da(i) Dp(i) 0 0
Py(1)Da(i) (i)Dp(i) 0 Py(i)Kp(i)De, (1)
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3
_ [%I(i)wl(i)ﬂ/ll(i) ol ()</V12( )}
Ma O (@)A1(3) Az ()P

[ 30 (in(l)w -
K (@)D, (1 72}1
+%w<z'> LBT(z’)@l(z)Bz(z)
+CT )N (i) B. (i)

()CJ OOA4 OB 1T poapn 17

x| | =W T @) Py (i) Py (1)K (1) D] (i) 1(1) B (1)

[ ) N1 (i) ; (i) +%w(i) {‘FCZT(Z)J’% (1) B=(i)
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_ [ @A @A) Aa() AT @) A5 (6)
N(@) N (@) AN (0) A () AN (@) AT () |

If we use the expression of the controller (4.49), then (4.45) implies

Ay (i) + Ny (D) AT @AM + A5 (1) A (DA (3)
AT (@0) A7 (1) + A ()T (0) A (Z)
+ Mz @) M (1) =

and using the fact that
N
> AW @) [Pa() Py ()P (5) — PT ()]
j=1

x Py (i) [Ba() Py (i) P (G) — PT(5)] W (i) > 0,

we get
(D) + M (D) ()JVl()+</V4() AROFAND)
</V7() Hi)A7 T () + (Z)T(z)%(Z)
+ M (1) P ( )M1(i) <0,
(1) + Ny (D) A7 (@) A2 (0) + A5 (1) Mg (1) A5 (0)
+ AT 1()</VT()+</V10() (1)A10(2)
+ Mg (i) AM2(i) <0,

with

M) = AW Q)+ WT(1)AT (i)

N

D AW TOW W

~B(0)Kc(i) Py ()P ()W (i)

W PP DK (B ()
Mo(i) = AG)+ W (G)AT () Py(i

WO (KS()P

W )Py () Py ()KL

i)B (i) Pr(i)
~W (@) Py(i) Ps () K () Py (i)
N

+ Z W (i) [Pr(j) — P(0) P () B (5)]

(
)
(4)
(
(

M5(i) = Pi(i)A®D) + AT (0)Po(i) + P2()) K5 (0)Cy (i)

+C, (i) K )+ Z Xij Py (j

249
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If we let

B X(i) Y7 - X(9)
Yl6) — X (i) X(@) =Y ~1(@) |

where X (i) > 0 and Y () > 0 are symmetric and positive-definite matrices, it
means that

Pi(i) = X(i),
Py(i) = Y1

which implies that
W (i) = [Pi(i) — P(i) Py (D P ()] =Y (4),
and Py '(i)Py (i) = —L.
Notice also that

N
S NYTOY @)Y () = MY () + Si(Y)YH(Y)ST(Y),

where

Y |:\/7Y sV i 1Y(i), \Y% )‘ii+1Y(i)’ Tt )‘UVY(Z)} ’

Vi(Y) =diag[Y(1),---,Y(i—1),Y(i+1),--- ,Y(N)].
If we define Kp (i) and Ko (i) by

Kp(i) = Py(i)Kp(i) = [Y (i) = X(0)] K5(i),

Ke(i) = —Kc(i)P5 ' ()P, ()W (i) = Kc()Y (i),

the expressions of A (i), -, #12(i) become

M(i) = C.(1)Y (i) + D=(§)Ke (0),

Ma(i) = C=(i),

(1) = ]1—60 (i) De. (1)D¢, (i) — ep. (1) Dp. (i) Dp. (i),

(i)=Y )CT( )N~ (Z)Bz(l)

FKEG)DT ()45~ () B () + Buli),

N5(i) = X (1) Bu (i )+CT(Z)</V3 (1) B (i),

Aai) = 1= BI ()45~ 1(0) B.(3),

A7(i) = [Da(i) 00 Dp(i) 00],

As(i) = [X(i)Da(i) 00 X(i)Dp(i) 0 Kp(i)De, (i) ],
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()= [YTHEL) 00 KLEOELE) 0YT(HELG)]
(i)= [Ea(i) 0000 Ec(i)],
()= [YT()EL (1) 00 KEGED ()],
(i)= [E/L (i)000].
The following theorem summarizes the results of these developments.

Theorem 55. Letea = (ca(1), - ,ea(N)), e = (eB(1),--- ,eB(N)), ec, =
(e, (1), 2, (), ec. = (2o, (1), - ree.(N)), and ep, = (ep. (1),
ep.(N)) be sets of positive scalars. Let v be a given positive number. Sys-
tem (4.1) is stable if and only if for every i € ., the following LMIs
are feasible for some set of symmetric and positive-definite matrices X =
(X(1),---,X(N)) >0, and Y = (Y(1),---,Y(N)), and matrices Ka =

(]CA(]-)v VICA(N))7 K = (ICB(]-)v a’CB(N))7 and Ko = (’Cc(l),"~,
Kc(N)):
M) NTG) Al )
M) —ME) 00
HT@) 0 —AG) 0
A4TG) 00 T
Ho(7) 0 0 0
(i) 0 0 0
ST(Y) o 0 0
Ao (i) M (1) Si(Y)
0 0 0
0 0 0
0 0 0 <0, (4.46)
-Tr=1G@) 0 0
0 —U (i) 0
0 0 =Yi(Y)]
MG NG ) )
Mo(i) —A3(i) 0 0
AT 0 — ) 0
4TG0 0 T
Mo(i) 0 0 0
Ma(i) 0 0 0
Mo (i) A3 (i)
0 0
0 0
0 0 <0, (4.47)
-r='(i) o0
0 —¥ (1)
[YI@ X]Ei)] > 0, (4.48)
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with

VXY (1), Vi1 Y (@), VAN Y (4) }

Vi(Y) = diag[Y(1),--,Y(i — 1),Y(z+ 1), ,Y(N)].

Furthermore, the dynamic output feedback controller is given by

Ka(i) = [X() = Y~16)] 7" [AT() + X()AG)Y (0)
+X()B()Ko (i) + Kp()Cy(0)Y (i)
FAST )5 M) + A (DA (AT ()
F AT ) + AT DT (D)A6(0)
+ AT DT () ()
+ X A Y T OY ()Y ),

Kp(i) = [Y71(0) - X()] " Kg(i),

Ke(i) = Ke (i)Y = (0).

(4.49)

4.4 Observer-Based Output Stabilization

In this section we study a second method to design a stabilizing controller
that uses the measurement of the input and output vectors of the system to
estimate the system state which can then be used for feedback. This technique
is called observer-based output feedback control. We focus on the design of
such feedback stabilization to see if we can compute the gains of this controller.
The structure is given by the following dynamics:

de(t) = A(r(t))ae(t) + B(r(t))u(t) + Bu(r(t))w: (t)
+L(r(t)) [Cy(r(t))ze(t) — y(t)], 2c(0) = 0, (4.50)
u(t) = K(r(t))z.(t),

where z.(t) is the state of the observer and L(i) and K (i) are gains to be
determined for each mode i € ..

In this section we assume that the external disturbances of the state equa-
tions are different and are denoted, respectively, as w1 (t) and wa(t).
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For simplicity in development, we assume in the dynamics (4.1) that the
matrices D, (i), B,(4), and D, (¢) are always equal to zero for each mode i € .7.
Using (4.1) and (4.50), and letting the observer error be defined by

e(t) = x(t) — z(t), (4.51)

and
ic(t) = [A(r(t)) + B(r(t)K(r(t))] zc(t) — L(r(t))Cy(r(t))e(t)
+Bu(r(t))wi(t) — L(r(t)) By (r(t))w2(t)
=[A(r(t)) + B(r(t)) K(r(t))] =

Combining these equations with the error equation, we get the following
dynamics for error:

é(t) = [A(r(t)) + L(r(t))Cy(r(t)] e(t) + L(r(t)) By (r(t))wa (),
which gives the following dynamics for the extended system:

A(r(t)) + B(r(t) K(r(t)) —B(r(t)K(r(t))
i(t) =

)
—
+
™~
=
b
G
— 3
—~
N=
s
=
—~
~
N
=
[
| I |
3
—~
~
N2

with

For the controlled output we have

2(t) = [Cu(r(t) 0] n(t)
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= C.(r®)n(1).

Based on the previous results of this chapter, the extended system will
be stochastically stable and guarantee the disturbance rejection of level
~v if there exists a set of symmetric and positive-definite matrices P =

(P(1),---,P(N)) > 0 such that the following holds for each i € .7
J(0) + CT()C-(6) + 7~ 2P(0) Bu (1) B (6)Pi) < 0, (4.52)
with J(i) = AT (i) P(i) + P(i)A(i) + Y0y Aij P(5).
Let P(i) be given by
= .. |PGE O
P('L)_ [ 0 Q(Z)]’

with P(i) and Q(i) symmetric and positive-definite matrices, and using the
expression of the matrices A(7), we get

{ AT (i)P(4) ] 0
AT(0)Pl) = +K T (1)BT (i) P(i) e 7
SKTOBT PO | ot o
S~ | P(i)By(4) 0
POBLG) =17 Q(i)L(i)By(l)}’
~ ~ [CT (i 1
cric.m = | Q0]
Based on these computations we get
AT (@) P(i 1
im0,
B ety | POBOKG)
+C. (1)C. (i)

J(i)+ CT()C.0) = | L +X75, MiP () -
AT(H)Q(i
+Q(i)A(i)

—KT()BT(i)P(i) +Q(i)L(1)C,y (4)
+C, () LT ()Q(4)
i +Z§V:1)\ijQ(J) i

Notice that

{8P(i)B(()i)K(i)} _ [P(i)B(()i)K(i) 8} [gg} [gg} .

Using Lemma 7 in Appendix A, we get
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- {0 P(z‘)B(i)K(z’)] - {0 P(i)B(i)K(z’)]T
0 0
<) | POPOROITOBOPO I oy 107

Based on all these computations, the stochastic stability condition (4.52)
will be satisfied if the following holds:

AT (0)P(i)
+P(i) A7)
+P(i)B(i)K (i)
+K T (i)BT(i)P(i)
+C] (i)C-(0) .
+ep' (i)P () (1)K (i)
xK T (i)BT (i) P(i)
+v72P(i) By (4)
X B, ())P() o
+Z] 1)\Zj (]) . ’
ATHQG) T
+Q(i)A(i)
+Q()L(i)Cy (i
0 +C, () LT (1)Q(%)
+ep(i)l
+72Q(i) L(1) By (i)
x By ()L (1)Q(i)
+Z§V:1)\sz(j) J

which implies in turn that

AT ()P (i) + P(i)A(i) + P(i)B(i))K (i) + K" ()BT (i) P(i)
+C (i)C. (i) + ep' (i) P(i) B() K (i) K T (i) BT (i) P(i)

N
+1TEP() By (0) B ()P() + 3 Mg P(j) < 0
AT(HQ) + QMWAG) + QU LMy () + Cy (LT (HQ)
N
+ep(DI+ 77 Q) L() By (i) By ()L Q) + D AiyQ(j) < 0

Using the Schur complement these conditions become

[ Je(i)  P@)Bu(i) P)BG)K <>]
B/ (i) P(3) —~2I 0 <0,
KTOBT()PG) 0 —ep(i)I
Tofi) QU)L(B, i)
{BJ LT QM) —1 FO’
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where
Jp(i) = AT (3)P(i) + P(i)A(i) + P(i)B(i) K (i) + KT(i)BT( i) P (i)
+CT(0)C.(1) + Z Ai; P(j)
Jo(i) = AT(1)Q(i) + Qi) A(i) + Qi) L(1)Cy (i) + CT( ) T (1)Q()
+ep (i) + Z el

j=1

These two inequalities are nonlinear in their design parameters. To put
them in the LMI setting let us change some variables. For the first LMI,
notice that it implies the following:

Jp(i)  P(i)By(i)
[BM)P@) —21 }<0'

Let X (i) = P71(i). Pre- and post-multiply this LMI by diag(X (i),I) to
get

Using the fact that

X(i)Jp(i)X (i) = X (i) A" (i )+A() (1) + B(i) K (1) X (1)

+X(OK (@B () + X(0)C] () )+ Z X ()X ()X (0),
and
N
DA X (DX THIX () = XX (1) + Si(X0)XHX)S] (X)),

with §;(X) and X;(X) and letting Y. (i) = K(4)X (i), we get
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For the second nonlinear matrix inequality, letting Y, (i) = Q(¢)L(4) implies
the following LMI:

(i) Yo(i)B,(i)
Bﬁ%?Tm o~ ]<“

o

where
Fa(i) = AT(1)Q() + Q(I)A(i) + Yo(i)Cy (i) + C, (i)Y, (i)

N
+ep ()l + Z Aij Q)

j=1
The following theorem summarizes the results of this development.

Theorem 56. Let v be a given positive constant. If there exist sets of sym-
metric and positive-definite matrices X = (X(1),--- ,X(N)) > 0 and Q =
(Q(),--- ,Q(N)) > 0 and sets of matrices Y. = (Y.(1), - ,Y.(N)) and
Y, = (Yo(1),--- ,Yo(N)) such that the following sets of coupled LMIs hold
for everyi €

By(i) —I 0 0
C,(1)X (i) 8 —I 0 <0, (4.53)
(X)) 0 0 —X(X)
Bféﬁ%%nyxﬁg?”]<07 (4.54)

with

(i) = X(1)AT (@) + A@0)X (i) + B0)Ye(i) + Y, (B (i) + XX (3),
Sa(i) = AT()Q(1) + Q) A(1) + Yo(i)Cy (i) + Cyy ()Y, (i)

N
+ep(l+ Y A QU)),

j=1
then the observer-based output feedback control with the following gains:
L(i) = Q7 ()Y, (), (4.55)
K(i) = Yo()) X~1(3), (4.56)

stochastically stabilizes the class of systems we are studying and at the same
time guarantees the disturbance rejection of level ~y.

From the practical point of view, the observer-based output feedback con-
trol that stochastically stabilizes the system and at the same time guarantees
the minimum disturbance rejection is of great interest. This controller can be
obtained by solving the following optimization problem:
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min v>0, v,
X=(X(1),,X(N))>0,
P :( (1), --’Q(N))>0,
’ Ye=(Ye(1), -+, Ye(N)),
Yo=(Yo(1), Y (N)),

: (4.53) and (4.54), with v =~2.

The following corollary gives the results of the design of the controller that
stochastically stabilizes the system (4.1) and simultaneously guarantees the
smallest disturbance rejection level.

Corollary 11. Let v > 0, X = (X(1),---,X(N)) > 0, Q@ = (Q(1),---,
Q(N)) > 0, Yo = (5/(,(1)5 ,YC(N)), and Y, = (Yo(l)a aYo(N)) be
the solution of the optimization problem P. Then the controller (4.50) with
K (i) = Y. (1) X ~1(i) and L(i) = Q~'(i)Y, (i) stochastically stabilizes the class
of systems we are considering and, moreover, the closed-loop system satisfies
the disturbance rejection of level \/v.

Example 58. To show the validity of the previous results let us consider a
system with two modes with the following data:

e mode #1:
[1.0 0.0 1.0 [0.30.00.17
A(1)=10.01.00.0 B(1)= {0.00.30.1
10.01.0 1.0 | 10.00.2 1.0 |
[0.30.00.1] [0.30.00.17]
B,(1) = 10.00.30.1 C,(1)={0.00.30.1
10.00.21.0 | 10.00.2 1.0 |
[0.30.00.17 [0.30.00.17
B,(1) = ]0.00.30.1 C.(1)= [0.00.30.1
10.00.2 1.0 | 10.00.2 1.0 |
e mode #2
[1.0 0.0 1.0 [0.10.00.1]
A(2)=10.0-10 0.0 |, B(2) 0.2 0.0 0.1
0.0 1.0 —1.0 10.00.20.2 |
[0.10.00.17 [0.10.00.17
B,(2)=1020.00.1], Cy(2) 0.2 0.0 0.1
10.00.20.2 | 10.00.20.2 |
[0.10.00.17] [0.10.00.1]
B,(2)=1020.00.1], C.(2) 0.2 0.0 0.1
10.00.20.2 | 10.00.20.2 |

The switching between the two modes is described by the following tran-

sition matrix:




4.4 Observer-Based Output Stabilization 259

~2.0 2.0
A= [ 1.0 —1.0}'

Letting v = 1.0001 and ep(1) = p(2) = 0.1 and solving the LMIs (4.53)—
(4.54), we get

[ 0.4359 0.0001 —0.0016]
X(1)= | 0.0001 0.4342 —0.0130 | ,
—0.0016 —0.0130 0.3980

[ 0.5546  0.0009 —0.0044 ]
X(2) = 0.0009 0.5556 —0.0127 |,
| —0.0044 —0.0127 0.5172 |

[ 0.2309 0.0524 —0.1490 |
Q(1) =] 0.0524 0.3142 —0.1873 | ,
—0.1490 —0.1873 0.3085 |

0.1816 —0.0238 0.0133
Q(2) = | —0.0238 0.9020 0.1864 | ,
0.0133 0.1864 0.7542

—1.2225 —30.8435 —10.0310
Y.(1) = | 16.6117 —17.9955 —154.9530 | ,
| —3.7886 46.5175  29.7948

1.6423 —6.7984 —12.8747
Y,(2) = | 31.2102 11.1533 32.5000 |,
—11.4035 14.7539 —32.1622

—2.0854 —0.1062 0.2608
Y,(1) = | 0.0702 —1.8611 0.1915 |,
0.1362 0.4518 —0.6117 |

45711 —5.1555 —0.0411 ]
Y,(2) = | —4.2065 2.0675 0.5072 | .
5.2752 —2.9807 —0.5636 |

The corresponding gains are given by

[ —2.8798 —71.8554 —27.5711 ]
K(1) = | 36.7147 —53.1929 —390.9547 | ,
| —8.4448 109.4810 78.4204 |

[ 2.7816 —12.8149 —25.1842]
K(2)= | 56.7476 21.4392 63.8493 |,
| —21.0923 25.1832 —61.7515 |

[ —13.1190 —1.2448 —0.4532
L(1) = | —1.7251 —8.1503 —0.9834
| —6.9423 —4.0854 —2.7990

)
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23.8431 —27.7796 —0.0591
L(2) = | —5.6820 2.3959 0.7534
7.9790 —4.0554 —0.9324

Previously, we used the following decomposition:

[8 P(i)B(()i)K(i)] _ [P(z‘)B(()z‘)K(z‘) 8] [8 g] 7

which gives us some terms that we have ignored since they are positive, which
may give conservative results. We can use another decomposition and get less
conservative results. Notice that

[8 P(i)B(()i)K(i)} _ [P(i)B(i) o} {0 K(i)} |

which implies

Following the same reasoning as before, we get
AT(@)P(i) + P(i)A(i) + P(i)B@)K (i) + K T (i)BT (i)P(i) + C. (i)C(i)
+P(i)B(i)B" (i)P(i) + v 2P(i) By (i) B,, (i) P(i) + f: A\i;P(j) <0
AT()Q) + Q) A(i) + Q) L(1)Cy (i) + Cy (1)L (i )Qj(;) + KT ()K (i)
+y72Q)L(1) By (1) By (1)L (1)Q(i) + f:l AijQ(j) <0

These two matrix inequalities are nonlinear in the design parameters that
we should put in the LMI form. Let us transform the first one. Let X (i) =
P~1(i) and pre- and post-multiply this inequality by X (i) to give

X(@)AT () + A@)X (1) + BOK ()X (i) + XK ' (1)B (i)

+X()C] (1)C ()X (i) + B(i)B' (i) + 7> Bu(i) B, (i)
+ Z A XX ()X (i) < 0.

Let Y.(i) = K(i)X (i) and use the expression

ZM;‘X(Z')X*(J')X(Z') = XX (1) + Si (X)X (X)X (X)
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to give
Jo(i) X()C] (i) Bu(i) Si(X)
C.()X () - 0 0 0
B 0o 2 o | <P
ST(X) 0 0 —X(X)
Yit)}é{]*)@(i) X(@)AT (@) + A@) X (1) + B(0)Ye (i) + Y. ()BT (i) + B(i) BT (1) +

For the second inequality, let Y, (i) = Q(¢)L(¢) to give

Jo(i) KT (i) Y,(i)B,(i)
K(i) I 0 <0,
B (i)Y, (i) 0 —421

with Jo (i) = AT ()Q(1) +Q(i) A(§) + Yo (§)Cy (i) +Cyf (1)Y," (1) + 3071, Ay Q(i)-

The following theorem summarizes the results of this development.

Theorem 57. Let v be a given positive constant. If there exist sets of sym-
metric and positive-definite matrices X = (X(1),--- , X(N)) > 0 and Q =
(Q(),--- ,Q(N)) > 0 and sets of matrices Y. = (Y(1), - ,Ye(N)) and
Y, = (Yo(1),-- ,Yo(N)) such that the following sets of coupled LMIs hold
for everyi €

Jo(i)  X(H)CI (i) Bu(i) Si(X)

C: (gf (@) —011 73211 8 <0, (4.57)
ST (X) 0 0 —Xi(X)
Jo(i) KT (i) Yo(i)By(d)
K (i) | 0 <0, (4.58)
By ()Y, (i) 0 -7’1

with
Fo(i) = XA (i) + A X (i) + B(i)Ye(i) + Y, (i) B (4)
+B(i))BT (i) + \i X (4),
Fa(i) = AT(H)Q) + Q()A®) + Yo (i)Cy (i) + C (i)Y, (i)

+ep (i)l + Z A Q)

j=1

then the observer-based output feedback control with the following gains:
L(i) = Q1 ())Yo(i), (4.59)
K(i) = Ye() X (i), (4.60)

stochastically stabilizes the class of systems we are studying and at the same
time guarantees the disturbance rejection of level ~y.
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Remark 16. Notice that the second LMI depends on the solution of the first
one. Therefore, to get the solution, we should solve the first set of LMIs to
get K = (K(1),---,K(N)), which enters in the second set of LMIs.

Let us now consider the uncertainties in the dynamics and see how to
modify conditions (4.53) and (4.54) to design a robust observer-based output
feedback control that robustly stochastically stabilizes the class of systems
under study.

Combining the system dynamics and the controller dynamics and using
the same techniques as before for the nominal system, we get the following;:

e for the system dynamics:

2(t) = [A(r(t)) + AA(r(t), )] =(t) + [B(r(t)) + AB(r(t), 1)] K(r ()2 (t)
+ By (r(t) Jwr (1)
= [A(r(t)) + AA(r(t),t) + [B(r(t)) + AB(r(t), )] K(r(t))] z(t)
= [B(r(t)) + AB(r(t), )] K(r(t))e(t) + Bu(r(t))wi(t),

e for the controller dynamics:

e(t) = A(r(t))ze(t) + B(r())u(t) + L(r(t)) [Cy(r(t))ze(t) — y(t)]
)

e(t) = i(t) — ot

= [A(r(1) +

e for the extended dynamics:
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i) = [AGr @)+ AAr(),6)] n(t) + Bu(r)w(
= A(r(t), () + Bu(r(t)w(t),

where
0= 23]
—wl(t)
w(t) = _wz(t)} )
~ [A(r(t)) + B(r(t)K(r(t))  —B(r(t)K(r(t))
A(r(t) = 0 A(r(t)) + L(T(t))cy(r(t))}
AA(r(t) t)XA?f?(;(t))v HE(r(t)) —AB(r(t), ) K(r(t))
- r(t),t
AA(r(t),t) = +AB(r(t),t)K(r(t))} —AB(r(t), t)K(r(t))
+L(r(t))AC, (r(t), 1)
- By (r(t)) 0
By (r(t)) = 0 L(r(t))By(r(t))}

For the controlled output, we have

2(t) = [Ca(r(t) + AC:(r(t), 8)] x(t) = {C’z(r(t)) +AC(r(t),1) | n(t),

C.(r(t) = [Car(1)) 0],
AC.(r(t),t) = [AC.(r(t),t) 0].
The extended uncertain system will be stochastically stable and guarantee

the disturbance rejection of level -y, if there exists a set of symmetric and

positive-definite matrices P = (P(1),---, P(N)) > 0 such that the following
holds for each 7 € .7

Ju(i,t) + CJ (i,8)C.(i,t) + v 2P(i) By (i) B, (i)P(i) <0,  (4.61)

with J (i,t) = AT (i,t)P(i) + P(i)A(i,t) + Y00, Mij P(j).
Using the Schur complement, we obtain

Ju(ist)  P(i)Buy(i) CT (i, t)]
BlL@)P(i) —+*1 0 <0
C.(i,t) 0 —1

Based on the expressions of A(i, ), C.(i,t), we get
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0 0 0
AC,(i,t) 0 0

+

AAT (i, t)P(i) + P(i)AA(i, t) 0 ACT (i,t)}
<0

where J(i) = AT (i) P(i) + P(i)A(i) + S N PG).
Let P(i) be given by

2o = "8 ol |

where P(i) and Q(7) are symmetric and positive-definite matrices, and using
the expression of the matrices A(i), we get

e 0 >l A Q) |
Pli) AAéivt) 8_ _ _P(Z)D ()FOA(Z ) Ea(i )8
= [AB(i,t)K (i) 0 P(i)Dp(i)Fp(i, t)Ep(i)K (i) 0]
P@) [ 0 o} - [ A 0
pay| 0 o] _ [ 0 0]
AA®i, 1) 0] = | Q) Da(i)Fali,t)Ea(i) 0 |
Bli) [ 0 0} _ [ 0 0]
AB(i, 1)K (i) 0 Q1) Dp(i)Fp(i,t)Ep(i)K(i) 0]
5 (i) [ 0 0} _ [ 0 0]
L(i)ACy(i,t) 0 Qi) L(i)De, (i) Fo, (i, 1) Ec, (i) 0]
P) [8 AB(ZO )K(Z)} _ [8 —P@)Dp(0)Fp (i, ) Ep () K@) |

P(i) {8 AB(i(?t)K(i)] - [8 Q(i)DB(i)FB(i,t)EB(i)K(i)] '

Based on Lemma 7 in Appendix A, we get

{P(i)DA(i)JT)A(iJ)EA(i) 8] " {P(i)DA(i) A

0
<eald) {P(i)DA@ODZ (i) P(i) 8] U [EX ()EA) 8} |

R
-
N’
&

b
—
~.
~

(@)
[E—
-
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[P@DB(@)FB(@t)EBu)K(z') o] . {P(i)DBWB(i,t>EB<i>K<i> o} :

0 0 0 0
<en) [Pu)DB(z')ODg(i)P(i) 3} fel [KW)E; Es(i)K() 8] |

| |+ [aeoaomamrs]

Q(i)Da(i)Fa(i,t)EA(i) O Q(i)Da(i)Fa(i, t)EA(i) O
1,410 0 L[ ELGEA®) 0

sec @ [o Q<i>DA<i>D£(i>Q<i>]“CM 7 o]’

awommomossons]* laomonomono ]

QU) D (i) Fu(i, ) Es()K (i) 0| T | Q@)Ds(i)Fs(i, ) Es()K (i) 0
o 0 ) [KTOER B

<ep (@) [o Q(z‘)DB(i)D;(i)Q(i)] en() { o] :

[ 0 0]_%{ 0 o}T
Q(i)L(i)Dc, (i) Fe, (i,t)Ec, (i) 0 Q(i)L(i) D¢, (i) Fe, (i,t)Ec, (i) 0

7o 0 B ()Ec, (i) 0
<éc, () {0Q(i)L(i)Dcy(i)Dgy(i)LT(i)Q(i)]+€Cy(z){ " 0}’

0 0 '
{o ~QU) Dy (i) Fp (i, 1) Ep (i) K (z‘)] " {0 —Q) D) s, ) Ep(i) K (“]
N 0 Sk 0
<ep (1) [0 Q(i)DB(i)Dg(i)Q(i)] +er(i) [O KT(i)Eg(i)EB(i)K(i)} ’

0 000 0 000"

0 000 0 000

0 ooo| " 0 000
De, (i)Fe, (i,1)Ec. (i) 000 De, (i)Fe, (i,t)Ec. (i) 000
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ics,

] +eg' ()

0 000
0 000
0 000

E¢_(1)Ec. (i) 0 0 0]

Based on these computations and the ones we did for the nominal dynam-

4 . Control Problem
000 0
~ 1000 0
SEIVATTY 0
000 Dc, (i)D(_(i)
we get
AT(i)P(i)
+P(i)A(7)

+C7 (i) [I—¢ 1(i)Dcz (4)
xD¢ ()] )

+ept (i) P(i)B(i) K ()
xK ()BT (i)P(i)

+ec, (1) ES, (i) Ec, (i
+ep(i)P(i)Dp(i) D (i

+eg' ()ES, (i) Ec. (i

+ Z;v:l Aii P(7)

+eg, (D)Q) L(
T

<0,
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which implies in turn that

AT ())P(i) + P(i)A(i) + P(i)B()K (i) + K ()BT (i) P(i)
+07 (i) [T - e(i)De. () DE(D)] ' C.(0)
+ep ()P BO)K (1)K T (i)BT (i) P(i) + v 2P(i) meJ (i) P(i)
+ea(i)P(i)Da(i) D} (i) P(i )+ (i) EX () Ea(i)
+ep(i)P(0)Dp(i)DE()P(i) + 5" () K T () ES () Ep (i) K (i)
+ec(i)EX () Eali) + ep()K T () ER (i) Ep(i)K (i)
+ec, ()EL, (i) Ec, (i) + ep(i)P(i) Dp (1) D 5 (i) P(i)

N
+eg' ()ES () Ec. (i) + > AijP(j) < 0
AT(D)Q() + Q) A(R) + Q) L(i)C, (i) + O (1) LT () Qi)
+ep (i) +~72Q() L) By (i) B) () LT (1)Q(3)
+ec (DQ)DA() DL ()Q() + e ()Q(0) D (1) DL (1)Q(3)
+ec! ()Q)L()De, ()D&, (VLT ()Q(0) + e () K T () EL () Ep (1)K (i)
+ep ()Q() D () DEH)Q) + er (i) K T () EF () Ep (i) K (i)

WE
>
?Q
>
A
(e)

+ea(i)De. (i) DE (i) +

<.
Il
—

These two conditions are nonlinear in the design parameters P(i), Q(i),
K (i), and L(4). To put them in the LMI framework let us proceed as before.
For this purpose, let us transform the first condition. Let X (i) = P~(i), and
pre- and post-multiply the first condition by X (i) to yield

()AT() () (Z) ) ()X()+X() T(z)BTi
(i) [T -

B(i
ea(i)De. ()DL, (i)] ' C=(0)
K

X(i
() 1) + 772 Bu(i) By (i
€ X

7

(4)

(4)
+€p() (1)K (i (4)
(4)
(7)
(4)
(4)

+ea(@)Da(i)D 4 (i) + ¢4 ()X () E4 (1) Eali)
+ep(i)Dp(i)Dp(i) +ep' (Z)X(i)KT(i)E (1) Ep (i) K (1) X (i
+ec() X (D) EL (1) Ea(i) X (i )+5D(7’)X(Z) ") Eg (i) Bp(i) K ()X (i
)

+ec, ()X () EL, (i) Ec, (1) X (i) + ep(i) Dp (1) D (i

N
+eg (DX () EL, () E, Z X ()X (i) < 0.

Letting Y.(i) = K (i)X (i) and using the previous expression for Z;V 1 Aij
X ()X 1(j)X (i), and noticing that ep' (i)B(i)K(i)K ()BT (i) > 0, we get

the following LMI:
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< o = 2
: K
S = v S
Wu}OOOl_DOOOOO_ — <5 =
= w =) > + < =
X N ~ = \Vi
W..c , Soocococoooox -~ 2 3 =
%) SR ., QococZFoocoor
= ! w2 = N =
= = = =~ —
= — s = _ =
S = = = T e 5O S =
n
ACC Ieeeeee by = T e e ey e oo
= Roococoococooo po o~ S = = = ®
_ —~~ W TS ~ < S =
~ = _ +tfn = Qo Toocooco !
(Zw\Ozw,OOOOOOO.\) /M\\UQW“ _ =
< = = SN g -
¢ = = > = <3 =
= Nooocoocojgoo wm\\@/(zm S = .\2)00000%0
=S = R LS > BVOOOOOOT(\ _
Q > S8 e = e
—~ S =i Q
S = = =Lf7 - = o
CzDCOOOOOOOO TEA = o= =& m\U\U/W\\U\W/\Z)DB =
= cCoocoOoF.,, 0 00 I =< R -~ it coc oo o o
O = ' Ta E TS oxk o n
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— =< — [ Q
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ﬂw T MR T TOw /wA\ -
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where

where
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Ha(i) = AT(H)Q) + Q(i)A(i) + Yo (i)Cy (i) + Cy (1)Y, (§)

N
+ep () +ea(i)De, (1) D¢, (i) + Z Aij Q7).

The following theorem summarizes the results of this development.

Theorem 58. Letcg = (4(1), -+ ,ea(N)) >0, eg = (ep(1),--- ,ep(N)) >
0, ec = (ec(1),---,ec(N)) > 0, e¢, = (ec,(1),--- ,e¢c,(N)) > 0, ep =
(ep(1),---,ep(N)) >0, eg = (eg(l), -+ ,eg(N)) > 0, ep = (ep(1),---,
er(N)) >0, e¢ = (ec(1), -+ ,ec(N)) > 0, ep = (ep(1),--- ,ep(N)) > 0 be
sets of positive scalars. Let v be a given positive constant. If there exist sets
of symmetric and positive-definite matrices X = (X(1),--- ,X(N)) > 0 and
Q= (QQ),---,Q(N)) >0 and sets of matrices Y. = (Y(1),--- ,Yo(N)) and
Y, = (Yo(1), -+ ,Yo(N)) such that the following LMIs hold for everyi € .7 :

Ix(i) X(1)C (i) By(i) X (1) B4 (i) Y. (1) EL (i)
C.(1)X (i) ~I+eg(i)De.(i)D5 (i) 0 0 0
B/ (i) 0 -2 0 0
EA(1)X (i) 0 0 —ea()l 0
Ep(i)Y.(i) 0 0 0 —ept (@)
Ep(i)Y.(i) 0 0 0 0
EA(i)X (i) 0 0 0 0
Ec, (i)X (i) 0 0 0 0
Ec.(1)X (i) 0 0 0 0
L ST (X) 0 0 0 0
Y () EL (1) X()EL (1) X()ES, (1) X()EL (1) Si(X) ]
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
—ep (i)l 0 0 0 o |<0 (462
0 —e5 ()T 0 0 0
0 0 —eg, ()1 0 0
0 0 0 —eq (i)l 0
0 0 0 0 —Xi(X) ]
[ (i) Yo(i)By(i) Q(i)Dali) Q) Dp(i)
By ()Y, (i) =l 0 0
DA (1)Q(7) 0 —ec (i)l 0
D5 (1)Q(7) 0 0 —ep(i)l
D{, ()Y, (3) 0 0 0
DEHQ) 0 0 0
Ep(i)K (i) 0 0 0
| Ep(i)K (i) 0 0 0
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Y(i)De, (i) Qi) D) KT ()ER () KT()ER(0)]
0 0 0 0
0 0 0 0
0 0 0 0
—ec, (I 0 0 0 <0, (4.63)
0 —ep (i)l 0 0
0 0 —ep(i)l 0
0 0 0 —eRt ()
then the observer-based control with the following gains:
L(i) = Q' (i)Yo (i), (4.64)

robustly stochastically stabilizes the class of systems we are studying and at
the same time guarantees the disturbance rejection of level .

From the practical point of view, the observer-based control that stochas-
tically robustly stabilizes the system and at the same time guarantees the
minimum disturbance rejection is of great interest. This controller can be
obtained by solving the following optimization problem:

min v>0, v,
X=(X(1),,X(N))>0,
P Q=(Q(1),+,Q(N))>0,

Yo=(Ye(1),,Ye(N)),
(Yo(1),+ Yo (N)),
s.t.: (4.62) and (4.63) with v =42,
The following corollary gives the results of the design of the controller that
stochastically stabilizes the system (4.1) and simultaneously guarantees the
smallest disturbance rejection level.

Corollary 12. Let v > 0, X = (X(1),---,X(N)) > 0, @ = (Q(1),---,
Q(N)) > 0, Yo = (}/c(l)v ,YC(N)), and Y, = (Yo(l)a aYo(N)) be
the solution of the optimization problem P. Then the controller (4.50) with
K (i) = Ye(i)X1(i) and L(i) = Q~'(i)Y,(i) stochastically stabilizes the class
of systems we are considering and, moreover, the closed-loop system satisfies
the disturbance rejection of level \/v.

Ezample 59. To illustrate the results of the previous theorem, let us consider
the two-mode system with state space in R3 of the previous example with the
following extra data:

e mode #1:
0.1

Da(1)= 02|, Ea(l)=[020.101],
0.2
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[0.1]
Dp(l)= (02|, Ep(1)=[02010.1],
0.2
[0.1]
D¢, (1)= (02|, E¢,(1)=[020.101],
0.2

e mode #2:

[0.13]
Da(2)=101], Ea(2)=[010202],
| 0.1 |
[0.13]
Dp(2)= |01 |, Ep(2)=1[010202],
| 0.1 |
[0.13]
Dc,(2)=| 01 |, E¢,(2)=[010202].
0.1

Let

ea(l) =ea(2) =0.5,ep(1) =
ec,(1) =¢ec,(2) =0.1,ep(1) =
er(1) =ep(2) =0.1,e¢(1) =

3(2) = 0.1,60(1) = 50(2) = 0.1,
D(2) == Ol,EE(l) = EE(Q) == 01,
ea(2) =0.1,ep(1) =ep(2) = 0.1.

9
3

Solving the optimization problem iteratively we get v = 1.0001 and the
corresponding matrices are

[ 1.1891 —1.2714 —0.3465 |
X(1) = | —1.2714 4.7803 —1.8519 |,
—0.3465 —1.8519 4.7348 |

2.5471 1.1317 —0.6506 ]
X(2)=| 1.1317 5.9863 —5.0774 |,
| —0.6506 —5.0774 8.4276 |

[—11.6591 23.8088  6.5857
Y.(1) = | 27.5583 —58.2554 9.1138 |,
—5.2481 9.8404 —23.0591

35.2732 —57.7214 17.8767
Y,(2) = | 164.8969 —19.2224 147.5903 |,
—182.4561 47.9403 —156.7615

0.2121 —0.0225 —0.1250
Q(1) = | —0.0225 0.1953 —0.1768 | ,
| —0.1250 —0.1768 0.3743
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[ 0.2453 —0.2391 —0.1802 ]
Q(2) = | —0.2391 7.3322 —3.5416 | ,
| —0.1802 —3.5416 4.0056 |

[—2.6968 0.8976 0.2141 ]
Y,(1) = | 1.0410 —1.0789 0.0700 |,
| 0.1182 0.9326 —1.0586 |

[5.4077 —7.4053 0.4305
Y,(2) = | 1.9615 —1.2240 —1.5041 |
| 3.9213 —2.0942 —3.0715

[—16.7451 6.7031 —4.0813
L(1)=| —2.3959 —0.8230 —6.8220 | ,
—6.4068 4.3406 —7.4131

[30.5904 —39.0788 —0.5410
L(2)=| 4.1933 —4.4382 —1.0558 | ,
| 6.0624 —6.2045 —1.7246

[—2.9970 5.4655 3.3093
K(1) = | 13.6955 —8.7333 —0.4888 | ,
| —9.8416 —3.2112 —6.8462

[ 21.0037 —21.3461 —9.1176
K(2) = | 68.6938 6.4495 26.7015
| —79.1390 4.1125 —22.2328

As we did for the nominal system, we can establish other results that do
not neglect anything resulting from the transformation of the terms:

{8 P(z’)B(()i)K(z’)] . [8 P(i)B(()i)K(z’)]T _

We can use another decomposition and get less conservative results. In
fact, notice that

[8 P(z’)B(()i)K(i)}

which implies

Following the same reasoning as before, we get

AT (i)P(i) + P(i)A(i) + P(i)B(i)K (i) + K" ()BT (i) P(i)



4.4 Observer-Based Output Stabilization 273

+C] (i) [ - ea(i)De, ()DL (1)) Ca(i)
+P(i)B(i)BT (i) P(i) + v 2P (i) B (i) B, (i) P(i)
+ea(i)P(i)Da(i)Dy (i) P(i) + 4" (i) EA (i) E (i)
+ep(i)P(i)Dp(i) D (i) P(i) +e5' (i) K T (i) Eg (1) Ep (i) K (i)
+ec(i)E T(z) (i) + (>K (i) EL (i) Ep(i)K (i)
+ec, (1) ES, (i) Ec, (i) + 5" (i) P(i) Dp (i) D (i) P(i)

N
teg' () ES (1)Ec. (i) + Y A P(j) <0,

Jj=1
AT()Q(i) + Qi) A(i) + Qi) L(i)Cy (i) + C (1)L (4)Q(4)
+K T (i) K (i) +v72Q(i) L(1) By (i) B, (i) L (i)Q(i)
+ec (DQ()Da(i)D A (1)Q(4) + ' (1) Q1) D (i) D (1) Qi)
+ec, ()Q(I)L(i)De, (i) D&, (LT ()Q(i) + e () K T (D) ER (i) Ep (i) K (i)
+ep (1)Q(1) D) Dy (1) Qi) + e (i) K T (i) Ef (i) Ep (i) K (i)

+e6(i)De. (1)) DE, (i) + Y A Q) < 0.

<.
Il
—_

These two conditions are nonlinear in design parameters P(i), Q(7), K (7),
and L(i). To put them in the LMI framework let us proceed as before. For
this purpose, let us transform the first condition. Let X (i) = P~1(i) and pre-
and post-multiply the first condition by X (¢) to yield

X(0)AT(0) + A@)X () + BG)K (1) X (i) + XK (1)B (i)
+X(1)CT (i) [1- £a(i)De. ()DL (1)] C.()X (i)

+B(i)B' (i) + 77 Bu(i) B, (i)

+ea(i)Da(i)D ()+€A ()X() A EA()X (i)
+ep(i)Dp(i) D (i) + ep' (DX () K T () Ep (i) Ep (i) K ()X (i)
+ec(i) X () EL (1) Ea(i) X (i )+€D(2)X(Z)KT(Z)E (1) Ep (1) K (1) X (1)
+ec, ()X (1) B¢, (1) Ec, (1) X (i) + e (1) Dp (i) D (i)

N
+eg ()X (DEL (D) Ee. ()X (1) + Y \i X (1) X ' ()X (i) < 0.

Letting Y.(i) = K (i)X (i) and using the previous expression for

N
S A X ()X ()X (),
j=1

and noticing that e5' (1) B(i)K (i) K T (i) BT (i) > 0, we get the following LMI:
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QUi)Dp(i) KT ()ER (i) KT (1) EL (@) K (i) ]

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0 | <o, (4.67)
—ep (i)l 0 0 0

0 —ep(i)l 0 0

0 0 —et @I 0

0 0 0 -1 |

where

Sali) = AT()Q(1) + Q) A1) + Yo(i)Cy (i) + Cy (DY, (i)

N
+ea(i)De. ()DE, (1) + > X Q)
j=1

The following theorem summarizes the results of this development.

Theorem 59. Let 4 = (4(1),-- ,ea(N)) >0,ep = (ep(1),--- ,ep(N)) >
0, ec = (ec(1), - ,ec(N)) > 0, ec, = (ec,(1), -+ ,ec,(N)) > 0, ep =
(ep(1),-+-,ep(N)) >0, eg = (eg(l), -+ ,eg(N)) > 0, ep = (ep(l),---,
ep(N)) >0, eg = (eg(1), -+ ,eq(N)) >0, ep = (ep(1), -+ ,ep(N)) > 0 be
sets of positive scalars. Let v be a given positive constant. If there exist sets
of symmetric and positive-definite matrices X = (X(1),--- ,X(N)) > 0 and
Q=(Q(), - ,Q(N)) >0 and sets of matrices Y. = (Y.(1),--- ,Yo(N)) and
Y, = (Yo(1), -+ ,Y,(N)) such that the following LMIs (4.66) and (4.67) hold
for every i € ., then the observer-based control with the following gains:

L(i) = Q7 (i)Y, (3), (4.68)
K(i) = Y.()) X 1(i), (4.69)

robustly stochastically stabilizes the class of systems we are studying and at
the same time guarantees the disturbance rejection of level .

4.5 Stochastic Systems with Multiplicative Noise

Let us consider a dynamical system defined in a probability space (£2, %, &)
and assume that its dynamics are described by the following differential equa-
tions:

(r(#))2(
y(t) = Cy(r(t),)x(t) + D, (r(t), hu(t) + By (r(t))w(t), (4.70)
2(t) = C:(r(t), O)2(t) + Da(r(®) yu(t) + Bo(r(®) (),
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where z(t) € R™ is the state vector; o € R™ is the initial state; y(t) € R
is the measured output; z(t) € R™= is the controlled output; u(t) € R™ is the
control input; and w(t) € R! is the system external disturbance. w(t) € R is a
standard Wiener process that is assumed to be independent of {r(t),t > 0},
which is a continuous-time Markov process taking values in a finite space
& ={1,---,N} and describing the evolution of the mode at time ¢, when
r(t) = i. The matrices A(r(t),t), B(r(t),t), Cy(r(t),t), Dy(r(t),t), C.(r(t),t),
and D, (r(t),t) are given by

A(iyt) = A(i) + Da(i)Fa(i, t) Ea(i),
B(i,t) = B(i) + Dp(i)Fp(i,t)Ep(i),
Cy(i,t) = Cy(i) + D¢, (i) Fe, (i, t) Ec, (i),
C:(i,t) = C:(i) + De. (i) Fe, (i, t) Ec. (i),
Dy(i,t) = Cy(i) + Dp, (1) Fp, (i,t) Ep, (i),
D.(i,t) = D.(i) + Dp,(i)Fp, (i,t)Ep, (i),

where the matrices A(i), B(3), By(7), W(i), Cy (i), Dy (1), By(7), C.(2), D.(3),
and B, (i) are given matrices with appropriate dimensions.

Let us drop the uncertainties and see how we can design a state feedback
controller that stochastically stabilizes the nominal system. Before giving the
results that determine such a controller, let us prove the following theorem.

Theorem 60. If system (4.70) with u(t) = 0 is internally MSQS, then it is
stochastically stable.

Proof: To prove this theorem, let us consider a candidate Lyapunov func-
tion defined as follows:

where P(i) > 0 is symmetric and positive-definite matrix for every i € .7.

The infinitesimal operator .Z of the Markov process {(z(t),r(¢)),t > 0}
acting on V(.) and emanating from the point (x,7) at time ¢, when at time ¢,
x(t) =z and r(t) =i for i € .7, is given by:

LV ((t),i) = T (1) P@)at) + 2T (t )P(i)i(t)
aT ()W (i) P(i) )+ Z)\ux )x(t)
= 2T (@) [AT(i)P(i) + P(i)AG) + W (i) P(i)W(i)

N
=+ DA PG)]e)

1227 (£)P(i) By, (i)w(t).
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Using Lemma 7 from Appendix A, we get the following for any e, (i) > 0:

2xT(t)P(i)Bw(i)w(t) < eu,(z‘)xT(t)P(z‘)Bw(i)BI(i)P(i)x(t)
e (@)w T (t)w(t).

Combining this with the expression £V (z(t),4) yields
LV (@(t),i) < a" () [AT()PG) + POAG) + W (3)P())W()
+ Z X P(3)|2(®) + ()T (4)P() Bu () BL () P()a (!

+ey, ! (Dw T (Hw(t)
=27 (1) [AT(i)P(i) + P(i)AG) + W (i) P(i)W(i)

N
£ DA PO) () + 2T (1) [ew ()P B() B () P()] (1)

+eyt (Do (Bw(?),
=z ()E@)z(t) + e ()w (Hw(t), (4.71)
with
E(i) = AT(@)P() + P()A®i) + W' (i) )+ Z Ai; P(j)

+ew (1) P (1) By (i )BJ( )P (0).

Based on Dynkin’s formula, we get the following:
E[V((t),i)] - V(z0,70) { / LV (@(s), r(s))ds|o, ro]
which combined with (4.71) yields
E[V(z(t),i) — V(zo,7m0)] < E {/Ot l‘T(S)E(T(S))l‘(S)dSll‘Q,’I“oil
1) [ W ules. (472)
Since V(x(t), 1) is nonnegative, (4.72) implies
BV (e(t). 0] + £ | [ T (S-S ()le(s)dslan ol
< Vil +650) [ T ohots)ds,
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which yields

min{in(~Z (1)) E [ / t st)x(s)ds} <E [ / T (8) [ E () ()

< V(zo,70) + 5 (4) /000 w' (s)w(s)ds.

This proves that system (4.70) is stochastically stable. O
Let us now establish what conditions should we satisfy if we want to get

system (4.70), with w(t) = 0 for all ¢ > 0, stochastically stable and has -

disturbance rejection. The following theorem gives such conditions.

Theorem 61. Let v be a given positive constant. If there exists a set of sym-
metric and positive-definite matrices P = (P(1),--- , P(N)) > 0 such that the
following LMI holds for every i € .

: (4.73)

where Jo(i) = AT (i) P(i)+ P(i) A(i)+ W (i) P(i)W (i )+ZJ LA PG +CT (i)
C. (1), then system (4.70) with u(t) = 0 is stochastically stable and satisfies
the following:

1

21l < [V w3 + g P(ro)zo] * , (4.74)

which means that the system with u(t) = 0 for allt > 0 is stochastically stable
with ~y-disturbance attenuation.

Proof: From (4.73) and using the Schur complement, we get the following
inequality:

AT ()P + PE)AG) + W' (i)P )+ Z i P(j) + Cl()C.(i) <0,
which implies the following since C, (i)C, (i) > 0:
AT(i)P (i) + P(i)A(@i) + W' (i)P ) + ZA”P

Based on Definition 6, this proves that the system under study is internally
MSQS. Using Theorem 60, we conclude that system (4.70) with u(t) = 0 is
stochastically stable.

Let us now prove that (4.74) is satisfied. To this end, define the following
performance function:
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T
Jr=E /0 T ()2(t) — 22w (Dw(t)]dt | -

To prove (4.74), it suffices to establish that J, is bounded, that is,
Joo < V(xg,10) = mOTP(ro)xo.

Notice that for V(x(t),i) = T (t)P(i)z(t) we have

LV (x(t),i) =z (t) [AT(z')P(z') + P(i)A(i) + W' (i) P(i)W(i)

+ )‘wP(J)} (t) + 2" ()P (i) Bu(i)w(t) +w' (1) B () P(i)x(t),
j=1
and
2T (1)2(t) — 2w (H)w(t)
= [C.(0)a(t) + Bo()w(D)] " [Ca(D)a(t) + B (i)w(t)] = 7*w " (t)w(t)
(0T ()Ca(D)z(t) + 2 (t)C] (1) Bx(D)w(t)

21 (8)z(t) = YT (Dw(t) + 2V ((t),1) = n' (H)O()n(1),

with
C. (1)B.(3)
o) = TJ(.)(Z) ) [+P(i)Bw(l)
[ v gf’()g;(?)] BI(i)B.(i) = +°1
n' ()= [27(t)w(t)]
Therefore,

Jr=E l/o [27(t)2(t) = YT (t)w(t) + LV (x(t),r(t))] dt]

“E l/o .L”V(x(t),r(t))dt} .

Using Dynkin’s formula,

[/ ,ZV dt|$0 To

- E[V(‘T(T)’ T(T))] - V(x()’ TO)?
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we get

Jr=E

/O nT(t)@(T(t))n(t)dtl — B[V (2(T),r(T))] + V (20, 70)-

Since O(i) < 0 and E[V (x(T),r(T))] > 0, this implies the following:
Jr < V(zo,70),

which yields . < V(z0,70), i.e., |23 — 22wl}3 < ] P(ro)o
This gives the desired results:

N

I2ll2 < [v*IlwlI3 + 20 P(ro)zo]

This ends the proof of the theorem. O
Let us see how we can design a controller of the form (4.17). Plugging the
expression of the controller in the dynamics (4.70), we get

{da:(t) = A(i)x(t)dt + By, (i)w(t)dt + W(i)z(t)dw(t), (4.75)

2(t) = Co(i)z(t) + B:(i)w(t),

where A(i) = A(i) + B(i)K (i) and C. (i) = C.(i) + D.(i)K ().

Using the results of Theorem 61, we get the following for the stochas-
tic stability and the disturbance rejection of level v > 0 for the closed-loop
dynamics.

Theorem 62. Let v be a given positive constant and K = (K(1),--- , K(N))
be a set of given gains. If there exists a set of symmetric and positive-definite
matrices P = (P(1),--- ,P(N)) > 0 such that the following LMI holds for
every i € S :

R PR

BI()C.() -
with Jo(i) = AT (i)P(i) + P(i)A(i) + W(i) P(i)W(i) + Zj.vzl \ij P(5) + CJ(4)

C.(i), then system (4.70) is stochastically stable under the controller (4.17)
and satisfies the following:

=

121l < [V w3 + 2g P(ro)zo] * , (4.77)

which means that the system is stochastically stable with y-disturbance atten-
uation.
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To synthesize the controller gain, let us transform the LMI (4.76) into a
form that can be used easily to compute the gain for every mode i € ..
Notice that

with Jy (i) = AT (i) P(i) + P(i)A(i) + W(i) P(i))W(i) + Zjvzl Aij P(5).
Using the Schur complement we show that (4.76) is equivalent to the
following inequality:

Since A(i) is nonlinear in K (i) and P(i), the previous inequality is nonlin-
ear and therefore cannot be solved using existing linear algorithms. To trans-
form it to an LMI, let X (i) = P~1(i). Pre- and post-multiply this inequality
by diag[X (i), I, 1] to give

Jx (i)  B,(7) X(i)C;r(z)
BJ(i) -1 BJ(i) | <0,
C.(i)X (i) B.(4) —I

with
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where Y (i) = K(i)X (i), and §;(X) and X;(X) are defined as before.
Using the Schur complement again implies that the previous inequality is
equivalent to the following:

o B | SN | xowTe s |
RO B 0 0|
1 < )
{ ()m)] ) A 0 0
<> G 0 0 X0 0
L osT) o 0 0 —a(Y)]

with J(i) = X (i) AT (i) + A(0)X (i) + YT ()BT (i) + B(1)Y (i) + Xis X (i)
From this discussion we get the following theorem.

Theorem 63. Let v be a positive constant. If there exist a set of symmet-
ric and positive-definite matrices X = (X(1),---,X(N)) > 0 and a set of
matrices Y = (Y (1),--- ,Y(N)) such that the following LMI holds for every
i€ S

[ e me | GRG0 xowme s |
PR PN N (2.75)
C.()X (i . <0, (478
[+Dz(i)Y(i)} B=(2) I 0 0
WHX@E) 0 0 —X(i) 0
L ST (X) 0 0 0 —X;(X)

with J(i) = X())AT ())+A@)X (@) +Y T (i))BT (1) +B(3)Y (1) + i X (i), then the
system (4.70) under the controller (4.17) with K (i) =Y (1)X (i) is stochas-
tically stable and, moreover, the closed-loop system satisfies the disturbance
rejection of level .

From the practical point of view, the controller that stochastically stabi-
lizes the class of systems and simultaneously guarantees the minimum distur-
bance rejection is of great interest. This controller can be obtained by solving
the following optimization problem:

min v>0, v,
P: X=(X(1),,X(N))>0
: Y:(Y(1)1'“7Y(N))1

t.: (4.78) with v =~

The following corollary gives the results of the design of the controller that
stochastically stabilizes the system (4.70) and simultaneously guarantees the
smallest disturbance rejection level.

Corollary 13. Let v > 0, X = (X(1),--- ,X(N)) >0, and Y = (Y(1),-- -,
Y(N)) be the solution of the optimization problem P. Then the controller
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(4.17) with K (i) = Y (i) X ~1(i) stochastically stabilizes the class of systems we
are considering and, moreover, the closed-loop system satisfies the disturbance
rejection of level \/v.

Previously we developed results that determine the state feedback con-
troller that stochastically stabilizes the class of systems we are treating in
this chapter and at the same time rejects the disturbance w(t) with the de-
sired level v > 0. The conditions we developed are in the LMI form, which
makes their resolution easy. In the rest of this section we give some numerical
examples to show the effectiveness of our results. Two numerical examples are
presented.

Ezxample 60. Let us consider a system with two modes with the following data:

e transition probability rate matrix:

Ao [2.0 2.0 } 7

3.0 =3.0
e mode #1:
1.0 —0.5 1.0 0.0 (1.0 0.0]
AlL) = [0.1 1.0 ] B(1) = [0.0 1.0} , Bu(l) = 10.01.0]"
1.0 0.0 0.10.0 (1.0 0.0
B:(1) = [0.0 1.0} o W)= [0.0 0.1} G =10010]
(1.0 0.0
DW= \g010|"
e mode #2:
-0.2 —=0.5 1.0 0.0 (1.0 0.0]
AR) = [ 0.5 0.25} - B = [0.0 1.0] - Bu@=10010]
1.0 0.0 0.2 0.0 (1.0 0.0]
B:(2) = [0.0 1.0] - W)= [o.o 0.2] - = g010]
1.0 0.0]
D:(2)= 0010/

Notice that the system is instable in mode 1 and is stochastically instable.
Letting v = 10 and solving the LMI (4.78), we get

35.2579 2.3259
X)) = {2.3259 29.7626} ’

44.3439 —1.2064
X(2) = {—1.2064 39.3224} ’

—37.3452 —2.3342
Y= [ —2.3117 —31.8415} ’

—45.5124  1.4861
Y(Q)_[ 1.4905 —40.7028}’

which gives the following gains:
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—1.0595 0.0044 —1.0262 0.0063

KM =1 0.0050 —1.0702]’ K@) = [ 0.0055 —1.0349

All the conditions in Theorem 63 are satisfied and therefore the closed-loop
system is stochastically stable under the state feedback controller designed for
this system. The system also assures the disturbance rejection of level 10.

Example 61. To design a stabilizing controller that assures the minimum dis-
turbance rejection, let us reconsider the system with two modes from the
previous example and solve the optimization problem P. The resolution of
such a system gives

1.9289 —0.0471 —2.9289 0.0471
X = [—0.0471 1.8714 ] Y= [ 0.0471 —2.8714}

2.0797 —0.1916 ~3.0797 0.1916
X@) = [—0.1916 2.1665 ] Y2)= { 0.1916 —3.1665}

which gives the following gains:

—1.5188 —0.0131 —1.4848 —0.0429
K1) = [—0.0131 —1.5347] » K@= {—0.0429 —1.4654}

Using the results of Corollary 13, the system of this example is stochasti-
cally stable under the state feedback controller with the computed constant
gain and ensures the disturbance rejection of level v = 1.0.

Let us now consider the effect of the uncertainties and see how to design
the state feedback controller that robustly stochastically stabilizes the class
of systems we are considering in this section. Before doing this let us give the
following definition.

Definition 13. System (4.70) with u(t) = 0 and w(t) = 0 for all t > 0 is
said to be internally mean square quadratically stable (MSQS) if there exists
a set of symmetric and positive-definite matrices P = (P(1),--- ,P(N)) > 0
satisfying the following for every i € .&:

AT(i)P(i) + P(i)A(i) + W(i) P ) + Z A P(j) <0, (4.79)

Based on the previous definition, the uncertain system with w(t), Vvt > 0,
will be stochastically stable if the following holds for every i € .# and for all
admissible uncertainties:

AT (i, t)P(i) + P(i)A(i,t) + W' (i) P )+ ZA”P

This condition is useless since it contains the uncertainties F4(4,t). Let us
now transform it into a useful condition that can be used to check the robust
stability.
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If we use the expression A(i,t), we get

AT (i) P(i) + P(i)A®i) + W' (i)P )+ ZA”P

+P(i)Da(i)Fa(i,t)Ea(i) + Ex())F4 (z,t)DA(z)P(z) <0.

Using Lemma 7 of Appendix A, the previous inequality will be satisfied if
the following holds:

AT(i)P(i) + P(i)A(i) + WT (i) P )+ Z NijP(j) +ea(i)E} (i) EA(3)

+€A (i) P(i)Da(i) D3 (i) P(i) < 0,

with €4(4) > 0 for all 4 € 7.
Using the Schur complement we get the desired condition:

Jo(i)  P(i)Da(i)
DA ()P(i) —ea(i)l } <0, (4.80)

with
Jo(i) = AT(@)P(i) + P(i)A(i) + W' (i) P )+ Z Ai; P(j)

+5A(1)EA (D)EA(i).

The results of this development are summarized by the following theorem.

Theorem 64. If there exist a set of symmetric and positive-definite ma-
trices P = (P(1),---,P(N)) > 0 and a set of positive scalars €4 =
(€a(1),--- ,ea(N)) such that the following LMI (4.80) holds for every i € ./
and for all admissible uncertainties, then system (4.70) with u(t) = 0 and
w(t) =0 for all t > 0 is internally mean square quadratically stable.

Theorem 65. If system (4.70) with u(t) = 0 is internally mean square sto-
chastically stable for all admissible uncertainties, then it is also robust sto-
chastically stable.

Proof: To prove this theorem, consider a candidate Lyapunov function to
be defined as follows:

V(x(t),r(t) = 2 (t)P(r(t))z(t),

where P (i) > 0 is a symmetric and positive-definite matrix for every i € ..
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The infinitesimal operator .Z of the Markov process {(z(t),r(t)),t > 0}
acting on V(.) and emanating from the point (z,4) at time ¢, where z(¢ ) x
and r(t) =14 for i € .7, is given by

LVE0.) = $TOPO) +TOPW)
2T (W (i) P( )+ Z/\mﬂf (t)
=a'(t ){AT( )P (i) + P(i)A(i )+WT( )P (i)W (i)
+Z)\”P )| 2(t) + 227 () P() DA () Fai, ) Ea (i) (t)

+2x (t)P(i) By (i)w(t).
Using Lemma 7 in Appendix A, we get the following:

20T (t)P(1)Da(i)Fa(i, ) Ea(i)a(t) < ea(i)a’ () EAG)Ea(i)a(t)

227 ()P(i) B (i)w(t) < e, (0)a’ (8)P(i)Bu(i)B, () P(i)x(t)
)

Combining this with the expression . £V (z(t),4) yields

LV (x(t),i) <z (t) [AT(i)P(i) + P(i)A(i) + WT (i) P(i)W(i)

N
+2Aijp<j>]x<t> +ealdeT (OB () Eali)a(!)

+€A Yi)a T () P(i) D a(i)D 5 (i) P (i) (t)
W' ()x T () P(i) By (i) B, (i) P(i)a(t) + e (i)w " (H)w(t)
N
=2 (t) |AT()P@E) + P AG) + W' (i) PH)W(i) + Z Ai; P(j)

+ea(i)e” (B0 Ea(i)a(t) +€Zl(i)wT(t)P(i)DA(i)DX (1) P(i)x(t)

+a ' (t) [, (1) P(i) Bu (1) B (i) P(0)] @(t) + ew(i)w " (Hw(t),
=2 ()Y (@)z(t) +e(i)w (H)w(?), (4.81)

+ea()EL (1) Bali) +e3' (1) P(i )DA(%)DX( )P (i)



4.5 Stochastic Systems with Multiplicative Noise 287
+ey, () P(i) By (i) By, () P(i).

If Y'(i) < 0 for each i € ., we get the following equivalent inequality
matrix:

Juw(i)  P(i)Buy(i) P(i)Da(i)
By (i)P(i) —ew(i)l 0 <0,
Di@)P@E) 0 —ea(d)l

with J,(i) = AT()P(i) + PG)AG) + WT()POW() + S, A, P() +
eA()E} () Eali).

Based on Dynkin’s formula, we get the following;:

2(i) =

E [V(x(t),4)] — V(zo,r0) [/ LV (x ))ds|x0,r0]

which combined with (4.81) yields
E[V(z(t),i)] — V(zg,ro) <E [/0 I’T(S)E(T’(S))I(S)d5|xo,T0:|

t+ew(i) /O W (s)w(s)ds.  (4.82)

Since V' (z(t),) is nonnegative, (4.82) implies
BV (a(0) )] + B | [ a7 () [-Z ()] a(e)dslaa. o]

< V(xg,r0) + sw(i)/o w' (s)w(s)ds,

which yields

€S

min{Amin (== (i) }E [/Ot xT(s)w(s)ds} <E [/Ot xT(s)[—E(r(s))}x(s)ds}
< V(20,70) + (i) /OOO w' (s)w(s)ds.

This proves that system (4.70) is stochastically stable. O
Let us now establish what conditions we should satisfy if we want sys-

tem (4.70), with w(t) = 0 for all ¢ > 0, to be stochastically stable with

~v-disturbance rejection. The following theorem gives such conditions.

Theorem 66. Let v be a given positive constant. If there exists a set of sym-
metric and positive-definite matrices P = (P(1),--- , P(N)) > 0 such that the
following LMI holds for every i € .&:
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Z_ CT (i, t)B.(i)
Ju(i) P(i) B, (i) } <0, (4.83)

- } BY(1)B.(i) — 11

where J,(i) = AT (i,0)P(i) + P(G)A(i,t) + WT () P())W(i) + 32,1, Ay P(5) +
C] (i,t)C,(i,t), then system (4.70) with u(t) = 0 is robustly stochastically
stable and satisfies the following:

1

Izll2 < [v*[lwll3 + @g P(ro)zo] * , (4.84)

which means that the system with u(t) = 0 for all t > 0 is stochastically stable
with y-disturbance attenuation.

Proof: From (4.83) and using the Schur complement, we get the following
inequality:

AT(i,t)P() + P(i)A(i, t) + W' (i) )+ Z)\”P

+CZT(M)CZ(M) <0,
which implies the following since C (i,t)C.(i,t) > 0:

N
AT(i,0)P(i) + P(8)A(i,t) + W ()) PGYW(i) + 3 Ay P(j) < 0.

j=1

Based on Definition 13, this proves that the system under study is inter-
nally MSQS. Using Theorem 65, we conclude that system (4.70) with u(¢) =0
is robust stochastically stable.

Let us now prove that (4.84) is satisfied. To this end, let us define the
following performance function:

T
Jr=E /0 T ()2(t) — 22w (Dw(t)]dt | -

To prove (4.84), it suffices to establish that J, is bounded, that is:
Joo < V(xo,70) = 29 P(r0) 0.
Notice that for V(z(t),i) = x T (t)P(i)z(t), we have

LV (x(t),i) = x'(t) [AT(z‘, t)P(i) + P(i)A(i, t) + W' (4) P(i)W(i)

N
+ DA PO) () + 2T (P Bu(iw(t)
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+w ' (t)B, (i) P(i)x(t),
and
2T (1)z(t) —Y*w ' (Hw(t)
[C.(i, )z (t) + B.(D)w(t)] " [C.(i,t)a(t) + B. ()w(t)] V2w (Hw(t
(OC] (i, 6)C. (i, t)a(t) + " (H)C] (4, 4) B (i)w(t
+w ' (t)B] (i)C. (i, t)x(t) + w' () B, (i) B. (i)W(t)—WQwT(t)W(t)

which implies the following equality:

21 (1)z(t) = Yw (Dw(t) + LV (2(t),) = 0" (O)8u(i)n(t),

with
CT (i, t)B.(i)
. i ron)
0648 momso
n'(t)= [T w70
Therefore,

Jr=E l/o (2T (t)2(t) = Yw ' (Hw(t) + LV (z(t), r(t))]dtl

/O LV (x(t), r(t))]dt] .

Using Dynkin’s formula, that is,

l/ $V dt|$0,7”‘0

-E

=E[V(z(T),r(T))] = V(xo,70),

we get

Jr=E

T
/0 1" (O)Ou(r()n(t)dt| —E[V (z(T),r(T)] + V(zo,ro). (4.85)

Since ©,(i) < 0 and E[V (2(T),r(T))] > 0, (4.85) implies the following:
JT S V(l‘o ’I“o)

which yields J < V(x07T0)7 Le., ||Z||2 Y ”w”Q < m(—)rPOAO) Zo-
This gives the desired results:

N

zll2 < [v*llwll3 + g Pro)zo] * -
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This ends the proof of the theorem. 0
Let us see how we can design a controller of the form (4.17). Plugging the
expression of the controller in the dynamics (4.70), we get

{da:(t) = A(i )e(t)dt + B (Dw(t)dt + W(i)e()dw (), (4.86)

2(t) = C.(i,t)x(t) + B.(i)w(t),

where A(i,t) = A(i,t) + B(i,t)K (i) and C,(i,t) = C,(i,t) + D.(i,t) K (i).

Using the results of Theorem 66, we get the following for the stochas-
tic stability and the disturbance rejection of level v > 0 for the closed-loop
dynamics.

Theorem 67. Let v be a given positive constant and K = (K (1),--- , K(N))
be a set of given gains. If there exists a set of symmetric and positive-definite
matrices P = (P(1),--- ,P(N)) > 0 such that the following LMI holds for
every i € S :

- C(i,t)B.(i)
BTJO(,t) [_;_P(i)Bw(z)} <0, (4.87)
[ +ZB%) (i)zz(;(’zt))} B (i)B:(i) =’

with Jo(i,t) = AT (i, t)P(3) + P(3) Ai, ) + W () PYW(i) + X2, Ay Pj) +
C] (3,t)C.(i,t), then system (4.70) is stochastically stable under the controller
(4.17) and satisfies the following:

[N

Izll2 < [v*[lwll3 + 2g P(ro)zo] * , (4.88)

which means that the system is stochastically stable with ~v-disturbance atten-
uation.

To synthesize the controller gain, let us transform the LMI (4.87) into a
form that can be used easily to compute the gain for every mode i € 7.
Notice that

with Jy (i, t) = AT(i,£)P(i) + P(i)A(i,t) + WT () P())W(i) + S0, Mij P(j)-
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Using the Schur complement we show that (4.87) is equivalent to the
following inequality:

jl(ivt) P(z)Bw(Z) J(Z’t)]
Bl (i))P(i) —*1  B](i) | <0
C,(i,t) B. (i) -1

Using the expressions of A(i,t) and C,(i,t) and their components, we
obtain the following inequality:

T 7
2@ POBG | 5]
B/ (i)P(i) -1 B/ (i)
Dz(i K(Z) .
|: —|—CZ(Z) ] Bz(z) -1 |
EA(0)F4 (i,t)D 3 (i)P(i) 0 0]
+ 0 00
0 00]
P(i)Da(i)Fa(i,t)Ea(i) 00 ]
+ 0 00
0 0 0_
P(i)Dp(i)Fp(i,t)Ep(i)K (i) 0 0]
+ 0 00
0 00
KT ()Eg(i)Fg (i,t)Dg(i)P(i) 00 ]
+ 0 00
0 00
00 KT(Z)EBZ (Z)FB (z,t)Dg (i) ]
+ 100 0
[0 0 0 |
0 00]
+ [ 0 00
D (i) F. (1) B, (DK () 00 |
00 E/L (Z)ng (i, t)Dgz (7)
4+ 100 0
[0 0 0 |
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N
+P(i)B)K (i) + Y iy P(j)

Based on Lemma 7 in Appendix A, we get
J1(4) P(i)By(i) C/ (i) + K (i)D] (i) ]
B, (i)P(i) -7’1 B/ (i)
Dz (Z)K(Z) + Cz (Z) Bz (Z) -1 h
lfA(i)P(i)DA(i)DX(i)P(i) +ex (DB (1)Ea(i) 00]

+ 0 00
0 00
[ sOPOPODLOFO ]
o | L+ KT OB () Es () (i)
0 00
0 00
rl(z)KT(i)Egz ())Ep_(i)K(i) 0 0 |
+ 0 0 0
0 Oep (z)DDZ(Z)DB (7)
rcl(l)Eg (1)Ec. (i,t) 0 0
+ 0 0 0 <0
0 0 cc. (i) De. () DE. (i)

with
Ji(i) = AT (D) P(i) + P()A(i) + KT(‘)BT(‘)P(‘)

+P(i)B()K (i) + W (i) +Z>\UP

Let Jo(i), W(i), and 7 (i) be defined as

Ja(i) = J1(i) +ex" ()ET (i) Ea(i) +e5' ()K" (i) EL (i) Ep (i) K (i),
W(i) = diag[azl(i)]l, egl(i)]l, ec, ()L ep, ()],
T(i) = (P(i)Da(i), P(i)Dp(i), ES (i), KT (i) E}_(4)) ,

and using the Schur complement we get the equivalent inequality:

Jo(i)  P(i)Bu(i) [+KTC(T>(D)T(Z'J T
BOPG. o BIO0 |
e’ mo o

T7(i 0 0 e
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This inequality is nonlinear in K (i) and P(¢) and therefore it cannot solved
using existing linear algorithms. To transform it to an LMI, let X (i) = P~1(i).
Pre- and post-multiply this inequality by diag[X (), L, I,T] to give

BB | i e | XOTO
z>(ﬁ%gix(> o o0 <o
[ FO.()X () ] B-(1) UG 0
TTHXE) 0 0 “W(i)
with
J3(i) = XA (i) + A@@)X (i) + X (@)K T (i)B" (i)

Notice that

X ()T (i) = (Da(i), Dp(i), X (1) B, (1), X ()K" () Ep_ (1)) ,

and

STAGXGX X () = MuX (@) + Si (X)X HX)S] (X).

K2

Letting Y (i) = K(4)X (¢) and using the Schur complement we obtain

- A [ X@)CT(6)
J (i) B (i) LYT(z')DZT (i)]
BI@ =1 BlO)
D.(i)Y (i) ; —U(i
[+<;@yxuﬂ B.G)  -u(i)
X@WE) 0 X
ZT(Z') 0 0
ST(X) 0 0
XOWT(G) 236) Si(X)
0 0 0
X o o |<® o
0 V(@) 0
0 0 —-X(X)
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with

J(i) = X(@)AT(@) + AG@)X @) + YT (@B (i) + B(i)Y (i)
+ea(D)Da())D (i) +ep())Dp (i) D (i) + Xis X (i),

U(i) = T—ep.(i)Dp. (i) D} (i) — ec. (i) De. (i) DE_(i),

Z(i) = (X()EAG),Y " ()EL(0), X T ()EC (1), Y T ()ED_ (1)),

V(i) = diaglea (i), ep (i), ec. (i), ep. (4)I].

The following theorem summarizes the results of this development.

Theorem 68. Let v be a positive constant. If there exist a set of sym-
metric and positive-definite matrices X = (X(1),---,X(N)) > 0 and a
set of matrices Y = (Y(1),---,Y(N)) and sets of positive scalars e4 =
(EA(1)7 T 76A(N))} € = (63(1)7 e 7€B(N))7 €c. = (80,2(1)’ s EC, (N))7
and ep, = (ep,(1), - ,ep.(N)) such that the following LMI (4.89) holds for
every i € . and for all admissible uncertainties, then the system (4.70) un-
der the controller (4.17) with K (i) = Y (i)X (i) is stochastically stable and,
moreover, the closed-loop system satisfies the disturbance rejection of level .

From the practical point of view, the controller that stochastically stabi-
lizes the class of systems and simultaneously guarantees the minimum distur-
bance rejection is of great interest. This controller can be obtained by solving
the following optimization problem:

min V>0, v,
ca=(ca(l),,ea(N))>0,
EB:(EB(l),-~~ ,EB(N))>O7
P . Ecz:(sDz (1)1“'1€Cz (N))>07
w: ep.=(ep. (1), £p. (N))>0,
X=(X(1),--,X(N))>0,
Y=(Y (1), ,Y(N))

s.it.: (4.89) with v =~2.

The following corollary gives the results of the design of the controller that
stochastically stabilizes the system (4.70) and simultaneously guarantees the
smallest disturbance rejection level.

Corollary 14. Let v > 0, €4 = (ea(1),--- ,ea(N)) > 0, ep = (eg(1), -,
eg(N)) >0, ec. = (ec.(1),-- ,ec.(N)) >0, ep, = (ep.(1),--+ ,ep.(N)) >
0, X = (X(1),---,X(N)) >0, and Y = (Y(1),--- ,Y(N)) be the solu-
tion of the optimization problem Pu. Then the controller (4.17) with K (i) =
Y (i) X ~1(i) stochastically stabilizes the class of systems we are considering
and, moreover, the closed-loop system satisfies the disturbance rejection of

level \/v.

We developed results that determine the state feedback controller that
stochastically stabilizes the class of systems treated in this chapter and at
the same time rejects the disturbance w(t) with the desired level 4 > 0. The
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conditions we developed are in the LMI form, which makes their resolution
easy. In the rest of this section we will give a numerical example to show the
effectiveness of our results.

Ezample 62. Let us consider the two-mode system of Example 49 with the
following extra data:

e mode #1:

W= [go01]
e mode #2:

e = [go0s)

The required positive scalars are fixed to the following values:

EA(l) = EA(Q)

0.50,
ep(l)= ep(2)=¢

c.(1)=¢c.(2) =ep.(1) =ep_(2) = 0.10.
Solving the problem Pu gives

0.0769 —0.1335 —1.0610 0.1437
X(1) = {—0.1335 0.5794 ] , Y1) = [ 0.1392 —1.5717} ’

0.1433 —0.1433 —1.1449 0.1518
X2 = {—0.1433 0.5533 ] Y@= [ 0.1478 —1.5304} ’

which gives the following gains:

—22.2878 —4.8864 ~10.4069 —2.4204
K1) = {—4.8327 —3.8260]’ K2 = { ~2.3394 —3.3718]

Using the results of Corollary 14, the system of this example is stochasti-
cally stable under the state feedback controller with the computed constant
gain and assures the disturbance rejection of level v = 1.01.

The goal of this section is to design an observer-based output feedback
control that stochastically stabilizes the class of stochastic switching systems
with Wiener process we are considering in this paper and at the same time
rejects the effect of the external disturbance w(t) with a desired level v > 0.
The structure of the controller we use here is given by the following expression:
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where z.(t) is the state of the controller and L(i) and K (i) are gains to be
determined for each mode i € ..

We are mainly concerned with the design of such a controller. LMI-based
conditions are searched since the design becomes easier and the gain can be
obtained by solving the appropriate LMIs using the developed algorithms. In
the rest of this section, we assume the complete access to the mode and the
state vector at time t.

For simplicity, we will assume in the dynamics (4.70) that the matrices
D, (i) and B.(i) are always equal to zero for each mode ¢ € .. Using (4.70)
and (4.90) and letting the observer error be defined by e(t) = z(t) — z.(t), we
get

dz(t) = A(r(t)z(t)dt + B(r(t)) K (r(t))z ()dt+B (r(t)w(t)dt
W(r(t))2(t)dw(?)

= [A(r(1)) + B(r() K (r(t)] z(t)dt — B(r(6)) K (r(t))e(t )dt + B (r(t))w(t)dt
W(r(t))a(t)dw(?),

and

dae(t) = [A(r(t) + B(r(0)) K (r(t))] zc(t)dt — L(r(8))Cy (r(t))e(t)dt
[Bu(r(t)) — L(r()) By (r(t))] w(t)dt + W(r(t))xe(t)dw(t).

Combining these equations with the error expression, we get the following
dynamics for error:

de(t) = [A(r(t)) + L(r())Cy (r(t))] e(t)dt
+ L(r(t)) By (r(t))w(t)dt + W(r(t))e(t)dt,

which gives the following dynamics for the extended system:

A(r(t) + Br()K(r(t) —B(r()K(r(t))
(t) = ) [ A(r(1)) ] n(t)
FL(r(£))Cy (r (1))
B (r(t) W(r(t) 0
* [Lwt )By(r(t))} w(t)dt + [ 0 W(r@))} n(t)dw(?)
= A(r(t))n(t)dt + By (r(t)w(t)dt + W(r(t))n(t)dw(t),
with
x(t)
o= 501,
) A(r(t) + Br()K(r(£) —B(r(£)K(r(t))
A(r(t) = ) A(r(1)) } ,
FL(r(£))Cy (r (1))
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s B O
Bu(r(t) = {L(r(t))Bywm}’WW”‘[ 0 W)

For the controlled output, we have

2(t) = Co(r(t)) + D= (r(8) K (r(t))xe(t) + D= (r(6)) K (r(t))2(t)
=D (r(t)) K (r(t))x(t)
= [Ca(r(t) + D:(r(t)) K (r(t) —D:(r(t)) K (r(t) ] n(t)

= C.(r(®)n(t).

Based on the previous results, the extended system will be stochastically
stable and guarantee the disturbance rejection of level ~y if there exists a set
of symmetric and positive-definite matrices P = (P(1),---, P(N)) > 0 such
that the following holds for each i € .%:

J(@) + Cl(i)C.(i) + v 2P(i) B, (i) B, (i) P(i) < 0, (4.91)
with J(i) = AT (i) P(i) + P(i)A(i) + SN PG + W) P(iYW(i).
Let P(i) be given by

PO = [Péz) Q(Zi)] ’

with P(i) and Q(i) symmetric and positive-definite matrices, and using the
expression of the matrices A(4), we get

)
AT(Z)p(Z) _ |:+KT(Z)BT(Z)P(Z)] AT 0
KTOFTOPO |4 o762 a0
_ o~ [ Pli)Bu(i)
PORO= | ity
ore)  Latorten]
Yy ST Dl x B, (1)P(t xB, (i 1)Q(1
POB@OB PO = [ s 2080 T modma ]
<B,()BL0)P() | [ %B,0)B] (LT (1))
CT )0 (1) =
(70 + K ODTOT] [ [076) KTODT )]
<[00 + D.()K () <D. () K (i)
o e
< [C.(0) + D-()K() <D.()K ()
B {WT(Z‘)P(Z‘)W(Z) |
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N N .
S| 2ai=1 A P() 0
2 NP = l 0 zf_mj@m]'

Based on these computations we get

(i) + C (1)C.(i) + 7> P(i) Bw (i) B,, (i) P(i) =
[ ATG)P(i) + P(i)AG) T
+P(4)B(i)K (i)
+KT(i)BT(i)P(i)
+C] (1)C (i

+C] (3) D2 (1)K (i) +472P(i) Bu (i) By (i
YK T (4)DI (1)C, (3) —CT () D. () K (i)
+K T (i)D] (i)D, (i) K (i) ~KT@)D] (i)D.(i)K (i)
+472P(i) B,y (1) B (i) P(i)
+3N N PG)
+WT (i) P(i)W (i)
ATHQ() +Q)AG)
KT ()BT ()P PO LT 00
O o O KT (1)D] (1) D, () K (i)
T W Wb “2Q(i)L(i)By(i)B, (i)LT (i)Q(i
ORGSO | A F
W (D)QU)W(i)

Notice that

[0 P(z’)B(i)K(z’)] _ {P(i)B(i)K(i) 0] [0 11]

0 KT (i)D] (i)D-())K (i) | _ [KT(i)D] (i) 0] [0 D.(i)K (i)
0 0 0 0|10 0 ’
Using Lemma 7 in Appendix A, we get

B [8 P(z‘)B(()i)K(z‘)] - [8 P(i)B(()i)K(z’)]T
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< [P(i)B(i)K(i)}gT(i)BT(i)P(i) 8} n {8 (ﬂ 7

0 P(i)Buw (i) By () LT (1)Q(i) 0 P(i) By ())B) ())LT ()Q(i) ]
0 0 ] + {0 0 }
: {P(i)Bw(i)f} wor ] i {8 Q(i)L(ﬂBy(i)IgyT (i)LT(i)Q(i)]’
CfocT@D.()K@#)]  [0CT@)D.(i)K ()]
A
- {Cg(iz)CZ(i) 8} + [8 KT(i)DZT(?)DZ(i)K(i)} :

[0 KT@DI()D.()K@)] _ [0 KTGDI()D.()KG@)] "
ER S B R
- {KT(z‘)Dz (E)Dz(i)K(i) 8] . {8 KT(i)DJ(?)DZ(i)K(i)] .

Based on all these computations, the stochastic stability condition (4.91)
will be satisfied if the following holds:

AT(i)P(i) + P(i)A(i)
+P(i)B(i) K ()
+K T (0))BT (i) P(3)
+C (i)C- (i)
+C. (i)D (Z)K(Z)
+KT() 2 (1)C.(3)
+K " (i)D ()D() (4) 0
+v 72 P(i) B (i) B" (i) P(i)
+P(i)B(i)K (i)K T (i)B" (i) P(i)
+7 72 P(i)Buw (i) By, (i) P (i)
+CJ (1)C.(7)
+KT()DT(Z)D (4) K (4)
+ 300 A P() <0,
+WT() () (4) i
( AT(1)Q(4) + Q(i) A(i)
+Q(4)L(3)Cy (4)
+Cy (i) LT ()Q(i)
+K T (0)D] (3)D. (1)K (3)
+77 Q) L(i) By (i) By (1)L (1)Q(i)
0 +I
+v72Qi) L(i) By (1) By (1)L (i)Q(d)
+K T (@)D} (i)D, (1)K (1)
+K " (i)D] (i) D (i) K (i)
+300 2 Q(3)
+W T (1)Q(i)W(4)
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which implies in turn that
AT (@) P(i) + P(i)A(i) + P(i)B(i) K (i) + K T (i) BT (i) P(i) + 2C. () C. (i)
+C ()D. () K (i) + K T (i)D. (i)C.(i) + 2K " (i)D] (i) D. () K (i)
+2v‘2P(i)Bw(i)B$(')P(')+P() (K (@)K (1)BT(i)P(i)
+ZA”P )+ W' ()PEHW(i) <0

AT(H)Q() + Q) A() + Q) L()Cy (i) + Cy ()L ()Q(4)
+3K " (i)D] (i) D (1)K (i) + 27 Qi) L(i) By (i) B, ()L (1)Q(i)
+I+ Z A Q(7) + W' ()Q(i)W(i) < 0.
Noticing from Lemma 7 that
CI(H)D. (1)K (i) + D] (i) K T (i)C.(i) < C] (i)C.(i) + KT (i)D] (i)D. (i) K (i),

and using the Schur complement, these conditions become

Jp(i) V2P(i)B,(i) V3K T (i)D] (i) P(i)B(i)K (i)
V2B, (i) P(i) -2 0 0 <0
V3D, ( VK () 0 —1I 0 ’

KT (@)BT(i)P(i) 0 0 —1I

Jol) — V2QUL()B,() V3KT()DI ()
V2B, (Z)LT(Z)Q(Z') -1 0 <0
V3D D, (i)K(7) 0 —I
where
Jp(i) = AT (i)P(i) + P(i)A(i) + P(i))B(i)K (i) + K " (i)B" (i)P(i)
N

+3C] (i) +ZAUP )+ W (3)Pi)W(i),

Jo(i) = AT()Q() + Qi) A ()+Q(Z) (i)Cy (i) + C,) ()L (1)Q(i)
g Z XiiQU) + W' (H)Q(HW(5).

j=1

These two inequalities are nonlinear in the design parameters. To put
them in the LMI setting let us change some variables. Notice that the first
LMI implies the following;:

Jp(i)  V2P(i)By,(i) V3K (i)D] (i)
V2B (i))P(i) =471 0 <0.
V3D, (i) K (4) 0 -1
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Let X (i) = P71(i). Pre- and post-multiply this LMI by diag(X (i),I) to
get

X(i)Jp()X (i) V2B, (i) V3X (@)K (i)D] (i)
V2B] (i) 421 0 <0.
V3D.()K(H)X(@) 0 -1

Using the fact that

X (@) Jp(0)X (i) = X (1) AT (i) + A@) X (i) + B(i) K (i) X (i)

+X (KT (@)BT (i) +3X (1) ()C= ()X (1) + ) Ay X ()X (5) X (0)

N
ZM‘X(Z')X*(J‘)X(Z') = Xii X (i) + Si(X) X7 H(X) ST (X),

and after letting Y. (i) = K (i) X (i), we get

X (0)Jp(1)X (i) V2B, (i) V3Y,' (i)D! (i)
V2B, (i) -2 0
V3D, (i)Y,(i) 0 -1
V3C. (1) X (7) 0 0
()X (4) 0 0
S (X) 0 0
V3X ()OI (1) X(OW' (1) Si(X)
0 0 0
Y 8 | <o, (4.92)
0 —X (i) 0
0 0 —X;(X)
with
Ip(i) = X(1)AT (i) + A@)X (i) + B(0)Ye(d) + Y. ()BT (i) + X X (0).

For the second nonlinear matrix inequality, letting Y, (i) = Q(¢)L(4) implies
the following LMI:

Jo(i) — V2Y,(i)By(i) V3K T (i)D] (i)
V2B, ()Y, (i) —2 0 <0, (4.93)
V3D, (i) K (i) 0 —I

where

Fq(i) = AT(1)Q) + Q(I)A(i) + Yo(i)Cy (i) + C, (1), (i)
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N
L4+ W (DQUEW(E) + > A\iQ()).
j=1

The following theorem summarizes the results of this development.

Theorem 69. Let v be a given positive constant. If there exist sets of sym-
metric and positive-definite matrices X = (X(1),---,X(N)) > 0 and Q =
(Q(1),---,Q(N)) > 0 and sets of matrices Yo = (Y(1),---,Ye(N)) and
Y, = (Yo(1), -+, Yo(N)) such that the following LMIs (4.92)-(4.93) hold for
every i € .7, then the observer-based output feedback control with the following
gains:

L(Z) = Q_l(i)Yo(i)> (494)
K(i) = Y.()) X 1 (4), (4.95)

stochastically stabilizes the class of systems we are studying and at the same
time guarantees the disturbance rejection of level ~y.

Remark 17. Notice that the second LMI depends on the solution of the first.
Therefore, to solve these two LMIs, we should solve the first one to get the
gains K = (K (1),---,K(N)) that enter in the second LMI.

From the practical point of view, the observer-based output feedback con-
trol that stochastically stabilizes the system and at the same time guarantees
the minimum disturbance rejection is of great interest. This controller can be
obtained by solving the following optimization problem:

min v>0, v,
X=(X(1),,X(N))>0,
Q=(Q(1),,Q(N))>0,

P Yo=(Ye(1), -, Ye(N)),
Yo=(Yo(1), Yo (N)),

s.t.:(4.92) and (4.93) with v =2

Remark 18. To solve this optimization, we can proceed by the search method.
We fix v and solve the first LMI that gives the gain K (i) that enters in the
second LMI. Then decrease the disturbance rejection parameter v until an
infeasible solution for one of the two LMIs is obtained. The previous solution
gives the optimal solution.

The following corollary gives the results on the design of the controller
that stochastically stabilizes the system (4.70) and simultaneously guarantees
the smallest disturbance rejection level.

Corollary 15. Let v > 0, X = (X(1),---,X(N)) > 0, X = (X(1),---,
X(N)) > 0, Y. = (Yo(1),--- ) Y(N)), and Y, = (Yo(1),--- ,Y,(N)) be
the solution of the optimization problem P. Then the controller (4.90) with
K(i) = Y. (1) X~ 1(i) and L(i) = Q~1(i)Y, (i) stochastically stabilizes the class
of systems we are considering and, moreover, the closed-loop system satisfies
the disturbance rejection of level \/v.
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4.5 Stochastic Systems with Multiplicative Noise

system with two modes with the following data:

e mode #1:
[1.00.0 1.0 [0.30.00.1]
A(l)={0.01.00.0 B(1)=10.00.30.11,
10.01.0 1.0 | 10.00.2 1.0 |
[0.30.00.1] [0.30.00.1]
B,(1)=10.00.30.1 Cy(l)=0.0030.11,
10.00.2 1.0 | 10.00.2 1.0 |
[0.30.00.1] [0.30.00.1]
B,(1)=1]0.00.30.1 C,(1)=10.0030.1 |,
_0.0 0.2 1.0_ _0.0 0.2 1.0 |
[0.30.00.1] [0.30.00.1]
D,(1)=10.00.30.1 W(1) 0.00.30.1 1,
10.00.2 1.0 0.00.2 1.0 |
e mode #2:
[1.0 0.0 1.0 [0.10.00.1]
A(2)=1]0.0-1.0 0.0 |, B(2)={0.20.00.1
_0.0 1.0 —-1.0 _0.0 0.2 0.2 ]
[0.10.00.1] [0.10.00.1]
B,(2)=1020.00.1], Cy(2)=10.20.00.1
0.00.20.2 | 10.00.20.2]]
[0.10.00.1] [0.10.00.1]
B,(2)=]0.20.00.1], C.(2)=10.20.00.1
10.00.20.2 | 10.00.20.2 |
[0.10.00.1] [0.10.00.1]
D,(2)=1020.00.1 |, W(2)=1{0.20.00.1].
0.00.20.2 | 10.00.20.2]

The switching between the two modes is described by the following tran-
sition matrix:

~2.0 2.0
A= [ 1.0 —1.0]

Letting v = 3.34 and solving the LMIs (4.92)—(4.93), we get:

[ 0.0785 0.0187 —0.0323]
X(1) = | 0.0187 0.1166 —0.0576 | ,
| —0.0323 —0.0576 0.0829 |
[ 0.1202 0.0501 —0.0828]
X(2) = | 0.0501 0.2936 —0.1708 |,
| —0.0828 —0.1708 0.2657 |
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[ 2.3823 —0.0324 —0.6153 ]
Q(1) = | —0.0324 6.7195 —3.1886 | ,
| —0.6153 —3.1886 3.2197 |

[ 1.1971 —0.0835 —0.0826 ]
Q(2) = | —0.0835 1.7468 —0.2846 |
| —0.0826 —0.2846 2.0237 |

[ —1.1284 —0.0805 0.1328 ]
Y,(1) = | 0.0159 —1.1255 0.1105 |,
| 0.0047 0.2289 —0.3606 |

[ 3.3509 —3.5017 —0.3577 ]
Yo(2) = | 6.6375 —3.6129 —2.2431 |,
| —6.5908 3.5848 0.3956 |

[—9.6863 —6.8668 —0.7993 ]
Y,(1) = | ~7.3390 —5.8202 —2.9695 | ,
| —7.9262 —5.7653 —2.7436 |

[—10.4511 —11.0495 —6.4701
Y,(2) = | —7.0889 —4.1117 —10.1378
| —8.7223 —8.9604 —8.7097

The corresponding gains are given by

[—16.3710 —0.6398 —5.2117 |
K(1)=| 0.1224 —13.6946 —8.1380 | ,
—2.0789 —0.3847 —5.4259 |

33.6556 —19.7178 —3.5320 |
K(2) = | 62.0216 —26.4275 —6.1011 | ,
| —67.8515 19.7155 —6.9842 |

[ —6.4854 —4.6746 —1.0927 ]
L(1) = | —5.4330 —4.0794 —1.7935 | ,
—9.0818 —6.7240 —2.8371 |

—9.4840 —9.8576 —6.2766 |
L(2) = | —5.4007 —3.6969 —7.0073 | .
| —5.4569 —5.3503 —5.5456 |

4.6 Case Study

To end this chapter let us return to the VIT'OL helicopter example of Chapter
1 and apply some of the developed results to this system. We will mainly
restrict ourselves to the nominal system. Using the data of Chapter 1, let
us first design a state feedback controller that stochastically stabilizes the
helicopter and at the same time rejects the disturbance with a given level ~.
Letting v = 0.5 and solving the appropriate set of LMIs we get
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[ 0.2948 —0.0967 —0.0509 0.2359 ]|
—0.0967 0.4735 0.0806 —0.0692
—0.0509 0.0806 0.5861 —0.1301 |’
0.2359 —0.0692 —0.1301 0.3039 |

0.5358 —0.1826 —0.1263 0.4308 |
—0.1826 0.7168 0.1990 —0.1771
—0.1263 0.1990 0.9789 —0.2827 |’
0.4308 —0.1771 —0.2827 0.5069 |

0.5136 —0.3434 —0.2898 0.4981 |
—0.3434 0.8304 0.2714 —-0.3010
—0.2898 0.2714 1.0378 —0.3592 |’
| 0.4981 —0.3010 —0.3592 0.6783 |

[ 0.1380 —0.5555 0.3817 0.3061
| —0.0559 —0.2238 0.4803 0.0584 |’

[ 0.0208 0.2869 0.0214 0.1261
| —0.1425 0.1284 —0.0317 —0.1510 | ’

[0.3216 0.0463 —0.0813 0.7911
1 0.0347 0.1631 0.0593 0.3081 |’

which gives the following gains:

—1.7305 —0.7550 1.1888 1.8727
—0.5063 0.4613 0.1257 0.9104 ]

[ —2.0082 —1.3939 1.2906 2.8017}

0.0552 0.1437 —0.1664 —0.3874

—1.4854 0.2581 0.3186 2.5403
| —1.0905 0.2063 0.2018 1.4535 |
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We can also design a constant gain state feedback controller that guaran-
tees the same objectives. Letting v = 0.5 and solving the appropriate set of

LMlIs, we get

Y =

which gives the gain:

H

[ 0.6490 —0.5358 —0.2832 0.6274
—0.5358 0.8143 0.2957 —0.5365
—0.2832 0.2957 0.9708 —0.4392 |’
| 0.6274 —0.5365 —0.4392 0.6911

[ 0.1268 0.1184 0.2606 0.2574
| —0.1550 0.3269 0.3146 —0.1189 |’

| —2.5407 0.6112 1.0778 3.8384
~ | —1.0915 0.5199 0.5620 1.5796 | °
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If we assume that we do not have access to the state vector, we can use
either output feedback controller or observer-based output feedback controller.
Letting again v = 0.5 and solving the appropriate set of LMIs, we get the
following matrices for the output feedback controller:

[18.3522 —4.8565 —6.6867 —5.0359 |
—4.8565 8.2721 7.4568 9.1974
—6.6867 7.4568 16.9620 3.6472
| —5.0359 9.1974 3.6472 21.9054 |

[ 14.3232 —0.5857 —1.8638 —1.3489 |
—0.5857 7.4600 5.7177 8.6247
—1.8638 5.7177 15.6892 4.1220
| —1.3489 8.6247 4.1220 18.1248 |

[ 25.6622 —16.2530 —8.8191 —7.0241
X(3) = —16.2530 26.1734 12.4299 15.0785
| —8.8191 12.4299 17.5084 —2.9124 |’

—7.0241 15.0785 —2.9124 22.9078

2.4550 —2.2490 —2.0781 2.6473 ]
—2.2490 4.7090 1.7095 —2.2865
—2.0781 1.7095 5.0399 —1.9624
2.6473 —2.2865 —1.9624 3.1506 |

4.4938 —4.1125 —3.6648 4.7086 |
—4.1125 6.9810 3.4775 —4.2270
—3.6648 3.4775 7.5519 —3.7221
4.7086 —4.2270 —3.7221 5.1686 |

4.7736 —5.2514 —4.9484 5.3736 |
—5.2514 8.5485 4.1335 —5.9808
—4.9484 4.1335 10.5045 —4.2725
5.3736 —5.9308 —4.2725 6.8252 |

—8.6649 21.3022 —6.8412 5.9010
—13.1845 —10.6297 —7.3190 —0.4590
(1) = 0.3871  —0.0000 |’ H5(2) = —2.1510 —0.0000 | ’

| —17.8135 13.2153 —2.1010 19.4061

[ —13.6704 27.2062
—12.9241 —6.7154

8.7135 —0.0000
—29.4058 38.3058

[2.4658 0.9919 2.1873 4.5482
| 0.7630 2.4123 1.2451 1.8877 |’

[ 1.4441 2.5580 3.4823 2.5940
| —0.9652 3.5037 0.9561 —0.7786 |’

Ho(2) =
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_14.3388 4.5172 5.4320 12.6411
©11.6440 6.8877 2.4956 6.6399 |’

which gives the following set of gains:

[—12.2726 —10.2856 —13.3531 —10.7779
Ka(l) = —29.7243 —46.3163 —37.9057 —52.8599
AT 1 14,4585 81245 2.6309 —4.6477 |
| 12,9983 19.6996 18.1768 22.4359
[—25.0359 —36.2574 —36.8525 —46.5552
Ka(2) = —66.5947 —111.8581 —100.9157 —140.8424
AV =1 18,3847  11.7572  7.5583 0.2403 |’
| 44.9711  73.1096  70.7291  93.6719
—0.0782 —1.6168 —0.4124 —1.8744
—0.1571 —3.3930 —0.8562 —3.9326
—103.
K4(3)=10 0.0961 1.7956 0.4522 2.0679 |’
0.1091 2.4361 0.6161 2.8263
[ 11.2210 10.8168
31.4836  40.0747
Kp(1) = —5.7709 —8.4136 |’
| —13.8496 —19.4622 |
[ 28.7384 40.1719 ] 0.2614 1.8556
| 79.2098 114.4381 .3 | 05431 3.8799
Kp(2) = —10.4118 —15.0794 | ’ Kp(3) =10 —0.2881 —2.0635
| —53.9396 —79.2146 | —0.3886 —2.7910
Ko(l) = [ —2.6646 1.0334 0.9382 5.0169 ]
AT | —1.2987 1.0624 0.4087 2.7160 | °
Ko(2) = [—1.9223 1.0750 0.8945 3.7764
@A™ | —0.2365 0.7963 —0.0030 0.7139 | °
Ko(3) = [ —5.1469 3.8145 0.4729 9.5429 ]
AT | —3.1381 3.3207 0.0492 6.3842 | °
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)

Letting v = 0.5 and solving the appropriate set of LMIs for the design of
the observer-based output feedback control, we get

[ 0.7041 —0.0223 0.0102 0.2514
—0.0223 0.7798 0.0491 —0.0623

X(1) = :

0.0102 0.0491 0.8747 —0.1517
| 0.2514 —0.0623 —0.1517 0.5995

[1.7575 0.0620 0.4759 0.4574
0.0620 1.3634 0.1096 —0.0410

X(2) = :

0.4759 0.1096 1.9321 —0.3803
| 0.4574 —0.0410 —0.3803 1.1229
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0.0191

—0.6623 1.0232
—0.9628 0.9562
—0.6915 1.0889

—0.0912 0.7063
—0.2356 0.6606
0.3869 1.1761

—1.8796 2.1295
—1.0045 1.3480
—1.0200 1.6847

~0.7389 —0.1460 |
0.2689 —0.6476
~0.5037 —0.7826
~1.1943 2.6974 |

—0.7060 —1.6128 ]
—0.0168 0.6717
0.3243 —0.4543

—2.0357 4.6174 |

[1.7911 0.0498 0.2979 0.4661
0.0498 1.4406 0.0857 0.0003
0.2979 0.0857 1.8743 —0.3977 |’
| 0.4661 0.0003 —0.3977 1.5035

[ 0.1261 0.1834 —0.0142 0.3168
| —0.0360 0.1073 —0.0000 —0.0880

[—0.1719 0.2195 —0.0986 —0.0392
—0.2433 —0.0331 —0.0000 —0.5692

0.0968 —0.2871 0.9983
—0.2292 —0.0383 0.0000 —0.1035

[ 2.1557 —0.6623 —0.9628 —0.6915

0.9562 1.0889
2.5423 1.4246
1.4246 4.7794

1.2563 —0.0912 —0.2356 0.3869

0.6606 1.1761
2.7263 0.9792
0.9792 3.1284

1.3480 1.6847
1.9694 0.0808
0.0808 2.7941

) Y0(2) =

which gives the following set of gains:

[ —0.4152 —0.4223
0.7996 —1.5455
—0.4566 —0.4392
| —0.3560 0.9863

[—0.0217 0.2769 0.0698 0.5840 |
0.0047 0.1283 —0.0321 —0.1435 |

—0.0921 0.1682 —0.0387 —0.0044
0.0426 —0.0336 —0.1200 —0.5661

[—0.1856 0.0719 0.0277 0.7288 |
—0.1228 —0.0232 0.0149 —0.0268 |

L) =

I
|

)

2.8558 —1.8796 —1.0045 —1.0200

i

—0.9843 0.0656

—0.1650 —0.2153
—0.0724 —0.1663

0.0406 3.5329

)

—1.1547 —1.7478
—1.7195 —7.5510

0.0024 0.1293
0.8014 4.1436

)

)
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—1.1547 —1.7478
—1.7195 —7.5510
0.0024 0.1293
0.8014 4.1436

L(3) =

4.7 Notes

This chapter dealt with the 75, control problem of the class of piecewise
deterministic systems. Different types of controllers such as state feedback,
output feedback, and observer-based output feedback were discussed and a
design approach of each controller was developed in LMI form. Robust and
nonfragile controllers were designed. The results of this chapter are based
mainly on the work of the author and his coauthors. All of our results have
been tested on the practical example presented in Chapter 1, which is bor-
rowed from aerospace industry. The corresponding model we presented was
developed by Narendra and Tripathi [53] and was used recently by de Farias
et al. [32]. This system was also used by Kose et al. [47] in the deterministic
framework.
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Filtering Problem

In the previous chapters we assumed complete access to the state vector to
compute state feedback control. But as is well known, sometimes this access is
not possible for physical or cost reasons. In order to continue to use the state
feedback controller, we can estimate the state vector. This technique has been
used for many years and continues in many industrial applications ranging
from aerospace to economics, including engineering, biology, geoscience, and
management. In real-time applications, care should be taken to guarantee
that the estimation dynamics be faster than those of the closed loop of the
considered systems.

The estimation problem is fundamental in control theory. It consists of
estimating the unavailable state variables of a studied system. This problem
has been extensively investigated, and nowadays many techniques, such as
Kalman filtering and 2%, filtering, can be used to solve practical estimation
problems.

Kalman filtering estimates the state vector of a given system perturbed by
a Wiener process (Gaussian). The design of the desired filter is based on the
critical assumption that the model of the system is well known and that the
external Wiener process disturbance has some known statistical properties
that are difficult to satisfy in practice. All the models used in practice for
systems to be controlled have uncertainties that result from different causes,
such as wearing and neglected dynamics.

To overcome the difficulties of the Kalman filtering problem, an alterna-
tive approach, called the J#,, filtering problem, has been developed to deal
with the issues of external disturbances and measurement noises. Contrary to
Kalman filtering in this estimation approach, the external disturbance is an
arbitrary signal with norm-bounded energy or bounded average power rather
than Gaussian. In the S, setting the filter is designed to minimize the worst
case induced % gain from system disturbance error to estimation error. Com-
pared to Kalman filtering, this approach presents many advantages, among
them that this technique does not require the statistical assumptions of the
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Kalman filter. Also, the filter designed by this approach is more robust when
the system has uncertainties.

In the rest of this chapter, we cover the techniques of Kalman filtering
and 7 filtering and their robustness. The rest of this chapter is organized
as follows. In Section 5.1, the filtering problem is stated and some necessary
definitions are given. Section 5.2 treats Kalman filtering and its robustness.
In Section 5.3, the %, filtering problem is developed and its robustness is
also treated. Some numerical examples are provided to show the validity of
the developed results.

5.1 Problem Statement

Let us consider a dynamical system defined in a probability space ({2, F,P)
and assume that its dynamics are described by the following differential equa-
tions:

@(t) = A(r(t), t)(t) + B(r(t), tyw(t), ©(0) = xo,
y(t) = Cy(r(t), )z (t) + Dy (r(t))v(t), (5.1)
2(t) = Co(r(t), t)z(t) + D= (r(t))v(t),

where z(t) € R™ is the state vector; w(t) € R? and v(t) are the noise signals;
y(t) € R™ is the measurement; and z(¢) € RP is the signal to be estimated.
The matrices A(r(t),t), B(r(t),t), Cy(r(t),t), and C,(r(t),t) are given by the
following expressions:

A(r(t),t) = A(r(t)) + Da(r(®)Fa(r(t), ) Ea(r(t)),
B(r(t),t) = B(r(t)) + Dp(r(t)) Fa(r(t), t) Ep(r(t)),
Cy(r(t),t) = Cy(r(t)) + De, (r(t)) Fe, (r(t), t) Ec, (r(t)),
Ce(r(t),t) = Cx(r(t)) + De.(r(t) Fo. (r(t),t) Ec. (r(t)),
where A(r(t)), B(r(t)), Cy(r(t)), Dy(r(t)), C:(r(t)), Dz(r(t)), Da(r(t)),
Ea(r(t)), Dp(r(t)), Ep(r(t), Do, (r(t)), Ec, (r(t)), De.(r(t)), and Ec. (r(1))

are known real matrices with appropriate dimensions and Fa(r(t),t),
Fp(r(t),t), Fg,(r(t),t), and Fc,(r(t),t) are unknown matrices representing
parameter uncertainties and are assumed to satisfy the following assumption.

Assumption 5.1.1 Let the uncertainties Fa(r(t),t), Fp(r(t),t), Fc,(r(t),t),
and Fo_(r(t),t) satisfy the following for every r(t) =i € . and t > 0:
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The Markov process {r(t),t > 0}, besides taking values in the finite set
<, represents the switching between the different modes. Its dynamics are
described by the following probability transitions:

Pr(t+ h) = jlr(t) = i
B {)\ijh + o(h) when 7(¢) jumps from 4 to j,

) (5.3)
1+ M;h+o(h) otherwise,

where A;; is the transition rate from mode i to mode j with A;; > 0 when

i#jand Ay = — YN, ., \ij and o(h) is such that lim,_o % = 0.

Remark 19. The uncertainties that satisfy this assumption will be referred to
as admissible. In our case we are considering uncertainties that depend on
mode 7(t) and time ¢ only. This is not a restriction of our results, which will
remain valid even if the uncertainties are chosen to depend on the mode r(t),
state z(t), and time t.

The filtering problem consists of computing an estimate 2(t) of the signal
z(t) via a causal Markovian jump linear filter, which provides a uniformly
small estimation error z(t) — 2(t) for all w(t) satisfying some properties irre-
spective of the admissible uncertainties when there exist.

The following definitions will be used in this chapter. For more details we
refer the reader to Chapter 2.

Definition 14. System (5.1), with w(t) = 0 for all t > 0, is said to be sto-
chastically quadratically stable if there exists a set of symmetric and positive-
definite matrices P = (P(1),--- ,P(N)) > 0 such that the following holds for
each i € &

N
A()P(i) + P(i)AT (4) + Z XijP(j) < 0. (5.4)

For the uncertain case, we have the following definition.

Definition 15. System (5.1), with w(t) = 0 for all t > 0, is said to be ro-
bustly stochastically quadratically stable if there exists a set of symmetric and
positive-definite matrices P = (P(1),--- ,P(N)) > 0 such that the following
holds for each i € .7 and for all admissible uncertainties:

[A(i) + AA(i,t)] P(i) + P(i) [A(i) + AA(i, 1)] Z AijP(j) < 0. (5.5)

Remark 20. Notice that if we transpose the previous inequalities we get
equivalent conditions for stochastic quadratic stability and robust stochas-
tic quadratic stability, respectively, that is,
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AT(i)P(i) + P(i)A(i) + Z Ai; P(j) <0

N
[A()) + AAGL 1)) PG) + P() [A(i) + A, t)} +3" M5 P() < 0.

i=1

In this chapter we deal with Kalman filtering and ¢, filtering techniques.
In both cases, we cover the determination of the filter when the uncertainties
are equal to zero and when they are present in the dynamics.

5.2 Kalman Filtering

Kalman filtering is one of the most popular estimation techniques and has
been applied with success to different fields such as, for instance, engineering,
biology, geoscience, economics, and management.

In the rest of this section we concentrate on the design of a stochastic stable
quadratic state estimator that guarantees that the estimator error covariance
has a guaranteed bound for all admissible uncertainties when they are acting
on the system dynamics. The noise signal will be assumed to be a stationary
Gaussian noise. Notice that the noise for the measurement can be different
from the one in the state equation.

The theory of Kalman filtering requires the following assumptions for the
system state and measurement noises:

E[w(t)] =0,
E[w(tw—rt} Wo(t),wW >0
E[v(t)] = (5.6)
E[vt)th] Vi),V >0
E [w(t)vT(t)] =0,

where §(.) is the Dirac function.

Theorem 70. System (5.1) with w(t) = 0 for allt > 0 is stochastically stable
if it is stochastically quadratically stable.

Proof: Since system (5.1) is stochastically quadratically stable, there is
a set of symmetric and positive-definite matrices P = (P(1),--- ,P(N)) > 0
satisfying for every i € .

AT (@) P@) + P(i)A(i) + Z XijP(j) <0

Let us consider the Lyapunov candidate function given by
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V(x(t),r(t)) =z " (t)P(r(t)z(t). (5.7)

where P(i) is a symmetric and positive-definite matrix for every i € .#.

The infinitesimal operator . of the Markov process {(z(t),r(t)),t > 0}
acting on V(.) and emanating from the point (z,7) at time ¢, where z(t) = =
and r(t) =i for i € 7, is given by:

N
LV (x(t),i) =" () P>i)zt) + " (t)P(i)i(t) + Z Nijz T () P(j)x(t).
j=1
Using the expression of the dynamics (5.1), we get:

N
LV (x(t),i) = x"(t) |AT(i)P(i) + P>i)A®) + Z Nij P(j) | x(¢)

= ' (He()z(t),
where ©(i) = AT (i))P(i) + P(i)AGi) + 1) Mij P(j)-
Since O(i) < 0 for all i € .7, it can be easily shown that the following
holds:
LV (x(t),1) < —afz(t)]?,

where o = min;e o { Anin(—©0(3)) } > 0.
Using Dynkin’s formula, we obtain

E[V(z(t),i)] — E[V(zg,70)] = E [/0 [(ZLV (zs,7(9))] ds|x0,r0}

t
—aE {/ ||x5||2ds|x0,r0} .
0

Since E[V (x(¢),4)] > 0, the last equation implies
t

B | [ el
0

This holds for all ¢ > 0, which proves that the system under study is stochas-
tically stable. This completes the proof of Theorem 70. g

IN

IN

E[V(x(t),i)] + aE [/0 ||175|2d5|:c0,1"0]
< E[V(.To,’/‘o)},vt > 0.

Theorem 71. System (5.1) with w(t) = 0 for all t > 0 is robustly stochasti-
cally stable for all admissible uncertainties if it is stochastically quadratically
stable.

Proof: Since system (5.1) is stochastically quadratically stable, then there
is a set of symmetric and positive-definite matrices P = (P(1),--- ,P(N)) > 0
satisfying for every i € .-
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N
AT (@, 0P(0) + P A(i, 1) + Y NijP(j) <0
for all admissible uncertainties. Let the Lyapunov candidate function be given
by
V((t),r(t) =« (1) P(r(t))z(t).

The infinitesimal operator . of the Markov process {(z(t),r(¢)),t > 0}
acting on V(.) and emanating from the point (z,%) at time ¢, where (¢ ) x
and r(t) =i for i € ., is given by

LV(x(t),i) =i OP@Hz@) +z( +Z>\”x )a(t).

Using the expression of the dynamics (5.1), we get

N

LV (x(t),i) = a (t) |AT(i,t)P(i) + P(i)A(i,t) + Z)\ijp(j) x(t)

j=1

z' (1) [AT(Z')P(Z') +P(i)A(i) + B (1)F1 (i,t)D ; (1) P(i)

L P()DAG)Fa(i,t) Eai +Z)\UP }

= 2" (1) (i)x(t),
where
Oo(i) = AT(i)P(i) + P(i)A(i) + B (i) F4 (i, t)DX( i) P(i)

+P(i))Da(i)Fa(i,t)Ea(i +Z/\”P

Using Lemma 7 in Appendix A, we can show that there exists a set of
positive scalars €4 = (£4(1),---,€4(N)) > 0 such that the following holds
for every i €

where
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Since O(i) < 0 for all i € .7, it can be easily shown that the following
holds:

LV (x(t),1) < —afz(t)]?,

where o = min;e o { A\pnin(—O0(i))} > 0.
Using Dynkin’s formula, we obtain

E[V(z(t),i)] — E[V(zo,r0)] = E {/0 [ZLV (zs,7(9))] ds|xo,ro}

¢
—alE [/ ||x5||2ds|xo,r0} .
0

Since E[V (x(¢),4)] > 0, the last equation implies
¢

o [/ ||x5||2ds|:r0,r0]
0

This holds for all ¢ > 0, which proves that the system under study is stochas-
tically stable. This completes the proof of Theorem 71. g

IA

IN

E[V(z(t),i)] + oE [/0 ||xs|2ds|x07r0]
< E[V(‘To,To)},vt > 0.

Theorem 72. System (5.1) with w(t) = 0 for all t > 0 is robustly sto-
chastically quadratically stable if there exist a sequence of positive numbers
ea = (ea(1), - ,ea(N)) and a set of symmetric and positive-definite matri-
ces P = (P(1),---,P(N)) > 0 satisfying the following for each i € . and
for all admissible uncertainties:

EPAc)
+1(2)Ae .
¥ i) | TOPAO| o, (5.8)
+ea(i)Eq () Ea()
D} (i) P (i) —eA (i)l

Proof: By virtue of the previous result, system (5.1) with w(t) = 0 for all
t > 0 is robustly stochastically quadratically stable if the following holds for
each i € . and all the admissible uncertainties:

N
AT(, 1) P(i) + P(i)A(i, 1) + Y A P(j) < 0.
j=1
Since A(i,t) = A(i) + DA(i)Fa(i,t)E (i), this inequality becomes

N
AT (i)P(i) + P(i)A®i) + Z Aij P(j) + P(i)DA(i)Fa(i, t) EA(i)
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+E4()F 4 (i,t)D} (i)P(i) < 0.
Using Lemma 7 in Appendix A, we have

P(i)Da(i)Fa(i, ) Eali) + B (1) F4 (i,t) D (1) P (i)
< ey ()P@)Da()DL()P() +ea(D)EA (1) Ea(i).
Taking into account this inequality and using the Schur complement, we obtain
the desired results and this ends the proof. O
Let us now return to the goal of this section, which is designing a stochas-
tically stable estimator such that the error covariance of the state vector x(t)
is bounded even in the presence of all admissible uncertainties in the system
dynamics.
The state estimator we use in this section is given by:

{g*c(t) = Ka(r(t)a(t) + Kp(r(t))y(t),

H0)— o (5.9)

where K 4(r(t)) and Kpg(r(t)) are the filter gains to be determined for all the
modes.
The estimator error is defined as follows:

e(t) = a(t) — &(t).

From this, (5.1), and the filter expression (5.9), we get

)
é(t) = &(t) — z(t)
= )

Using this expression, the augmented dynamics system becomes

E(t) = A(r(t), ) &(t) + B(r(t), Hw(t), £(0) = o,
where
- [ z(t)
= @) - 2]
- | A(r(t),t) 0
AT = | 4000, 8) = Ka(r(t) — Kn(r(£)C,(r(2), 8 KA<r(t>>]
_ A(r(#)) 0 }
A(r(8)) — Ka(r(t) — Kp(r(£)Cy(r(t), 1) Ka(r(®))
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JAC,(r(t),1) 0

AA(r(t),t) — Kp(r(t

Notice that

JAC, (r(t), 1)

with

[Ea(r(t) 0],

Ex(r(t))

[Ec, (r(t) 0],

Eg, (r(t))

and

with

Ep(r(t)) = Ep(r(t)).
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Definition 16. Given the dynamics (5.1), the state estimator (5.9) is said
to be a stochastically stable estimator if there exists a set of symmetric and
positive-definite matrices P = (P(1),--- ,P(N)) > 0 such that the following
holds for each i € .7 :

N
A(i)P(i) + P())AT (i) + Y X P(j) + B(i) B (i) < 0. (5.10)
=1

For the robust case, we have the following definition.

Definition 17. Given the dynamics (5.1), the state estimator (5.9) is said to
be a robustly stochastically stable estimator if there exists a set of symmet-
ric and positive-definite matrices P = (P(1),--- ,P(N)) > 0 such that the
following holds for each i € . and for all admissible uncertainties:

[A(i) + AAG, t)} P@i) + P(i) [A(z‘) + AAG, t)} Ty i i P(j)

- - - - T
+ [B(z’) + AB(m)] [B(z‘) + AB(i,t)] <0. (5.11)

Definition 18. The state estimator (5.9) is said to be a guaranteed cost state
estimator for the class of systems we are considering if there exists a symmet-
ric and positive-definite matrix R such that

E{(z —&)(z—2)'} <R (5.12)

E{(z — &)(z — )"} < tr(R) (5.13)

holds for all admissible uncertainties.

Remark 21. In the rest of this chapter we refer to the state estimator (5.9) as
an estimator that provides a guaranteed cost matrix R.

Let us now drop the uncertainties from the dynamics (5.1) and see how
we can design the gain filter parameters K 4 (i) and Kp(¢) for all the modes.
Based on the previous definition, the filter (5.9) is quadratically stochastically
stable if there exists a set of symmetric and positive-definite matrices P =
(P(1),---,P(N)) > 0 such that the following holds for every i € .7:

N
A(i)P(i) + P(i)AT (i) + Z Xi; P(j) + B(i)BT (i) < 0.

Now let P(i) = diag[P;(¢), P2(i)], where P;(i) and Py(i) are symmetric
and positive-definite matrices. Let X (i) = P~1(4). Pre- and post-multiply the
previous inequality by X (i) to get
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Using the fact that

N
ZAZ-]-X (DX ()X (1) = XX (i) + Si(X) X7 H(X)S] (X),

with
_ [Su(X) o
SilX) = 10 S2i(X)] ’
| Xu(X) 0
A(X) = | 0 XQi(X)]
Su(X) = :\/)\T1X1(i), vV Nii—1X1(4), v/ Nii1 X1 (4)
VAN X1 (4) } )
Sai(X {\/7)(2 VvV Aii—1X2(1), v/ Niip1 X2(1),
VAN X (i ] ;

1(X) = diag [Xi (1), -, Xa (i = 1), Xa (i + 1), -+, Xa (V)]
Xoi(X) = diag[Xp(1), -, Xa(i = 1), Xo(i + 1), -+, Xo(N)].

Using the Schur complement, we get

X(0)A@E) + AT ()X (i) + X X (i) X (i) B(i) Si(X)
BT (i) X (i) ~I 0 < 0.
ST (X) 0 —X(X)
Based on the expressions of A(i), B(i), and X (i), we get
L X1 (§)A() 0
FOAD = x,0)A0) — X2()Ka(i) — Xal)Kp(0)C, (1) Xa()EAG) ]
N X1(4)B(4)
XOBO = | x50 - )00
 Dwxi@) 0
>\7,’LX(Z) = ] 0 )\”XQ('L):| )

which imply

321
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ATEX) AT (0)Xa(0)
+X1() (Z) —KA() 21)
—|—)\”X1('L) CT( ) ( ) (7’)

Xo (i) A(1) K 4 (i) Xa(i)
~Xa(i)a (1) XD
— Xa(i)K5()C, (i) +A( )X2<g>)
BT (1) X1(3) { D, (i)K g (i) X2(i )}
ST(X) 0
0 S5 (X)

| )50 | -

.21 ‘Z ) 0 S2i(X)

—X5(i1) KB (i) Dy(7)

o 0 0 <0
0 —Xu(X) 0
0 0 —Xoi(X)

Letting Y (i) = X2(i)K 4(4) and Z(i) = X2(i)Kp(i), we get the following
LMI:

r [AT(i)X1 E\i) ; i(;(i)A(i)] [AT(i)C)gg((i)) - z/)T (i)}
+Ais X1 (2 -Cy )7 (1
{Xg(i)A(i) - Y(i)] [YT(Z') + Y(i)}
—Z(1)Cy(1) +/\(ii))(2(i)
T BT () X5(i
B 0X40) [ Dy (i)zw)]
SH(X) 0
0 S (X)
s o .
[— (ify(i)] 2 SQiéX) <o. (5.14)
0 —X1i(X) 0
0 0 —Xoi(X)

The results of this development are summarized by the following theorem.

Theorem 73. If there exist sets of symmetric and positive-definite matrices
X1 =(X1(1),--- , X1(N)) > 0 and Xo = (X2(1),--- , X2(N)) > 0 and sets of
matrices Y = (Y(1),--- ,Y(N)) and Z = (Z(1),--- , Z(N)) satisfying the fol-
lowing set of LMIs (5.14) for everyi € 7, then the filter (5.9) is a guaranteed
cost state estimator and the gains are given by

{KA@') = X; ' ()Y (i),

Ks(i) = X3 ()20) 1)



5.2 Kalman Filtering

323

FEzample 64. To illustrate the results of this theorem, let us consider a two-

mode system with

e mode #1:

the following data:

-3.0 1.0 0.0

Al)=| 03 —25 1.0 |,

—-0.1 0.3 -3.8

Cy(1) = [0.11.00.0],

e mode #2:

—-4.0 1.0 0.0

A2)=1|03 =30 1 |,

—-0.1 0.3 —4.8

Cy(2) = [0.80.40.0],

1.0
B(1)= |00/,
1.0
D, (1) = [0.2],
1.0
B(2)=[00],
2.0
D,(2) = [0.1].

The switching between the two modes is described by the following tran-

sition rate matrix:

~2.0 2.0
A= [ 1.0 1.0

|

Solving the LMI of the previous theorem, we get

Xi(1) =

[ 0.3251 0.0421 —0.0137]
0.0421 0.4056 0.0347
| —0.0137 0.0347 0.2965 |

[ 0.3846 0.0433 —0.0297 ]
0.0433 0.4565 0.0291
| —0.0297 0.0291 0.3044 |

[0.4124 0.1013 0.0755 |
0.1013 0.4537 0.1262 | ,
| 0.0755 0.1262 0.3977 |

[0.4517 0.0913 0.0555 |
0.0913 0.5413 0.1197 | ,
| 0.0555 0.1197 0.4215 |

[ —1.0652 —0.6438 —0.6657
—0.5275 —0.8897 —0.5892
| —0.5667 —0.5879 —1.1556

[—1.2414 —0.6077 —0.6817
—0.5667 —1.1770 —0.6455
—0.5416 —0.6030 —1.2854

[ 0.1278
—0.6279 | ,

| —0.5518

—0.1660
—0.6951
—0.5598

)
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which give the following gains:

[—2.3272 —1.0449 —1.0551 |
Ka(1) = | —0.4056 —1.5047 —0.3409 | ,
—0.8543 —0.8023 —2.5969 |

2.5593 —0.8739 —1.0864 |

Ka(2) = | —0.4328 —1.8525 —0.3910 | ,
| —0.8249 —0.7895 —2.7957 |
[ 0.8269 0.0286
Kp(l) = | —1.2492 | , Kp(2) = | —1.0525
| —1.1480 —1.0256

Let us now consider the effect of the system uncertainties on the design
of the guaranteed cost state estimator. For this purpose we should satisfy the
following:

[A@) + AAG, t)} P(i) + P(i) [A@) + AAG, t)} !
n i A P(j) + [B(i) + AB(, t)} [é(i) + AB(, t)} "o

Using the expressions of AA(i,t) and AB(i,t) and Lemma 7 and Lemma
8 in Appendix A, respectively, we get

Da(i)Fa(i, ) Ea(i)P(i) + P(i)E4 (i) F4 (i,8) DA (i) < ex" (1) Da(i) D (0)
( o

Based on these inequalities, the previous condition becomes

N

A(i)P(i) + P(i)AT (i) + Z XijP(j) + €5 () Da(i) D} (4)
+ea(i)P(i)E )y (i) Ea(i

+eq, ())De, ()DE, (i) + ec, (D) P(i

+BG)ERG) |51 - Es()ER(0)|  Ep()B ()
+ep(i)Dp(i)D (i) < 0.
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Let P(i) = diag[Py(4), P2(¢)] with Py (i) and P (i) symmetric and positive-
definite matrices. Let X (i) = P~'(i). Pre- and post-multiply the previous
inequality by X (i) to get

< 0.

Noticing that
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X(i)D

N X1(i)Dp (i

X(i)Dp(i) = [X;EZ;Digzg]
[ Xy(i)K ( )Dc, (i )] ,
( ) g(@) Ep(i )EB( )

and using the previous expression for X (i)A(i), AT(:)X (i), X(i)B(i),

BT(i)X

(1), M X (i), Si(X

), and X;(X

), we get the following equivalent LMI

after letting Y (¢) = X2(1) K 4(4) and Z(i) = Xo(i)Kp(i):
[ [AT(0)X1 () + X1 (i) A(i)
+Xi Xl( ) [AT(i)Xz(i) = YT(Z')]
+ea(i)E ( )EA( ) —~Cy ()Z7(4)
+€cy( )Ec Ecy 7
[Xz(Z ] [ i)+ Y(Z)]
+Xii X2(7)
BT(i)Xl(z) [ . (8 T(’() ]
ST(X) 0
0 S5;(X)
D (i) X1 (3) () 2(1
Es(i)BT (i) X1 (i) [ (()) (EE)X 2(’())]
D (i) X1 (i) E( )X2(7)
0 —-D¢, ()ZT(Z)
B ot oo
[_ Z()D, (i)} 0 S2:(X) (Z)DA(
—I 0 0 0
0 —Xu(X) 0 0
0 0 —Xu(X) 0
0 0 0 —ea(d)I
0 0 0 0
0 0 0 0
0 0 0 0
X EngEigE;Ez‘g X1(3)Dg (i) 0 ]
X2(3)BG)ER (i ) . ‘
*Z(Z)Dy(l)Eg(Z) XQ(Z)DB(Z) —Z(Z)Dcy(l)
0 0 0
0 0 0
0 0 0 <0. (5.16)
0 0 0
—[es(@)I - Es(i)EL(3)] 0 0
0 —e5 ()1 0
0 0 —ec, (1)1
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The results of this development are summarized by the following theorem.

Theorem 74. Leteg = (ep(1),--- ,ep(N)) be a given set of positive scalars.
If there exist sets of symmetric and positive-definite matrices X1 = (X1(1),
L, Xi(N) > 0 and Xo = (Xo(1),---,Xo(N)) > 0, sets of matrices
Y=Q), -, Y(N))and Z = (Z(1),--- ,Z(N)), and sets of positive scalars
ea = (ea(l),---,ea(N)) and ec, = (e¢, (1), -+ ,ec,(N)) satisfying the fol-
lowing the set of LMlIs (5.16) for every i € ., then the filter (5.9) is a
guaranteed cost state estimator and the gains are given by

Ka(i) = X3 ()Y (),
{KBm — X, (0)70) 47

Example 65. To illustrate the results of the previous theorem, let us consider
the system of the previous example with the following extra data:

e mode #1:

[ 0.1
Da(1)=]0.01|, FE4(1)=[0.10.200],
| 0.0
[0.1
Dp(l)=[01]|, Eg(1)=][01],
0.0
D¢, (1)=[02],  E¢,(1)=]01],
e mode #2:
0.2
Da(2)=|0.1], Ea(2)=[0.11.00.02],
0.0
Dp(2)=[011.00.0], Eg(2)=1[0.02],
D¢, (2) = [0.1], Ec,(2) = [0.01].

Solving the LMI of the previous theorem, we get

0.3901 0.4781 0.4119
X1(1) =103 - | 0.4781 0.6968 0.5443 | ,
0.4119 0.5443 0.5219

0.0001 0.0001 0.0001
X1(2) = | 0.0001 0.0014 0.0002 | ,
0.0001 0.0002 0.0002

0.0907 0.2818 0.3070
Xo(1) =103+ | 0.2818 0.4971 0.5069 | ,
0.3070 0.5069 0.3563
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—0.4562 —0.1674 0.6966
Xo(2) =1073 . | —0.1674 0.2448 0.3879 | ,
0.6966 0.3879 0.1134

[ —0.0001 —0.0012 —0.0009 |
Y (1) = | —0.0007 —0.0000 —0.0012 | ,
| —0.0008 —0.0009 —0.0001 |

[ —0.2736 —0.1927 —0.0025 |
Y(2) = | 0.0011 —0.0002 —0.0015 | ,
| —0.0018 —0.0005 —0.0000 |

0.5416 0.9537
Z(1)=10"%- [ 0.0362 | , Z(2) = | —0.0007 |,
0.0269 —0.0002

which give the following gains:

[ —4.9348 19.2437 0.9510
K4 (1) = | 1.2661 —18.8446 4.3377 |,
| 0.0685 7.7659 —7.2276

[—219.3289 —151.5680 0.7011 ]
Ka(2) = | 510.1277 355.7673 —0.4170 | ,
| —413.8264 —290.4277 —3.2239

[ —17.7939 [ 0.7490
Kp(l)=| 54013 |,  Kp(2)=10* | -1.7651
| —0.8926 | 1.4356

This section covered the filtering problem under a severe assumption on
the external disturbance that is hard to justify in practice. The next section
will relax this assumption and replace it with another one that requires only
that the external disturbance have finite energy or finite power.

5.3 % Filtering

To overcome the limitation of Kalman filtering, the ¢, approach has been
developed. Its advantage is that does not require knowledge of the external
disturbance statistics. It also tolerates the existence of uncertainties in the
system dynamics. This approach is based on the assumption that external dis-
turbances can be chosen arbitrarily with the only restriction to have bounded
energy or bounded average power. The approach of .77 filtering provides an
estimator that guarantees that the .%Z»-gain from the noise signals to the esti-
mation error is bounded by a prescribed level 7 (given positive constant). In
the rest of this section, we use this technique to estimate the state vector of
the class of systems we are considering.
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In order to put the J# filtering problem of the class of systems (5.1) in
the stochastic setting, let us introduce the space % [£2, F, P] of F-measurable
processes z(t) — 2(t) for which the following holds:

2

Iz — 2] 2 {n«: UOOO [2(t) — 2] [2() — 2(1)] dt} } <o (5.18)

The goal of this section is to design a linear n-order filter of the following

form:

2(t)

2(t)
which gives an estimate of the state vector &(¢) at time ¢ and can ensure
that the extended system (z(t),z(t) — &(t)) is stochastically stable and the
estimation error z(t) — 2(t) is bounded for all noises w(t) € £4[0,00). The
matrices K4 (r(t)), Kp(r(t)), and Ko (r(t)) are design parameters that should
be determined in order to estimate the state vector properly.

Let us now drop the uncertainties from the dynamics and see how we can
design the 2%, filter with the structure defined by (5.19) for the nominal
system. We consider that v(t) = w(t) for the rest of this chapter.

If we combine the dynamical system dynamics (5.1) with the filter dynam-
ics (5.19), we get the following:

Ka(r(t)2(t) + Kp(r(t)y(t),2(0) = 0,

Ke(r(®)(t), (5.19)

2(t) = A(r()(t) + B(r(t)w(t), #(0) = (g, 79) ", (5.20)
where
- x(t)
0= e - s&(t)] ’
i _ A(r(t)) 0
AT = A1) ~ Kp(r(0) 0, (1)) ~ Kalr(t) Ka(r(1)) ]
5 _ B(r(t))
B = | 5 - Kooty
The estimation error e(t) = z(t) — 2(t) satisfies the following:

e(t) = C(r(t))z(t) + D(r(t))w(t), (5.21)
with

Cr(t) = [Cu(r(t) — Kc(r(t) Ke(r()) ],
D(t) = D.(r(1)).

Remark 22. To get the extended dynamics we computed

(1) — 2(t) = A(r(t))a(t) + B(r(t)w(t) — Ka(r(t)&(t) — Kp(r(t)y(t)
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= [A(r(1)) = Kp(r(t))Cy(r(t)) — Ka(r(t))] z(?)
+EKa(r(t) (2(t) — &(t) + [B(r(t)) — Kp(r(t))Dy(r(t))] w(t),

for the second component of the state vector Z(t) and

e(t) = z(t) — 2(t)
Co(r(t))a(t) + D (r(t))w(t) — Ko (r(t)2(t)

= [C.(r(t)) = Ko(r(t)) Kc(r(t))] {x(t) N :%(t)} + D.(r(t))w(t)
= C(r(1))@(t) + D(r(t)w(t)

for the estimation error equation.

The next theorem states that when the filter (5.19) exists (that is, we can
get a set of gains K4 = (Ka(1),--- ,Ka(N)), Kp = (Kg(1), - ,Kg(N)),
and K¢ = (K¢(1), -+, Kc(N))), the extended dynamics are stochastically
stable and the estimation error z(t) — 2(¢) is bounded for all signals w(t) €
£[0,00) if some given conditions are satisfied.

Theorem 75. Let v be a given positive constant and R a given symmetric
positive-definite matriz representing the weighting of the initial conditions.
Let Ko = (Ka(1),--- ,Ka(N)), Kp = (Kg(1),--- ,Kg(N)), and K¢ =
(Ke(1),--+ ,Kc(N)) be given gains. If there exist symmetric and positive-
definite matrices P = (P(1),--- ,P(N)) > 0 such that the following hold for
every i € .7 :

Ji(i)  P@@)B(i) CT (i)

BT(i)P(i) —*1 D'()| <0, (5.22)
C(i) D(i)  —I
I 2
[I1] P(ro) M <+°R, (5.23)

where Jy (i) = AT (i)P(i) + P(i)A(i) + Zjvzl Xij P(j), then the extended sys-
tem is stochastically stable and, moreover, the estimation error satisfies the
following:

12(2) = 2ll2 < [llwll3 + 2 Rao] - (5.24)

Proof: Let us first set r(¢) = ¢ € . and prove the stochastic stability of
the extended system. For this purpose, from (5.22) we get

N
AT(@§)P(i) + P(i)A(D) + > X P(§) <0,
j=1

which implies that the extended system is stochastically stable.
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Let us now prove the second part of the theorem, which indicates that the
estimation error is bounded for all signals w(t) € #4[0,00). To this end, let
us define the following 5%, performance:

T
Jr=E / [eT(t)e(t) — 'waT(t)w(t)] dt| ,vT >0, (5.25)

and let .Z be the infinitesimal generator of the Markov process {(z(t),r(t)),
t > 0}.
Consider the following Lyapunov function candidate as follows:

V(&(t),r(t) = &' (t)P(r(t)Z(t). (5.26)

The infinitesimal operator £ of the Markov process {(Z(t),r(t)),t > 0}
acting on V(.) and emanating from the point (Z,¢) at time ¢, where Z(t) = &
and r(t) =i for i € .7, is given by:

and

Combining these two relations, we get

eT(t)e(t) - 'ysz(t)w(t) + LV (xy,1)

=77 (%) [AT(i)P(z') + P(i)A()

N
+> A P(j) + CT()CG) (1)

J=1
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(5.27)

with £(t) = [i((?)} and A, (i) defined by

AP ~
+P(H)AG) [ P(i)B(i) }
An (i) = +ZJ‘:1 AiZP(j) +C T (i)D(3)
' roe I
[ BT (i) P(i) ] [DT(i)D(z)]
+DT(C() B
Adding and subtracting £V (x¢,1) to the s, performance (5.25), we get

the following:

Jr=E

T
/0 [eT(e(t) — v2w (Hw(t) + ,,?V(fct,r(t))]dt]

—-E

T
/ LV (i, r(t))dt] .
0
Using Dynkin’s formula, we obtain

E

T
/O .,S,”V(it,r(t))dt] — E[V (32, 7(T))] — E[V (Fo, 70)].
From (5.26), we have
E[V (Zo,70)] = E[Z" (0)P(ro)%(0)]. (5.28)

Note that &1 (0) = [27(0) 27(0) —27(0)] " = [, 2] ]".
In view of (5.23) and (5.28), we have

BV O] = {70 [11] 70w 1] 0]}
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< ¥’E [z 7 (0)Rz(0)] .

Notice that the %, performance Jr can be rewritten as follows:

T
Jr = E[ / & An(r(t)edt| +E[V(#(0), r0)] — E[V(&(T), 7(T))],

which implies

Jr <E VO & Ay (r(t)Edt | +E[V (2(0),70)]. (5.29)

Combining this with the fact that A, (i) < 0 for all i € .7, the following
holds for all T > 0:

Jr <E[V(£(0),70)] < %z (0)Rz(0).

Therefore, we get

= h e (te(t) — 2w’ (Hw
he= B[ [TET 00 - ol
< 4?27 (0)Rz(0).
This gives in turn that
lell3 < [llwl3 + 2" (0)Rx(0)]

and this ends the proof of Theorem 75. g

For a given set of gains of the filter of the form (5.19), we can compute the
minimum disturbance rejection by solving the following convex optimization
problem:

where v = ~2.

But since we have not yet developed a way to choose the filter gains,
this optimization problem is useless. The design of the filter gains should be
included in an optimization problem similar to this one, which can help us
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to determine simultaneously the filter gains and the minimum disturbance
rejection.

Notice that the condition (5.22) is nonlinear in P(¢) and the design filter
parameters. To cast the design of the .7 filter in the LMI framework, let
us transform this condition in order to compute the gains K4 (i), Kp(i), and
Ke(3). } 3

Compute J; (i), P(i)B(i), C" (i
B(i), C,y(i), Dy (i), C=(i), and D (
and D(i), and assuming that P(7)

), BT(i)P(i),and D (i) in functlgn of A(i),
). U mg the expression of A(3), B(i), C(i),
= diag[X: (i), X2(i)] we get

R = ATWPG) + POAG) + YA P0)
A7) o 1" X1(i) 0
2)} { 0 X2(2>:|

AT (i) X4 (i) AT (i) Xa(i)
+X1(i) A7) —Cy (1)K () X2(i)
I RS SARPY €IF) —K ] (i) Xa(i)
Xa(i)A(i) K (1) Xa(i)
— X (i) K5 (1)C,y (i) + X (i) K (i)
— X (1)K (1) + 30 N Xa(h)

Using these relations, (5.22) becomes
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AT(i)Xl(z) AT(i)XQ(i)
+X1 (1) A(4) —C,) (1)K 5 (1) X2 (i)
+ 30 N X () —K (1) Xa(i
Xo(i)A(i) K 5 (i) Xa(i)
~Xa(i)Kp(i)Cy (i) +X5(i) Ka (i)
— X, (i) K al(i) + z;;l Xij X2 ()
. BT (i) X (i)
B1@X() {—D; (VK z’)sz}
C’z(z) — Kc(l> Kc(z)
Xg%gg; CT (i) — KL(i)
|:X2(’i§KB(i)Dy(Z):| Ké (i) < 0.
-1 D] (i)
D.(i) —I

Letting Y (¢) = Xa2(i)Ka(i), Z(i) = X2(4)Kp(i), and W (i) = K¢ (i), we
get

AT (D)X (i) AT (i) Xa(0)
+X1(4)A(3) —~C,y () Z7 (i)
+Zév=1 Aij X1(7) ~Y'T(i)
Xo()A(i) YT (4)
—Z(i)C, (i) +Y (i)
=Y (i) + 231:21' Aij Xa(j)
BT ()X (i) [ _%;(2))%(2) }
C. (i) — W(i) W (i)

TG
x@s0) | A0
Xo(i)B(7) .

[_ 26D, (i)} wT@E) | <o. (5.30)
-1 D] (i)
D.(i) I

For the second relation of the theorem, we have for ry € .%:

[T1] [Xl(()ro) Xz(()To)} [H = Xi(ro) + X2(ro) < 7y’R. (5.31)

The following theorem gives the results for the design of the gains of the
I filter.

Theorem 76. Let v and R be, respectively, a given positive constant and
a symmetric and positive-definite matriz representing the weighting of the
initial conditions. If there exist sets of symmetric and positive matrices
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X1 = (X1(1),--- , X1(N)) > 0, Xo = (X2(1),---, X2(N)) > 0, and matrices
satisfying the following LMIs (5.30)—(5.81) for every i € .7, then there exists
a filter of the form (5.19) such that the estimation error is stochastically stable
and bounded by

|2 = 2ll2 < v [lwll3 + 2§ Rxo] * . (5.32)

The filter’s gains are given by

Ka(i) = X5 ' ()Y (3),
Kp(i) = X5 1) Z(i), (5.33)
Ko(i) = W(i).

Ezample 66. To show the usefulness of the results of the previous theorem, let
us consider a two-mode system with the following data:

e mode #1:
-3.0 1.0 0.0 1.0
Al)=1| 03 =25 1.0 [, B(l)=|00],
—-0.1 0.3 —-3.8 1.0
Cy(1) = [0.1 1.0 0.0] , Dy(1) = [0.2] ,
C.(1) = [0.1 1.0 0.0], D.(1) = [2],
e mode #2:
—4.0 1.0 0.0 1.0
A(2)=1] 03 =30 1.0 |, B(2)=]00],
—-0.1 0.3 —4.38 2.0
Cy(2) =[0.80.40.0], Dy(2) = [0.1],
C.(2) = [0.7 0.1 0.0] , D,(2)= [3.0] .

The switching between the two modes is described by the following tran-
sition rate matrix:

~2.0 2.0
A= [ 1.0 1.0} '

Let v = 3.2. Solving the LMI of the previous theorem, we get

0.4550 0.0594 —0.0937
X1(1) =] 0.0594 0.8202 0.1464 |,
—0.0937 0.1464 0.3339
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[ 0.6481 0.1897 —0.0466 ]
X1(2) = | 0.1897 0.6430 0.1188 |,
—0.0466 0.1188 0.2227 |

0.2468 0.0736 —0.0579 ]
Xo(1) = | 0.0736 0.5412 0.0858 |,
| —0.0579 0.0858 0.2679 |

[ 0.6846 0.1937 —0.0594 ]
Xo(2) = | 0.1937 0.4612 0.0575 |,
—0.0594 0.0575 0.1159 |

—1.9012 —0.4551 —0.4489 |
Y(1) = | —0.9434 —1.1422 —0.6304 | ,
—0.8838 —0.6897 —1.3025 |

—2.6610 —0.1501 —0.0875 |

Y(2) = | —1.1614 —0.9220 —0.2901 | ,
| —0.5432 —0.1691 —0.3244 |
[ 0.6668 0.9559
Z(1)= | —0.6417 |,  Z(2)= | —0.2011 |,
| —0.6286 —0.0397

W (1) = [0.4269 —0.1865 —0.2150] ,
W (2) = [0.4434 —0.0228 —0.0067] ,

which gives the following gains for the 7, filter:

[—9.0652 —2.0157 —3.1796 |
Ka(1)= | 0.3417 —1.4316 0.1559 |,
| —5.3691 —2.5520 —5.6001 |

[ —4.6004 0.3629 —0.3474 ]
K4(2)=| 03121 —2.1243 —0.1192 | ,
| —7.2000 —0.2180 —2.9176 |

[ 2.8010 1.9095
Kp(l)= | -13597|, Kp(2)=|-1.4044 ],
| —1.3052 1.3337

Ke(1) = [0.4269 —0.1865 —0.2150 |,
Ko(2) = [0.4434 —0.0228 —0.0067 | .

If the initial conditions are equal to zero, the previous results become easier
and are given by the following corollary.

Corollary 16. Let the initial conditions of system (5.1) be zero. Let vy be a
given positive constant. If there exist sets of symmetric and positive matrices
X1 = (X1(1),-- , X1(N)) > 0, Xo = (X2(1),---, X2(N)) > 0, and matrices
Y = (Y(l)a ’Y(N))7 Z = (Z(l)v ,Z(N)), and W = (W(l)a vW(N))
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satisfying the LMI (5.30) for every i € .7, then there exists a filter of the form
(5.19) such that the estimation error is stochastically stable and bounded by

Iz = 2[l2 < 7llwll2-
The filter’s gains are given by (5.33).

The minimal noise attenuation level + that can be verified by the filter
of the form of (5.19) can be obtained by solving the following optimization
problem:

min v>0, v,
X1=(X1(1),,X1(N))>0,
Xo=(X2(1),,X2(N))>0,

Y=(Y (1), ,Y(N)),
Z=(Z(1),+,Z(N)),
Py : W=(W (1), ,W(N)),

s.t.
0,(i) <0,
Xl(To) —+ XQ(T()) < ’UR,

where ©,(i) is obtained from (5.30) by replacing 2 by v. Thus, if the convex
optimization problem Py has a solution v, then by using Theorem 76, the
corresponding error of the filter (5.19) is stable with noise attenuation level
V.

Let us now return to the dynamics of this chapter as given by (5.1) and
consider the effect of the uncertainties. As we did previously, let us assume
that there exists a filter of the form (5.19) and see under which conditions the
estimation error will be robustly stable in the stochastic sense and bounded
for all admissible uncertainties and all signals w(t) € %[0, c0).

Let us establish the uncertain extended dynamics in a different form. From
the dynamics (5.1) notice that we have

#(t) = [A(i) + AA(i, )] 2(t) + [B() + AB(i, )] w(t), (5.34)

with AA(i,t) = Da(i)Fa(i,t)E4(i) and AB(i,t) = Dp(i)Fp(i, t) Ep(4).
For the estimation error dynamics #(t) = z(t) — Z(t) we have

z(t) — ir(t) = [A(7) + AA(G, t)] (t) + [B(i) + AB(i,t)] w(t)
—Ka(i)2(t) — Kp(i)y(t)
= [A(i) + AA(i, 1) — Kp(i) [Cy(i) + ACy(i,t)] — Ka(i)] x(t)

+KA(D) [2() — &(8)] + [B(i) + AB(i, t) — Kp(1) Dy ()] w(?),

with ACy (i, t) = Dcy (Z)Fcy (i, t)Ecy (Z)
Based on these calculations, the extended dynamics become

i) = [A@) +AA(i,t)} () + [B(i) + ABGL )] w(t), (5.35)
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where
N x(t)
I(t) = () — @(t)} ’
. Ai) 0
Al) = A(i) — Kp(i)Cy(i) — Ka(i) KA(Z)]
S AA(i, 1) 0
A4 =1 A4, 1) — Kn(i)AC, (i, 1) 0}
- B(i)
B = | pu) —KB('L)Dy(i):|
aBn = [ 3500)]
Notice that
- AA(i,t) 0
AA(ist) = [AA(z,t) — Kp(i)ACy(i,t) 0
_[A4@. b0 0 0
= [AA(i,t) 0| " [—KB(i)ACy(i7t) 0]
_ {DA@)FA(z',t)EA(i) 0]
D4(i)Fa(i, t)Ea(i) 0]
. :
T [—KB(Z’)D , (D) Fc, (i,t)Ec, (i) 0

= Da(i)Fa(i, t)EA( )+ Dc (i)Fe, (i t)Ec, (i),
with

and
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= Dp(i)Fg(i,t)Ep(i),

with

For the estimation error, we have
e(t) = z(t) — 2(t) = C.(i,t)x(t) + D, (i)w(t) — Kc ()& (t)
= [C2()x(t) + AC(i,t)] x(t) — Kc(i)z(t)
+ Ko () [o(t) = #(8)] + Da(i)w(t)

X
— —— —
8
=

where

AC.(i,t) = [AC.(i,t) 0] = [ Dc. (i)Fc, (i,t)Ec, (i) 0]
= Dc.(i)Fe.(i,t) [ Ec.(i) 0]
= Dc. (i)Fc. (i,t)Ec. (i),
D(i) = D-(i).

Using the first condition of Theorem 75 for the uncertain extended system,
we get

J(i, 1) P(i) [B(i) + AB(, t)]
[BW) + ABT (i, t)] P(i) 421
[C‘(z’) + AC(, t)} D)
[éw) +ACT (4, t)}
DT (i) <0,
-1
with
J(i,t) = [A(i) +AAG, t)} " p(i)+ P(i) [A(i) +AAG, t)} + i A P()-

This last relation can be rewritten as follows:



5.3 % Filtering

_J@)  P()B(i) C] (i)

BT(i)P(i) —4*L DI(i)

C.(i)  D.(i) I
AAT (i, t) P(i) + P(i) AA(i, t) P(i)AB(i,t) AéJ(i,t)]

t <0

+ ABT(i,t)P(i) 0

AC.(i, 1) 0

with J(i) = AT (i) P(i) + P(i)AGi) + 312, Ai P(j)-
This gives in turn:

P(i)AA(i,t) P(i)AB(i,t) ACT (i,t)
+ 0 0 0
0 0 0
i,

Using now the expressions of the uncertainties, we get

_J@)  P()B(i) C] ()]
BT(i)P(i) —*1 D/ (i)
C.(i)  D.(i) I ]
P(i)Da(i)Fa(i,t)Ea(i) 0 0]
+ 0 00
0 00
E(i)F (i,t) D} (i)P(i) 0 0
+ 0 00
0 00|
P(i)De, (i) Fe, (i,t)Ec, (i) 0 0]
+ 0 00
0 00
ES, ()FE, (i,t)D¢, (i)P(i) 00
+ 0 00
0 00
0 P(i)Dp(i)Fp(i,t)Ep(i) 0]
+10 0 0
0 0 0
00
+ {EE(Z)FE(Z'J)[?E(Z)P(Z) 00
0 00

341
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00 E_(i)F¢_(i,4)D¢ (i)
00 0
00 0

+

Notice that

P(i)Da(i)Fa(i,t)E4(i) 00

0 00

I 0 00

P(i)Da(i)00] [Fa(i,t)00] [E4(i) 00

= 0 00 0 00 0 00
0 00 0 00 0 00

P(i)Dc¢, (i) Fc, (i,t)Ec, (i) 00

0 00

0 00

P(i)D¢, (i) 007 [ Fe,(i,t) 007 [Ec, (i) 00
= 0 00 0 00 0 00f{,
0 00 0 00 0 00

[0 P(i)Dp(i)Fp(i,t)Ep(i) 0
0 0 0
I 0 0
0 P(i)Dp(i) 0] 0
=0 0 0 it )0
0O 0 0] o
00 EZ (D)F¢,(i,t)D¢_ (i)
00 0
00 0
00EL ()] [oo 0 00 0
=100 0 00 0 00 0 |,
i Bt Bt

and

0 00

EXG)FT(i,t)D}(i)P(i) 00
[ 0 0 0]
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ELG)00] [Fi(,t)00
=| 0 00 0 00
0 00 0 00
D} (i)P(i) 00
X 0 001,
0 00
B/, (i)F4 (i,t)DE (i)P(i) 0.0
0 00
0 00 ]
EL (1)007 [FS (,6)00]
= 0 00 0 00
0 00 0 00]
D[ (i)P(i) 00
x 0 00/,
0 00
i 0 00
Eg(0)Fg (i,)D§(i)P(i) 00
0 00|
0 0 0]fJo 0 0]
=|0EL@) 0| [0F5(i,)0
0 0 o]0 0 O]

0 00
0 00]
i 0o 00
Dec, (i)Fe. (i,t)Ec, (i) 00 |
00 0 00 0 ]
=100 0 00 O
OODCZ(i) OOFCZ(i,t)_
0 00
x| 0 00f.
Ec_(i)00

Using Lemma 7 in Appendix A, we get

[P(i)DA(i)FA(i, t)E4(i) 0 0]
0 00
0 00

343



344 5 Filtering Problem




5.3 % Filtering 345

0 0 0][0 0 ©
+&p(i) |0 EL(i) 0| | 0 E(i) O
0 0 0][0 0 O
5" (i)P(i) Dy (i) D (i) P(i) 0 0
= 0 +Ep(1)EE () Ep(i) 0
0 0 0
00 E/ (i)FL (i,t)D. (i) 0 00
00 0 + 0o 00
00 0 De, (i) Fe, (i, t)Ec. (i) 00
00 EL (i) 0 00
<&@ oo 0 0 00
00 0 Ec.(i) 00
00 0 00 0
+éc. (i) |00 0 00 0
00 De_(i) | [00 DS (i) ]
Ecl(EL, (1)Ec. (i) 0 0
= 0 0 0
0 0 ¢, (i)De., (i) D¢ ()

Based on these transformations and after using the Schur complement we
get the following:

(1)
[ +Ea(1)E} (1) Ea(i) P(i)B(i)
+éo, ()2, (1)Eo, (1) o
BT (i)P(i) —?1+ () EL (1) EB (i)
C(i) D(i)
(i) 0
CT(q) 7(i)
D7) 0 | .y
~I+éc.(i))De.())D4 () 0
0 -W

with




346 5 Filtering Problem

X1(#) 0

0 Xo(i)
and positive-definite matrices, and try to write the parameters of the extended
dynamics as a function of the original ones, that is,

Let us now use P(i) = { ] , with X7 (7) and X2 (7) as symmetric

AT () X1 (i) AT (i) X(i)
+X0 (1) A7) —COJ (i) K} (i) Xa (i)
1) = + 30 A X1 () —K ] (i) Xa(i)
' X (i) A() K (1) Xa(i) ’
—X2(i)Kp(i)Cy(i) + X2 (1) K (1)
— X5 (i) K a(i) + 300 A Xa ())
N X1 (4)B(i)
PG)B() = [X2<z'>B<z'> - X2<i>KB<i>Dy<i>} !

with

Ti(i) = [X1())Da(i) 0 X1(i)Dp(i) EC ()],
To(i) = [X2(i)Dali) —X2(i)Kp(i) D, (i) X2(i)Dp(i) 0] -

This gives us the following;:
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Jx, L{(i) Xlgingig
. Xo(1)B(1
UG Ixz [X2<z'>KB<i>Dy<z‘>
T BT (i) X5(i 9 N T .
BT(i)Xy(i) | DK () Xa) | I+ ep(i)EL(i)Ep(i)
C.(i) — Kc (i) K (i) D, (i)
7, (i) 7, (i) 0
C (i) — KL (i) T, (4)
K (i) T(i)
D] (i) 0 | <o,
—I+ec,(i)De, (z)Dg (i) 0
0 4%
where
N
Ix, = AT(1)X1(3) + X1()AF) + Z Aij X1(j)

+EA(D)EL () Ea(i) + éc, () EL, (i) Ec, (i),
N
Ix, = K (1)X2(i) + Xo(i) K 4 (i) + Z i X2(4),
Uiy = AT(1)Xa(i) — C (i) K (1) X2(i) — K 4 (1) X2(4).

Letting Y (i) = Xo(i)K (i), Z(i) = X2(i)Kp(i), and W (i) = K¢ (i), we
get

Jx, u(i) X4()B()
Ui Jx, Xo(i)B(i) — Z(i) Dy (i)
BT (1)X1(i) B'(i)Xa(i) = Dy ())Z7 (i) —*1+Ep(i) EL (i) Eg(3)
C.(0) =~ W) W) D. (i)
20 0
CJ (i) =W (i) 10
W (i) T(i)
D] (i) 0 | <0
—I+¢ec,(i)De, (Z)Dg (i) 0
0 -W
where
N
Jx, = AT(D)X1(6) + X1()A(7) + Z)\UXl(J)

N
Jx, = Y (i) +Y(i)+ ZAUXQ(J'),
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Uiy = AT()Xa(i) = G, ()27 (i) =Y T (i),
Fi(i) = [X1(1)Da(i) 0 X1(0)Dp(i) B (1)],
Jo(i) = [Xa2(i)Dali) —Z(i)De, (i) X2(i)Dp(i) 0] .

The following theorem gives the results for the design of the gains of the
I filter.

Xi1(2)Da
Xo(1)Da

Theorem 77. Let v and R be, respectively, a given positive constant and a
symmetric and positive-definite matriz representing the weighting of the ini-
tial conditions. If there exist sets of symmetric and positive matrices X1 =
(X1(1),---, X1(N)) > 0, X9 = (X2(1),--+ ,X2(N)) > 0, and matrices Y =
(Y (1),---,Y(N)), Z=(Z(),--- ,Z(N)), and W = (W(1),--- ,W(N)), and
sets of positive scalars €4 = (Ea(1), - ,Ea(N)), ég = (€p(1),--- ,Ep(N)),
éc = (éc(1), -+ ,éc(N)), and éc, = (¢, (1), -+ ,éc,(N)) satisfying the fol-
lowing LMIs for every i € .7 for all admissible uncertainties:

JIx, U(i) X1 (i)B(q)
u'(i IX, X (i)B(i) — Z(i) Dy (i
BT (i)X1(i) BT (i)X2(i) — Dy ()27 (i) =°L+ (i) B (i) Ep (i)
A (i) 200
Cl (i) —WT () J1(i)
W (i) Ta(i)
DI (i) 0 <0, (5.36)
—I+éc.(i)De, (i)DE (i) 0
0 -W

X1(ro) + Xa(ro) < ¥%R,  (5.37)

then there exists a filter of the form (5.19) such that the estimation error is
stochastically stable and bounded by

[SE

Iz = 2ll2 < 7 [llwl3 + z¢ Rao] (5.38)
The filter gains are given by
Ka(i) = X3 (1)Y (3),
Kp(i) = X531 (4)Z(), (5.39)

If the initial conditions are equal to zero, the previous results become easier
and are given by the following corollary.

Corollary 17. Let the initial conditions of system (5.1) be zero. Let v and
R be, respectively, a given positive constant and a symmetric and positive-
definite matrix representing the weighting of the initial conditions. If there
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exist symmetric and positive matrices X1 = (X1(1),--- , X7(N)) > 0, Xy =
(X2(1),-+-, X2(N)) > 0, and matrices Y = (Y(1),--- ,Y(N)), Z = (Z(1),
<, Z(N)), and W = (W(),--- ,W(N)), and sets of positive scalars €4 =
(Ea(l),---,€a(N)), ép = (EB(1), -+ ,E(N)), éc = (c(1), -+ ,Ec(N)), and
éc, = (éc,(1),--- ,éc,(N)) satisfying the LMIs (5.36)(5.37) for every i €
<, then there exists a filter of the form (5.19) such that the estimation error
is stochastically stable and bounded by

Iz = Zll2 < w2 (5.40)

The filter gains are given by
Kp(i) = X; () 2(3), (5.41)

The minimal noise attenuation level ~ that can be verified by the filter
of the form of (5.19) can be obtained by solving the following optimization
problem:

min v>0, v,
X1=(X1(1),-- , X1 (N
Xo=(X2(1), ,X2(N

Y=(Y(1),,Y(N)),
Z=(Z(1),,Z(N))
Py W=(W (1), ,W(N)),

s.t.
Wv(z) <0,
Xl(To) =+ XQ(’I“()) < vR,

where ¥, (i) is obtained from (5.36) by replacing 72 by v. Thus, if the convex
optimization problem P; has a solution v, then by using Theorem 77, the
corresponding error of the filter (5.19) is stable with noise attenuation level

V.
Example 67. To show the usefulness of the results on robust %, filtering, let
us consider the same system of Example 66 with the following extra data:

e mode #1:

(0.1 ]
Ds(1)=]0.01, Es(1) = [0.1 0.2 0.0] ,
| 0.0 |
(0.1 ]
0.01 |, Eg(1) = [0.1] ,
| 0.0 |

D¢, (1) = [0.2], Ec, (1) =[0.1],
Ec.(1) =[0.010.20.02], Dc.(1)=[0.2

Dp(1)
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e mode #2:

[0.2]

Da(2)={0.1], EA(2)=[0.110.02],
0.0
[0.1]

Dp(2)=|1 |, Ep(2) =[0.02],
0.0

D¢, (2) = [0.1], E¢,(2) = [0.01],

Ec.(2)=[0.00.010.1], De.(2)

I
o
w

The required positive scalars are

EA(l) = EA(Q) = 63(1) = 53(2) = Ecy(l) = Ecy(Q) = ECy(l) = €Cy(2) =0.1.

Letting v = 3.1 and solving LMIs (5.36), we get

[ 0.8091 —0.0968 —0.2500 |
X1(1) = | —0.0968 0.4640 0.0817 |,
| —0.2500 0.0817 0.5950 |

[ 0.8839 —0.1779 —0.3102]
X,(2) = | —0.1779 0.2617 0.1025 |,
| —0.3102 0.1025 0.4106 |

[ 1.1596 0.0027 —0.4042
Xo(1) = | 0.0027 0.7079 0.1684 |,
| —0.4042 0.1684 0.7864

[ 1.1558 —0.2274 —0.5523 ]
X5(2) = | —0.2274 0.2575 0.0930 |,
| —0.5523 0.0930 0.5223 |

[—1.9846 0.7822 0.6965 |
Y(1) = | —0.2953 —1.3059 0.2741 |,
| 0.2570 —0.2890 —1.4980 |

[ —4.2764 —1.4911 0.3010 |

Y(2) = | —0.2820 —1.9178 —0.0669 | ,
| —2.4172 —2.4012 —3.2604 |
[—0.0252 4.4270
Z(1)=| 02978 |,  Z(2)= |2.8044 |,
| —0.1132 4.9579

W(1) = [0.1212 0.6145 0.0194 |,
W(2) = [0.4689 0.2171 0.1646 | ,

which gives the following gains:



Ka(l) =

Ka(2) =

Kp(1)
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[—1.9212 0.8501 —0.1623
—0.2661 —1.9645 0.9071 |,
| —0.6037 0.4902 —2.1826

[—13.4326 —9.6045 —5.7118
—6.5793 —11.3307 —0.9274 |,
| —17.6598 —12.7355 —12.1169

[ —0.1343 21.2821
0.4972 |, Kp(2) = | 19.3760 | ,
| —0.3195 28.5458

Ke(1) = [0.1212 0.6145 0.0194 ],
Kc(2) = [0.4689 0.2171 0.1646 | .

5.4 Notes

This chapter dealt with the filtering problem of the class of stochastic switch-
ing systems. Two types of filters have been studied and LMI-based results
have been established to design these filters. The design of robust filters is
also tackled and the LMI procedure to design filters established. Most of the
results presented in this chapter are based on the work of the author and his

coauthors.



6

Singular Stochastic Switching Systems

In the previous chapters we dealt with many classes of systems, including reg-
ular stochastic switching systems with and without Brownian disturbance. For
these classes of systems we studied the stability and stabilization problems.
Many stabilization techniques have been considered and most of the results
we developed are in the LMI framework, which makes the results powerful
and tractable.

In reality, not all the systems are regular and we may encounter physical
systems that cannot be modeled by the previous class of systems. These sys-
tems may be modeled more adequately by the class of singular systems shown
in Chapter 1 for electrical circuit. In the literature, these systems are also re-
ferred to as descriptor systems, implicit systems, generalized state-space sys-
tems, semi-state systems, or differential-algebraic systems. Singular systems
arise in many practical systems such as electrical circuits, power systems, and
networks (for more examples see [31] and the references therein). The goal of
this chapter is to introduce the class of singular stochastic switching systems
and consider some of the problems treated earlier to see how we can extend
the previous results to this case.

The rest of this chapter is organized as follows. In Section 6.1, the different
problems are stated and the necessary assumptions given. Section 6.2 deals
with the stability problem of the class of singular stochastic switching systems,
and LMI conditions are developed to check if a given system is stochastically
stable. The robust stability problem is also considered. Section 6.3 treats the
stabilization problem and its robustness. State feedback controller is consid-
ered and LMI design approaches are developed to synthesize the stabilizing
and the robust stabilizing controllers.

6.1 Problem Statement

Let us consider a dynamical singular system defined in a probability space
(2, F,P) and assume that its dynamics are described by the following differ-



354 6 Singular Stochastic Switching Systems

ential systems:

(6.1)

{Ex'(t) — A(r(t), t)a(t) + B(r(t), t)u(t),
x(0) = xo,

where z(t) € R™ is the state vector; o € R™ is the initial state; u(t) € R™
is the control input; {r(¢),t > 0} is a continuous-time Markov process taking
values in a finite space . = {1,2,---, N} that describes the evolution of
the mode at time ¢; E is a known singular matrix with rank (E) = ng < n;
and A(r(t),t) € R"*™ and B(r(t),t) € R"*™ are matrices with the following
forms for every i € .&:

A(iyt) = A(i) + Da(i)Fali, 1) Ea(i),
B(i,t) = B(i) + Dp(i)Fp(i, t)Ep(i),

with A(2), Da(i), Ea(i), B(i), Dp(i) and Ep(i) are real known matrices with
appropriate dimensions; and F4(i,t) and Fg(i,t) are unknown real matrices
that satisfy

{F}(i, t)Fa(i,t) <T, (6.2)

Fj(i,t)Fp(i,t) <1

The Markov process {r(t),t > 0} that represents the switching between
the different modes is described by the following probability transitions:

Aijh +o(h), when 7(t) jumps from ¢ to j ,
Plr(t+h)=j|r(t) =i = (6.3)
14+ Aish+o(h), otherwise.

where )\;; is the transition rate from mode ¢ to mode j with A;; > 0 when
i#jand Ay =— Y2, ., Ay and o(h) is such that limy,_o % = 0.

As we did in the previous chapters, we assume that the matrix A belongs
to a polytope, that is,

A= Zak/lk, (64)
k=1

where k is a positive given integer; 0 < ap < 1, with 2221 ar = 1; and A
is a known transition matrix and its expression is given by

Ak) = . '.. . s (65)
AR+ Aiew

where )\k keeps the same meaning as before.
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Remark 25. The uncertainties that satisfy the conditions (6.2) and (6.4) are
referred to as admissible. The uncertainty term in (6.2) is supposed to depend
on the system mode r(t) and on time t.

Throughout this chapter, we assume that the system state x(¢) and the
system mode r(t) are completely accessible for feedback when necessary.

Remark 24. The matrix E is supposed to be singular, which makes the dy-
namics (6.1) different from those usually used to describe the behavior of the
time-invariant dynamical systems as considered in the previous chapters.

Remark 25. Notice that when E is not singular, (6.1) can be transformed
easily to the class of Markov jump linear systems and the results developed
earlier can be used to check the stochastic stability, design the appropriate
controller that stochastically stabilizes this class of systems, and even design
the appropriate filter.

The following definitions will be used in the rest of this chapter.

Definition 19. (Dai [31])

i. System (6.1) is said to be regular if the characteristic polynomial det(sE —
A(7)) is not identically zero for each mode i € 7.

ii. System (6.1) is said to be impulse free, if deg(det(sE — A(i))) = rank(E)
for each mode i € 7.

Definition 20. System (6.1) with u(t) = 0 is said to be stochastically stable
if there exists a constant M(xo,79) > 0 such that the following holds for any
initial conditions (xg,70):

E UOOO 2T (02 (8)]z0, 70| < M(0,70). (6.6)

Definition 21. System (6.1) is said to be stochastically stabilizable if there
exists a control

u(t) = K(i)z(t), (6.7)

with K (i) a constant matriz such that the closed-loop system is stochastically
stable.

The robust stochastic stability and the robust stochastic stabilizability are
defined in a similar manner. For more details, we refer the reader to Chapter
2.

The goal of this chapter is to develop LMI-based stability conditions for
system (6.1) with u(¢) = 0 and design a state feedback controller of the form
(6.7) that stochastically stabilizes the class of systems under study. The robust
stochastic stability and robust stabilization are also treated.
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Before closing this section, let us give a transformation that facilitates the
determination of the solution of system (6.1). For simplicity, let us assume
that the uncertainties are all equal to zero either in the matrix A(¢) or the
matrix B(7) for all ¢ € .. In fact, for singular systems, we know that we can
find, using Jordan canonical form decomposition, nonsingular matrices M (7)
and N (i) for this purpose (see Dai [31]). The searched transformation will
divide the state vector into components named, respectively, slow and fast
and denoted, respectively, by 71 () € R™ and n2(t) € R" with n = ny + no.
This can be obtained by choosing

N(iyn(t) = «(t).
Using this transformation, the nominal dynamics become
EN(i)i(t) = AGN @)n(t) + B(i)u(t).

If we pre-multiply this equation by M (1) and use the fact that

0 N(i)

M(i)AG)N (i) = A1) ﬂ

FTOENG) =gyt |
0 b

w056 = | 9]

where N (i) € R™2*"2 g nilpotent matrix (i.e., a square matrix whose eigen-
values are all 0, it is also a square matrix, N(4), such that N?(i) = 0 for some
positive integer power p) and I € R™*™t an identity matrix with appropriate
dimension, with n; + ny = n, we get

ot 0] = [0 [t + [ o] i

which can be rewritten as follows:

m(t) = Ai(i)m(t) + Bi(i)u(t),
N(@@)n2(t) = na(t) + Ba(i)u(t).

For the first differential equation, the solution is given by ( Boukas [9])

t
m(t) = e @ty (0) —|—/ e OB (iu(r)dr,
0
which is completely determined by the initial conditions and the values of the
control in the interval [0, ¢].
For the second differential equation, let us assume that control u(t) is
p-times piecewise continuously differentiable. Therefore, by differentiating p-
times and at each differentiation pre-multiplying by N (%), we have
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N@mY (1) = ma(t) + Bali)u(t),
N2(iyi? (t) = NY(@)ns" (8) + N (@) Ba(i)yuD(t),

NP(ind) (1) = NP=L(i)nd ™V () + NP1 (6) Ba(i)uP D (1),

where 77( )( t) and u(¥) () stand, respectively, for the k-times derivative of 7y ()
and u(t).
Using the fact that NP(i) = 0 and by adding all these equations we get

+ZN’“ Du® (1),

which gives in turn
p—1
— > N®(i)Ba(i)uM(2).
k=1

These equations are useful for stochastic stability. As when u(t) = 0 for all
t > 0, the stochastic stability of the system (6.1) is brought to the one of the
first differential equation related to the stochastic stability of the slow state
variable linked to the matrix A (i), ¢ € .7, since the second gives na(t) = 0
for all ¢t > 0.

6.2 Stability Problem

This section addresses the stability problem of system (6.1) with u(¢) = 0.

Let us assume that u(t) = 0 for ¢ > 0 and all the uncertainties on the
state matrix are equal to zero, and study the stochastic stability of the nominal
system. Our concern is to establish LMI conditions that can be used to check if
a given dynamical system belonging to the class of systems we are considering
in this chapter is stochastically stable. The following theorem states the first
result of stability of such a class of systems.

Theorem 78. System (6.1) is regular, impulse-free, and stochastically stable
if there exists a set of nonsingular matrices P = (P(1),---, P(N)) such that
the following coupled LMIs hold for every i € .7 :

{ETP(i) =PT(H)E >0, (6.8)

AT(@)P(i) + PT(0)A() + X0, Ay ETP(5) < 0.

Proof: Under the condition of Theorem 78, we first show the regularity
and absence of impulses of system (6.1). Based on what was presented earlier,

choose two nonsingular matrices M and N such that



358 6 Singular Stochastic Switching Systems

—_ o~ Io
MEN:[OO}
and write
o = | A0 Aal) | e p g - | B Ba()
MAON=\Z.0 A | ™ TON= 156 B

By the first relation of (6.8) it can be shown that ]32(2) = 0. Pre- and
post-multiplying the second inequality of (6.8) by NT and N, respectively,
gives

*

*k
{ AT (i) Pa(i) + P (i) Aa (i)
where * will not be used in the following development. Then we have

A§ (0 Pa(i) + B (i) Aa(i) < 0

| <o

which implies that A () is nonsingular. System (6.1) is therefore regular and
impulse-free.

Next we show the stochastic stability. Let .Z denote the weak infinitesimal
generator of the Markov process {(z(t),r(t)),t > 0}. Let us consider the
following Lyapunov function:

V((t),r(t)) =" ()BT P(r(t)z(t),

where P(i), i € .7, is a solution of (6.8).

The infinitesimal operator .Z of the Markov process {(z(t),r(¢)),t > 0}
acting on V'(.) and emanating from the point (x,¢) at time ¢, where z(t) =
and r(t) =i for ¢ € .7, is given by:

LV (x(t),i)=a" (t)E"P(i)x(t ( Y+ (H)ETP()i(t)
+ZA”x (WETP()a(t).
Now if we use the fact that ET P(i) = P (i) E holds, we get
LV (x(t),i) =i (t )ETP(') () +aT ()P () Bi(t)
+ZAU@~ (WETP(j)a(t)
N
=z (t) |AT(@)P@) + PT()AG) + > _ A ETP() | =(t)

Jj=1

=" ()O(i)x(t),
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with ©(i) = AT (i)P(i) + PT (i) AGi) + X0, Ay BT P(j).
Therefore, if the following holds:

N
AT(@)P@E) + PT0A) + Y A ETP(j) <0,

then
LV (2(t),i) < —afz@®)|?,

where o = min;e o { Anin (—0(3))} > 0.
Using Dynkin’s formula, we obtain

E[V(2(t). )] — E[V (z0,70)] = E [ / LLV (20, 7(5))] ds|xo,ro}

¢
—alE {/ ||ms||2ds|x0,r0} .
0

Since E[V (x(¢),4)] > 0, the last equation implies
t

& [ [ telPastooro]
0

This proves that the system under study is stochastically stable and this
completes the proof of Theorem 78. g

IA

IN

E[V(z(t),i)] + oFE [/0 ||xs|2ds|x07ro]
< E[V((Em?"o)},vt > 0.

Remark 26. Notice that when the matrix F = I, the first condition of (6.8)
becomes P(i) = PT(i),i € ., which means in this case that the matrix
P(i),i € & is symmetric and positive-definite and the results of the previous
theorem become those of Chapter 2.

The above theorem provides LMI-based test conditions for system (6.1) to
be stochastically stable. To illustrate the effectiveness of these results, let us
give a numerical example.

Ezxample 68. Consider a singular linear system with two modes, that is, . =
{1,2}, and assume that its dynamics are described by (6.1) and its data are
given by

e mode #1:
—-1.0 0.0 =3.0

A(l)=| 30 00 —1.0],
0.0 —1.0 1.0
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e mode #2:
—1.0 0.0 —-2.0
A2)=1| 2.0 0.0 —-1.0
0.0 —1.0 1.0

The switching between the two modes is described by the following tran-
sition rates:
-2 2
A= [ : _1] |

The singular matrix F is given by

1.0 0.0 0.0
E=10.0001.0
0.00.00.0

With the above data, solving LMIs (6.8) gives the following solution:

[0.8210 0.0950 0.0000 |
P(1) = | 0.0950 0.8762 0.0000 |,
| 2.5594 0.5731 —0.5290 |

[0.8063 0.1086 0.0000 |
P(2) = | 0.1086 0.9203 0.0000 | .
| 1.7199 0.5175 —0.5396 |

Therefore, according to Theorem 78, the system under study is stochasti-
cally stable.

Let us now consider the effects of the uncertainties on the state matrix
with u(t) = 0 for t > 0 and see how the stochastic stability conditions can be
modified to guarantee that the system (6.1) is regular, impulse-free, and ro-
bustly stochastically stable for all admissible uncertainties. We are interested
in establishing conditions that can help us to check if a given system with the
dynamics (6.1) is regular, impulse-free, and robustly stochastically stable.

Based on Theorem 78, the free uncertain system (6.1) (with u(¢) = 0,vt >
0) will be regular, impulse-free, and robustly stochastically stable if there
exists a set of nonsingular matrices P = (P(1),---,P(N)) such that the
following holds for every i € .%:

ETP(i)=PT(i)E >0,
PT(i)AGi,t) + AT (i, ) P(i) + Y0, Ay BT P(j) < 0.

Notice that the second LMI can be rewritten as

N
PT(i)A() + AT())P(i) + Y _ \;ET P(j)

Jj=1
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+P T (i))Da(i)Fa(i)Ea(i) + EA (i) F4 (i) D} (i) P(i) < 0.
Using Lemma 7 in Appendix A, we have
PT(i)Da(i)Fa(i)Ea(i) + E5 (1) F4 (i)D } (i) P(i)
<ex (PT()Da(@)DA(I)P(i) + ea(i) Ex (1) Ea(i).

Using this inequality and the Schur complement, we get the sufficient
conditions of the following theorem.

Theorem 79. System (6.1) is robustly stochastically stable if there exist a set
of nonsingular matrices P = (P(1),--- ,P(N)) and a set of positive scalars
ea = (€a(l), -+ ,ea(N)) such that the following set of LMIs holds for each
1 €. and for all admissible uncertainties:

ETP(i)=PT(i)E >0,

J@)  PT()Da(i) (6.9)
TN s . <0,

Dy (i)P(i)  —ea(i)l
with J(i) = AT (i)P(i) + PT()AG) + 30y Ay ETP(j) + ea(i) E (i) Ea(3).
Ezample 69. To show the usefulness of the results of this theorem, let us con-
sider the two-mode system of the previous example with the following data:
e mode #1:
0.1

Da(1)=|02],
0.0

Es(1)=1[020.10.1],
e mode #2:

0.2
Da(2)=10.1],
0.0

Ea(2)=[01020.1].
Let £4(1) = £4(2) = 0.1 and solve the set of coupled LMIs (6.9) to give

[0.2935 0.0189 0.0000 |
P(1) = |0.0189 0.2810 0.0000 |,
| 0.9045 0.2037 —0.1724 |

[0.2694 0.0243 0.0000 |
P(2) = | 0.0243 0.2953 0.0000 |,
| 0.5620 0.1736 —0.1808 |

which gives two nonsingular matrices. Therefore the system is robustly sto-
chastically stable.
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If we now consider uncertainties on system matrix and transition rates, we
can easily establish the results in the following corollary.

Corollary 18. System (6.1) is robustly stochastically stable if there exist a set
of nonsingular matrices P = (P(1),---, P(N)) and a set of positive scalars
ea = (ea(l), - ,ea(N)) such that the following holds for each i € % and for
all admissible uncertainties:

ETP(i)=PT(i)E
J(i)  P(i)Da(i)
D (i)P(i) —ea(i)l

(6.10)

with

J(i) = AT(i)P(i) + PT(4) A(i) + Z Z AGETP(j) 4+ ea(i)EA () Ea(i).
k=1 j=1

Ezample 70. To show the usefulness of the results of this corollary, let us
consider the two-mode system of the previous example with the following
data:

-2 2

Al = |: 1 _1:|,0410.6,
-3 3

A2 = |: 1 _1:|,042=O.4.

Let €4(1) = e4(2) = 0.1 and solve the set of coupled LMIs (6.10) to give

0.2928 0.0201 0.0000 0.2685 0.0235 0.0000
P(1) = | 0.0201 0.2820 0.0000 |, P(2)= ]0.02350.2929 0.0000 |,
0.9039 0.2040 —0.1738 0.5597 0.1738 —0.1793

which gives two nonsingular matrices. Therefore the system is robustly sto-
chastically stable.

Our goal in this section was to study the stochastic stability and robustness
of the class of stochastic switching systems. Using a simple expression for
the Lyapunov function and some algebraic calculations, we developed LMI
conditions that can be used to check if a given system is stable. In the next
section we establish design algorithms for stabilizing controllers.

6.3 Stabilization Problem

This section deals with the stabilization problem. We consider here only the
design of the state feedback controller that achieves closed-loop dynamics
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that are regular, impulse-free, and stochastically stable. The block diagram
of the closed-loop system under the state feedback controller is represented
by Figure 6.1. As can be seen, complete access to the state vector and to
the mode is crucial for this type of stabilization. Both the stabilization of
the nominal system and the uncertain system are tackled in this chapter.
For the stabilization problem of the nominal system, combining the system
dynamics (6.1) and the controller expression (6.7) gives the following closed-
loop dynamics:

{a‘c(t) = Au(r(t)z(t), (6.11)

Ei = A(i)z + B(i)u

— u=K(i)x

Fig. 6.1. State feedback stabilization block diagram (nomi-
nal system).

Based on the results of Theorem 78, these dynamics will be regular,
impulse-free, and stochastically stable if there exists a set of nonsingular ma-
trices P = (P(1),- -, P(N)) such that the following set of coupled LMIs holds
for each 1 € &

{ETP(z):P ())E >0,
T(0)Aa (i) + AL P() + X1, A ETP(j) < 0.

Pre- and post-multiply the second LMI, respectively, by P~ (i) and
P~1(i) to get
Ag()P~r(i)+ P77 +Z)\”P (\)ETP(j)P~1(i)

J?él
+AiP~T(H)ET <0.  (6.12)

If the following holds for each i € .%:
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ETP(j) < ¢;PT(j)P(j),¢; > 0, (6.13)

then a sufficient condition for (6.12) is

Aa@)P7Hi) + PTT(0)AL ) + NPT ()BT
+§j Xije; P~ (1) PT(j)P(j) P~ (i) < 0.

=
If we define
G, = [\/ATlP—T(i), o A A P @) i P, )\iNP_T(i)] ,
J; =diag [ ' PP (L), e NPT - )P T (i - 1),
P A+ )P+ 1), ey PTHN)PT (V)]

then we obtain

N
Z)\ijejP_T(i)PT(j)P(j)P_l(i) = G,J7G]
=1
i
Using this we have

{jo(i) Gi} <0, (6.14)

where Jo(i) = Aq(i)P~1 (i) + P~ T (i) A}, (i) + N\ P~ T (i)ET.
Based on Lemma 9 in Appendix A, we get the following for each i € .%:

& LPTYHPTT (i) = PTHE) (e) TN PTT(E) = PTE) 4+ P (i) — g1,

that is, J; > W;, which implies the following sufficient condition:

{jg(f) _Cév} <0, (6.15)

where

W; =diag [P7'(1)+P T(1)—el- P i—1)+P "(i—1)— e
P Ui+1)+ P T(i+1)— el ,PTHN)+ P T(N) —enI].

Using the expression of Ay (i), letting X (i) = P71(i), and Y (i) =
K (i)X (i), and noting that (6.13) can be rewritten as

XTHET < ¢l

we get the following results for the stabilization.
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Theorem 80. There exists a state feedback controller of the form (6.7) such
that the closed-loop system (6.1) is regular, impulse-free, and stochastically
stable if there exist a set of nonsingular matrices X = (X(1),---, X(N)),
a set of matrices Y = (Y(1),---,Y(N)), and a set of positive scalars € =
(€1, -+ ,€en) such that the following set of coupled LMIs holds for each i € .7:

gl >XT(HE" =EX(i) >0, (6.16)
J(i)  Si(X)
5T ) <o (617)

J(i) = A@G)X (@) + XT(@H)AT (@) + BOY () + Y ()BT (6) + X () ET,
Xi(X) =diag [ X(1)+ X (1) —el,- , X(E-1)+X (i —1) — e,
X+ +XT(4+1) — el - X(N)—l—XT(N)—eN]I]

i),

[\ﬁx A M X T @) A A X T, X ( }

The stabilizing controller gain is given by K(i) =Y (i)X (i), i € ..

+
)

Ezxample 71. Let us consider a two-mode dynamical singular system with dy-
namics described by (6.1) and assume that the data are given by

e mode #1:

1.0 0.51.0 0.0 0.2
A(l)= | -021.020|, B(l)=| 1.0 0.0},
0.0 0.00.0 —-0.11.0
e mode #2:
—-1.20.30.0 0.0 0.2
A(2) = 1.2 1.00.0|, B(2)=| 12 0.0
0.0 0.40.0 —-0.11.2

The switching between the two modes is described by the following tran-
sition matrix:
-2 2
EE)

The singular matrix E is given by

100
E=1010
000

Let us fix the parameters €¢; and €5 to the following values:
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€1 = €2 = 0.1.
With the above set of data, solve (6.16)—(6.17) to get the following solution:

[ 0.0714 —0.0015 0.0
X(1)= | —-0.0015 0.0743 0.0 |,
| —0.0541 0.0050 0.1936 |

[ 0.0855 —0.0008 0.0
X(2) = | —0.0008 0.0784 0.0 |,
| —0.0556 0.0028 0.2090 |

Y1) = [ 0.1640 —0.1970 —0.0000
= | -0.1443 —0.4094 —0.2375 |~

y(2) [—0.1040 —0.1620 —0.0000
= | -0.0159 —0.0393 —0.1702 | -

In view of Theorem 80, we conclude that the system under study is sto-
chastically stabilizable and a set of stabilizing gains is given by

K(1) = 2.2430 —2.6094 —0.0000
~ | —3.0602 —5.4891 —1.2269 |’

K(2) = —1.2355 —2.0803 —0.0000
| —0.7199 —0.4804 —0.8142 | °

Let us now consider robust stabilization using a state feedback controller
of the form (6.7). As we did for the nominal case, let see how we can extend the
previous results on the theorems on stabilization. Combining the expression of
the controller and the dynamics of the system, we get the following closed-loop
system:

Bi(t) = A(r(t),a(t) + B(r(t), ) K (r(t))z
(

|
S
=
©
S~—
+
oy
=
=
~—
S~—
=
—
=
—~
=
_|_
>
N
3

with

Based on Theorem 80, the closed-loop uncertain system is regular, impulse-
free, and stochastically stable if there exist a set of nonsingular matrices X =
(X(1),---, X(N)), a set of matrices Y = (Y(1),---,Y(N)), and a set of
positive scalars € = (€1, ,en) such that the following set of coupled LMIs
holds for each i € .¥:
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el > XT(H)ET = EX(i) > 0,
J(i) si

0
lTX >]<’
where

J(i) = [AG) + Da(i)
+[B(i) + Dp(i)
A X TGHET
Xi(X) =diag [X(1)+X"(1) —el,- , X(E—-1)+X"(i—1)— e
X+ 4+XTG4+1) — el X(N)+XT(N) —enl],

= [VAXT @) vV N X0V R X (1), VA X T ()]

and the controller gain in this case is given by K(i) = Y (/)X ~1(i), i € ..
Using Lemma 7 in Appendix A, we get

Da())Fa(i)Ea(i)X (i) + X T (i) [Da())Fa(i) Ea(i)]

< ea(i)Da()DA(i) +ex' ()X T () EA (D) EA@)X (i
Dp(i)Fp(i)Ep()Y (i) +YT( ) [DB(i)Fp(i)ER(i)]

<ep(i)Dp(i)Dp(i) + 5" ()Y T () E () Ep (i)Y (0).

Using the Schur complement we have the following results.

Fa(i)Ea(i)] X (i) + X " (i) [AGG) + DA()Fa(i)Ea(i)]
Fp(i)Ep(i)] Y (i) + Y " (i) [B(i) + Dp (i) Fp (i) Ep(i)]

=

)

—

Theorem 81. There exists a state feedback controller of the form (6.7) such
that the closed-loop system (6.1) is regular, impulse-free, and robustly sto-
chastically stable if there exist a set of nonsingular matrices X = (X (1),--- ,
X(N)), a set of matrices Y = (Y(1),--- ,Y(N)), and sets of positive scalars
€= (e, - ,en), €a = (€a(l), -+ ,ea(N), and ep = (ep(1),--- ,ep(N) such
that the following set of coupled LMIs holds for each i € % :

gl >XTHET = EX(i) >0, (6.18)
. {SZ;)((-) X (i J(E_STH(Z) YT (i )OE (i) SZ(OX)
1 7 —eal2
Eg(i)Y(i) % —ep() 0 <0, (6.19)
SiT (X) 0 0 —Xi(X)

where

J(i) = A@X@E) + X ()ATG) + BGE)Y () +Y ()BT ()

+e4())DA(i)D (i) + ep(i)Dp(i)D5 (i) + A\ X T (1)E T,
Xi(X) =diag [X(1)+ X (1) —el,- , X(E—-1)+X (i —1)— el
X@+1)+XT(i+1) — €l , X(N)+ XT(N) —en]],
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Si(X) = [\/ it X (), v A X T (), v N X T(0), -, v )\iNXT(i):| :
The stabilizing controller gain is given by K(i) =Y (i)X (i), i € ..

Ezample 72. To show the usefulness of this theorem, let us consider the two-
mode system of Example 71 with the following extra data:

e mode #1:

Da(1)=|02], Ea(l)=[02010.1],

Dp(1)= |01, Ep(l)=[0102],

e mode #2:

[0.1]
Da(2)=[02], Ea(2)=[020.10.1],
[0.1]
[0.2]
Dp(2)= [01]|, Ep(2)=[0.102].
0.1

The matrix F is given by the following expression:

1.0 0.0 0.0
E=10.0001.0
1.00.00.0

Fix the parameters €1, €2, €4(1), €4(2), e5(1), and £5(2) to the following
values:

€] = € = 0.1,
ea(l) =¢ea(2) =01,
ep(l) =ep(2) =0.1.

Solving LMIs (6.18)—(6.19) gives

[ 0.0697 —0.0010 0.0
X (1) = | —0.0010 0.0730 0.0 |,
| —0.0517 —0.0014 0.1733 |

[ 0.0856 —0.0008 0.0
X(2) = | —0.0008 0.0772 0.0 |,
| —0.0552 0.0022 0.1985 |
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Y(1) = 0.1028 —0.1850 —0.2393
~ 1 —0.1330 —0.1397 —0.2571

V(2) = —0.1033 —0.1601 0.0104
~ | —=0.0121 —0.0609 —0.1789

which gives the following gains:

K(1) = 0.4145 —2.5563 —1.3807
~ | —3.0365 —1.9826 —1.4835

—1.1926 —2.0862 0.0522
K@) = {—0.7296 —0.7696 —0.9015]

As we did for the stochastic stability case, let us also consider the case
where we have uncertainties on the system matrices and on the transition
rates. In this case, the corresponding results can be established following the
same steps as before. These results are given by the following corollary.

Corollary 19. There exists a state feedback controller of the form (6.7) such
that the closed-loop system (6.1) is regular, impulse-free, and robustly sto-
chastically stable if there exist a set of matrices X = (X(1),---,X(N)),
Y = (Y(1),--- ,Y(N)), and sets of positive scalars € = (€1, ,éN), €4 =
(ea(l), -+ ,ea(N), and eg = (eg(1),--- ,ep(N) such that the following set
of coupled LMIs holds for each i € % :

gl >XT(HE" =EX(i) >0, (6.20)
Bl gz))(( ) XT(i )%(z) YT(i)OEE(i) Si(OX)
Ba)¥() 0 —epn o | <0 @2
S (X) 0 0 —X;(X)

J(i) = A@D)X (@) + X T (D)AT (@) + B@)Y (i) + YT(')BT(')
+ea(i)Da(i)D} (i) + e5(i)Dp +Zak)\”“XT

Xi(X) =diag [X(1) +X"(1) —el,-- , X(i - 1) + XT(z —1) — €11,
X@E+1)+X"(+1)— el , X(N)+XT(N) - eNJI] ,

The stabilizing controller gain is given by K (i) =Y (i) X ~1(i), i € 7.
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FEzample 73. To show the usefulness of this theorem, let us consider the two-
mode system of Example 72 with the following extra data:

Solving LMIs (6.20)—(6.21) gives

[ 0.0714 —0.0010 0.0
X(1) = | —0.0010 0.0735 0.0
| —0.0592 —0.0013 0.1853 |

[ 0.0819 —0.0008 0.0
X(2) = | —0.0008 0.0754 0.0
| —0.0526 0.0017 0.1927 |

Y(1) = 0.1168 —0.1818 —0.2684
~ | —0.1417 —0.1378 —0.2367 |’

Y(2) = —0.1002 —0.1521 0.0058
~ | —0.0177 —0.0545 —0.1657 |’

which gives the following gains:

K(1) = 0.4024 —2.4926 —1.4486
© | —3.0709 —1.9355 —1.2778 |’

K(2) = 1.2220 —2.0290 0.0303
© | —0.7749 —0.7108 —0.8601 |

6.4 Constant Gain Stabilization

Previously we assumed complete access to the system mode r(t) at each time
to compute the state feedback controller of the form (6.7). This assumption
could for some physical reasons be violated making the developed results
unusable. To overcome this, we can design a constant gain state feedback
controller that does not require access to the mode. The structure of such
controller is given by the following form:

u(t) = Ka(t), (6.22)
where K is a common gain for all the modes to be determined.

Remark 27. Since the gain K is common to all the modes, we do not need to
switch the gain as done previously when the system mode switches from one
mode to another. Notice that this may be restrictive in some cases.
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Before designing such a controller, let us modify our previous stochastic
stability conditions.

Corollary 20. System (6.1) is regular, impulse-free, and stochastically stable
if there exists a nonsingular matriz P such that the following coupled LMIs
hold for every i € & :

E'P=P'E
{ ’ (6.23)

AT(i)P + PTA(i) < 0.

Proof: The proof of this corollary is similar to the one of Theorem 78. In
fact, if we choose a Lyapunov candidate function of the following form:

V(x(t),r(t) =14) = x ' (t)Pz(t), when r(t) =1,
we get from Theorem 78:

E'P=PTE,
AT@)P+PTA() + Y00, M ETP <0.

And since Zjvzl Aij = 0, we get the results of the corollary. O
For the robust stochastic stability, we get the following results.

Corollary 21. System (6.1) is robustly stochastically stable if there exist a
nonsingular matriz P and a set of positive scalars eq4 = (e4(1), - ,e4(N))
such that the following set of LMIs holds for each i € . and for all admissible
uncertainties:

ETP=PTE >0,
J(i) PT D)
DL(i)P —ea(i)I

6.24
<0, ( )

with J(i) = AT (i))P 4+ PTA(i) + ca(i)E} (i) Ea(d).

Proof: The proof of this corollary is similar to the one of Theorem 79 and
the details are omitted. g

With these results, let us now focus on the design of a constant gain
stabilizing controller for the nominal system and the uncertain system. Let us
first handle the nominal case. Plugging the controller expression in the system
dynamics gives

Bi(t) = A(i)x(t) + BG)Kx(t),

= [A(i) + B(1)K] (1),
= Au(i)z(t).
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Based on Corollary 20, the closed-loop dynamics will be regular, impulse-
free, and stochastically stable if there exists a nonsingular matrix P such that
the following set of LMIs holds for each i € .7

ETP=P'E,
AT ()P + PT Ay(i) <0,

which gives in turn:

E"P=P'E,
AT()P+ PTA(i)+ P"B(i))K+KT"BT(i)P < 0.

Notice that the second matrix inequality of these conditions is nonlinear
in the design parameters I and P. To put it in the LMI setting, pre- and
post-multiply this matrix inequality, respectively, by P~ and P! to get

P TAT(i)) + A@Q)P* + P"TK"BT (i) + B(i))KP~* < 0.
Letting X = P~! and Y = KX gives
XTAT(@)+ A@X +Y BT (i) + B(i)Y < 0.

The results of this development are summarized by the following corollary.

Corollary 22. There exists a state feedback controller of the form (6.22) such
that the closed-loop system (6.1) is regular, impulse-free, and stochastically

stable if there exist a nonsingular matrizc X and a matrix Y such that the
following set of coupled LMIs holds for each i € & :

XTET =EX >0, (6.25)
AMDX +XTATG) +BGHY +Y BT (i) <0. (6.26)
The stabilizing controller gain is given by K =Y X1,

For the robust constant gain stabilization, the closed-loop state equation
will be regular, impulse-free, and robustly stochastically stable for all the
admissible uncertainties if there exists a nonsingular matrix P such that the
following set of LMIs holds for every ¢ € . and for all admissible uncertainties:

ETP=PTE >0,
ATP+ PTA(i) <0,

with A(i) = A(i) + Da(i)Fa(i)E(i) + BK + Dg(i)Fg(i)Es(i)K.
The second matrix inequality can be rewritten as follows:

AT P+ PTA(i)+ P"'BK+K "B ()P + PTDa(i)Fa(i)Ea(i)
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+E5(i)F4 (i)D 4 (i)P + PT Dp(i)Fp(i) Ep(i)K
+KTEL(i)Fg ()DL (i)P < 0.

-T

Pre- and post-multiply this matrix inequality, respectively, by P~ ' and

P! to give

P TAT(i))+ AG@)P* + BKP Y+ P TKTBT (i) + DA(i)Fa(i)EA(i)P~1
+P~"EL(i)F, (i)D (i) + Dp(i)Fp(i)Ep(i) KPP~
+P "KTEL(i)Fg (i)D (i) < 0.

Letting X = P~!, Y = KX, and using Lemma 7 in Appendix A, we get

Da(i)Fa()Ea(i)X + X T Ej(i)F4 (1) D4 (q)

< ea(i)Da()DA(0) +ex' ()X T EL () EA(D)X,
Dp(i)Fp()Ep(1)Y +Y T EL(i)Fg () D (i)

< ep(i)Dp(i)Dp(i) + 5" ()Y T EL () E(i)Y.

Using this and the Schur complement we get the following results.

Corollary 23. There exists a state feedback controller of the form (6.22) such
that the closed-loop system (6.1) is regular, impulse-free, and robustly stochas-
tically stable if there exist a nonsingular matriz X, a matriz Y, and sets of
positive scalars €4 = (a(1), -+ ,ea(N) and eg = (eg(1), -+ ,ep(N) such
that the following set of coupled LMIs holds for each i € . and for all admis-
sible uncertainties:

X'ET=EX >0, (6.27)
J@) XTEL(G) YTER()

EA(Z)X —EA( )]I 0 <0, (628)
Ep(i)Y 0 —ep (i)l

with
Ji) =A@OX +XTAT (@) +BG)Y +Y BT (i) +ea(i)DA(i) D} (i)
+ep(i)Dp(i) Dy (i).

The stabilizing controller gain is given by K =Y X 1.

Remark 28. When the uncertainties are on the transition rate matrix, the
results of the previous corollaries will remain valid and can be used either
to check the robust stochastic stability or to design the constant gain state
feedback controller.
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6.5 Notes

This chapter dealt with the singular class of stochastic switching systems. The
stability problem and the stabilization problem have been considered and LMI
conditions were developed. The conditions we developed in this chapter are
tractable using commercial optimization tools. The content of this chapter is
mainly based on the work of the author and his coauthors.



Appendix A

Mathematical Review

Our goal is to make this book self-contained and easy to understand. This
appendix recalls some concepts used in this book and is organized as follows.
In Section A.1, basic concepts on linear algebra are given. In Section A.2,
matrix theory is reviewed and some important results are given to facilitate
the understanding of the results developed in this book. In Section A.3 we
present the stochastic processes and their links to what we are treating in
this volume. In Section A.4, some important lemmas that are useful for our
analysis and design are presented and some proofs are given.

A.1 Linear Algebra

In this section some important concepts in real analysis are reviewed. The
material presented here is only an introduction to some concepts and for
more details we refer the reader to the appropriate books.

Let # be the field of real numbers and £ a class of objects. % is a linear
space over the field £ if the following hold:

e sum: for any xz and y belonging to %, their sum is also an element of %,
ie.,

Ve, y € B,x+y € B,

e product: for any x € £, its product by any scalar o € £ is also an element
of A, i.e.,

Vr € B,Na e X, ar € B,
e commutative:

Ve, y e B,x+y=y+=x,
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e associative:

Va,y,z € B[z +yl+z=x+[y+ 2],

Vo, € X Ve € X, [af)x = alfz],
e zero element:
Ve e B,Jve B,x+v=nr,
e distributivity of sum/product:
Va,y € B,Na € X ,ax+y] = ar + ay,
o distributivity of product/sum:
Va,p € ' Ve € X', Ja+ Pz = ax + Px.

The elements of Z are called vectors and any subset of # that is a linear
space is called a subspace. Therefore, for a given subspace %, if we have n
vectors, x1, -+ ,x, we have the following:

e a vector x € % is a linear combination of vectors x1,- - ,z, that belong
to Ay if the following holds:

n
rT=0121 + -+ apTy, = g a;T;,
Jj=1
e vectors x1,--- ,x, are linearly dependent if and only if

n
O=a1z1+ - +apx, = E T,
j=1

and there is some «; # 0,
e vectors x1,--- ,x, are linearly independent if

n
O0=ox1 + - +apxy, = E Ty,
Jj=1

which implies a;j = 0 for j = 1,--- ,n. In this case, the set of vectors
T1,- -, Ty is called a basis of the subspace %,. Also, the maximum number
of linearly independent vectors is called the dimension of the considered
linear space.

For two vectors x and y with n components, respectively, the scalar prod-
uct, which is also called the inner product, is defined as

n
(@, y) =Y wy=aTy=y'z.
j=1

The scalar product satisfies the following properties:
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o (z,z) >0 for all x # 0,
d <$’ y> :< y’x >’
o (ax+ By, z) = alx,z) + By, 2) for all @ and 3 in R.

When two vectors x and y are orthogonal, we have < z,y >=<y,z >= 0.

Let = be a vector that belongs to the subspace %;. The norm of = de-
noted by ||z|| is a nonnegative-valued function of z satisfying the following
properties:

o |z|| >0 for all z € %y and ||z| = 0 if and only if z =0,
o Jlaz|| = |a|||lz|| for all a elements of R and x € %y,
e |lz+y| <|lz|| + ||yl for all z and y belonging to the subspace %.

The subspace is called normed linear space if for every z in this subspace
the norm of x is finite.
The usual norms are

o |zl = Z?Zl ||, 1-norm,
1

o |z)a=VaTa= [Z?:l :vﬂ 5, 2-norm or Euclidean norm,
1

s HfU“p = [Z;Zl \Cﬂjﬂ p, p-norm (1 < p < 00),
o 2] = sup; ||, co-norm.

Two norms a and b are equivalent if there exist two positive constants M
and N such that the following holds:

Nljzlla < [lzlls < M||z|a-
For vector functions, we can also talk about norms. Let £ be a linear space

of Lebesgue-measurable functions defined on R. The L,-norm of a function
f(t) € B is defined by

I1fllz, = U f(t)|Pdt} ? , when 1 < p < o0,
Ifll = sup [f(t)], when p = oo.

—oo<t<oo

A.2 Matrix Theory

In this section we recall certain concepts on matrix theory. The material here
is only an introduction to the matrix theory. For more details on the different
concepts, we refer the reader to the appropriate books.

A rectangular (real or complex) matrix with n rows and m columns is
defined as follows:
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a1l a2 - Gim

a21 a22 * -+ G2m
A =

Anl Qp2 *** Gpm

When the number of rows is equal to the number of columns, that is,
n = m, the real matrix is called a square matrix. The transpose of the matrix
A is obtained by interchanging the rows and columns, that is,

ailp azi1 -+ anl
AT ai2 a2 °-- anp2
A1m A2m *** Anum

The conjugate matrix A is obtained from the matrix A (when A is a
complex matrix) by replacing every element of the matrix A by its complex
conjugate, that is,

Gi1 G12 *-- Gim
_ Q21 Q22 - Q2m
A =
Ap1 Ap2 *** Gpm
A square matrix A is
e symmetricif A= AT,
e Hermitian if A = AT,
e skew-symmetric if A = —AT,
o skew-Hermitian if A = —AT.

The minor M(i,j) of a square matrix A of size n is the determinant of
(n—1) X (n—1) matrix formed from A by crossing out the ith row and the jth
column. Notice also that each element a;; has a cofactor denoted by C(i, 5)
that differs from M (4, ) at most by a sign change, that is,

The determinant of a square matrix A of size n is defined by
n
det(4) = " aC(j, k).
j=i

A singular matrix A has a determinant equal to zero, det(A) = 0, and a
nonsingular matrix A has a nonzero determinant, det(A) # 0.



A.2 Matrix Theory 379

The inverse of a square matrix, A (when it exists), denoted by A~! is
defined as follows:
A+

1 _
AT = det(A)’

where A is the adjoint matrix of A defined as AT = [C(i,5)]" = C(j,i).
A matrix A is said to be

normal if AA~1 = AT A,

involutory if A= = A4
orthogonal if A= =
unitary if A=t = AT,

)
T
)

The trace of a square matrix A is defined as

tr(A) = En: (077
=1

For a square matrix of size n, we have tr(4) = > 1" A;, and det(A) =
I A\; with \; is the eigenvalue of the matrix A. The eigenvalues of a sym-
metric matrix are all real.

A symmetric square matrix of size n is

positive-definite if all the eigenvalues of A are positive,
positive-semi-definite if all the eigenvalues of A are zero or positive,
negative-definite if all the eigenvalues of —A are positive,
negative-semi-definite if all the eigenvalues of —A are zero or positive.

To end this section on matrix algebra, let us give some useful identities:

e for any matrix A we have
T = 4
e for any matrices A and B, we have
[A+B+C) =AT+BT +C7,
e for any matrices A, B, and C, we have
[ABC]" =CTBTAT,
[A B }T_[AT cT }
CABC| ~— |BTC'BTAT |’
e for any matrix A that has an inverse, we have

A7) =
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e for any matrix A that has an inverse, we have
-1 T
[AT] =[]

e for any matrices A and B with appropriate dimensions that the product
AB has an inverse, we have

[AB]"' =B~'4 1,
e for any matrix A, we have
tr[AT] =tr[4],
e for any matrices A and B with appropriate dimensions, we have
tr[A+ B] = tr [A] +tr [B],
e for any matrices A and B with appropriate dimensions, we have:
tr[AB] = tr [BA]

e for any matrices A and P (nonsingular) with appropriate dimensions, we
have

tr [P_lAP] =tr[4],

e for any square matrix A, we can always express it as a sum of a symmetric
matrix A; and a skew-symmetric matrix As, that is,

A=A+ A,
with
T g7
P ST St B
2 2

Let us now give some useful relations for integration and differentiation
of vectors and matrices. If we assume, for instance, that the state vector
x(t) € R™ is given by

1 ()
;C(t) = )
zn (1)

then we have
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t
. fo x1(8)ds
/ x(s)ds = :
0 .
fo Tn(s)ds

For a matrix P(t) € R"*™ defined as follows:
p11(t) pi2(t) -+ pum(t)
p21(t) p22(t) -+ pam(t)

P(t) = , . .

pnl. (t) pnz; (t) - : pnn;(t)

we have

P11(t) Pr2(t) -+ prm(t)
) = p21.(t) p22.(t) p2w.1(t)

Pt () Prua(®) -~ Prom(t)

foz pr(s)ds fé pra(s)ds -+ pim(s)ds

/t P(s)ds o le.(s)ds Jo p22-(3)d5 P2m(.5)d5
; : : .

f; pn1(s)ds fg Pna(s)ds - - - fot Prm(8)ds
The following useful relations are also of interest in this book:

for any two matrices with appropriate dimensions A(t) and B(t), we have

d
dt
— [AB®)] = A(W)B(t) + A(t) B(t),

a
dt

[A(t) + B()] = A(t) + B(1),

[A7 ()] = AT A AT,

for any function v(x(t),t) that represents a Lyapunov function (a scalar
function), we have

d (1), 1) ov N ovl' [0z

— (T ) = a7 a_ a, |

dt ot ox ot
for a vector x that may represent the state vector and a matrix B with
appropriate dimension, we have

o(BTx) B 9 (z"B)
or Oz
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e for a vector x that may represent the state vector and a matrix A with
appropriate dimension, we have

0(Az)  +
Ox =4,

9 (zTAT)
T

e for a vector x that may represent the state vector and a matrix P with ap-
propriate dimension that is assumed to be symmetric and positive-definite,
we have

0 (xTPw)
ox

As we did for vectors, we can also introduce norms for matrices. Therefore,
for a vector x € R™, the norm of a matrix A is defined by
[Az]| _

|All = sup =—= = sup [|Az|,
w20 [zl llzll=1

=[P+ P"|a=2Px

where sup stand for supremum or the least upper bound. This norm is defined
through the norm of the vector x and it is referred to as the induced norm.
Notice that for different ||z|| we have different || A|. We have the following for
the useful norms. For any matrix A € R"*"™ with the components a;;, we have

e for the 1-norm of z, i.e.: ||z||1, we have ||Al|; = max; (}_;-, |ai;|) = largest
column absolute sum;

e for the 2-norm of z, i.e.: ||z||2 (Euclidean norm), we have ||All2 = vV Amaz,
with A\pnqs is the largest eigenvalue of the matrix AT A;

e for the co-norm of z, i.e.: ||2| o0, we have ||Al| = max; (E?:1 \aij|) =

largest row absolute sum.
The following properties hold for the norms of matrices:

e ||A|| > 0 and ||A| = 0 if and only if the matrix A is equal to the null
matrix,
[laAl = |a|||A|| for all a € R,
A+ B| < [lA] + B,
[AB < [[A]llIB]].

A.3 Markov Process

In this section we deal with the definitions of certain terms used in probability
theory. The material presented here is only an introduction of probability
concepts and for more details about these concepts, we refer the reader to the
appropriate books.

A probability space consists of
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e aset {2
e a collection F of subsets of (2, called events, including the set 2 and
verifying the following properties:
1. if A is an event, then the complement A = {w € 2] w ¢ A} is also
an event; the complement of the set {2 is the empty set, denoted by 0,
which is also an event;
2. if A1, Ay are two events, then their intersection A; N Ay and their union
A1 U Ay are also events;
3. if Ay, Ay, -+, Ay are events, then LIF2 | Ay and M2, Ay, are also events;
o a function P(.) that assigns to each event A a real number, called the
probability of the event, satisfying the following properties:
1. P(A) > 0 for every event A;

2. P(2)=1;
3. P(A; U As) = P(Ay) + P(Ay) for every pair of disjoint events A; and
Ap;

4. P(UR Ag) = >po P(Ay) for every sequence of mutually disjoint
events Aq, Ao, -+, Ag.

The function P(.), referred to as a probability measure, assigns to each
event a real positive number between 0 and 1.

Let us consider probability space (£2,.%#,P). A one-dimensional random
variable defined on this probability space is a function from {2 to R, i.e.:
x : w — R, such that for every scalar b the set {w € 2]z(w) < b} is an event,
i.e., it belongs to the collection .%.

An n-dimensional random vector x = (x1,22, -+ ,x,) is an n-tuple of
random variables x1, T2, - -+, x,; each one is defined on the same probability
space (§2,.7,P).

The distribution function (or cumulative distribution function) F : R — R
of a random variable x is defined by

F(z) =P({w € 2z(w) < z}).

It is defined as the probability that random variable takes a value less than
or equal to z.

The distribution function ' : R™ — R of a random vector x = {z1,za,- -,
X} is defined by

F(213227 e azn) = P({("‘) € Q|$1(a}) < 217I2(w) <z, 7In(w) < Zn, })
Given the distribution function of a random vector x, the (marginal) dis-
tribution function of each random variable z; is obtained by

Fi(zi) = lim F(z1,22, -+ ,2n).
i

When the random variables x1, s, - - ,x, are independent, we have
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F(Zlv 22y ?Z’VL) = F(Zl)F(ZQ) e F(Zn)

When the random variable is continuous, we say that the random variable
vector x is characterized by a piecewise probability density function f : R™ —
R if f(.) is piecewise continuous and

Z1 z2 Zn
F(21722""7Z’n):/ / .../ f(yl’yzj...’yn)dyldyQ...dyn

The expected value of a random variable x is defined by

E{z} = /Z z2dF(z)

provided that the integral above is defined.
The expected value of a random vector is defined as

E{e} = (B{1}, B{xa}, -, E{an}).

The conditional probability of two events A and B is defined by

P(ANB) .
P(BJA) = { FA if P(A) > 0,
0 if P(A) =0.

If By, Ba, - - are a countable (possibly finite) collection of mutually exclu-
sive and exhaustive events (i.e., the sets B; are disjoint and their union is {2)
and A is an event, then we have

From this we can prove that

Z]P’ P(A|B;).

This is called the theorem of total probability. The conditional expectation of
a vector z is defined by

E{z|w)} = / 2dF (=|w),

provided that the integral is well defined.

Let the state of a physical system be observed at the discrete moments of
time n = 0,1,2,--- and let X,, denote this state at time n. Let X,, take values
in the state space . with finite or countably infinite number of states. The
conditional probability or transition probability is described by the following
relation:



A.3 Markov Process 385
P [Xn—i-l = xn+1|Xn =Tp, - ,Xg= IO] .

In practice many systems have the property that, given the present state,
the past states have no influence on the future. This property is called the
Markov property, and systems having this property are called Markov chains.
The Markov property is defined by the requirement that

P [Xn-i-l - xn+1|Xn =Tp, " 7XO = .’,U()] =P [Xn+1 - mn-{—lan - xn] 5
for every choice of n and the numbers z,,--- , zg.

Example 74. To show the concept of the Markov chain, let us assume that the
state of a given machine can be described by a Markov chain with two states
denoted, respectively, as operational and under repair. Let X, be the state of
the machine at time n. When the machine is operational at time n, we write
X, = 1 and when it is under repair we write X,, = 0. Therefore the state
space in this case is ¥ = {1,0}. The transition probabilities in this case are

P[X,11 =1X, =0 =p,
PX,t1 =0/X,=1]=gq.
Let the initial state be given by the following probability:
P [X(] = 0] = ’/T(O)

Based on the probability theory we have the following probability transi-
tion matrix:
P= [1 PP ] :
qg l1—gq

Now try to estimate the state of the machine at time n 4+ 1 when the
initial probability of the initial state at time 0 is given. We need to compute
P[X,+1 =0] and P[X,,+1 = 1]. Using the fact that the machine is described
by a Markov chain we get

P[X,11 =0 =P[X,41 =0and X, =0+ P[X,1 =0and X, =1],
which gives
P[Xpi1=0] = P[Xps1 = 0[X, =0]P[X, = 0]
+P (X1 = 0| X, =1P[X, =1]
= (1-p)P[X, = 0]+ ¢P[X, = 1]
= (17P)P[Xn :O]JFQ(l*P[Xn :O])
= 1-p—qP[X,=0]+gq.

This relation is valid for each n, therefore:
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e for n =1, we have

e for n =2, we have

PXo=0= (1-p—qP[X1=0]+¢
= (1-p—q)?m(0)+q[l+(1—-p—q),

e for n, it can be proven that the probability at repair state at time n is
given by

P(X, =0/ = (1-p—q)n(0)+¢3 [1-p—q .
)

If we assume that p + ¢ > 0, in this case we get

I
-

n

]j: 1_(1_p_Q)n.

l-p—q
= p+q
Using this we have

q q
PIX, =0 = L + 1pqn[wo],

[ ] S ( )" |7 (0) o
PX,=1]= 2 4@ )"[(1) ! ]
=1]= — —p—q)" |7(1) — ——1.

" p+q p+q

If we assume that p and ¢ are neither equal to zero nor equal to one, then
0 < p+ ¢ < 2, which implies that |1 — p — ¢| < 1. In this case we can let
n — 0o, which gives

lim P[X, =0] = ——,
n—oo p+q
lim P[X, =1] = —2—.
n— oo pP+q

This example shows how to perform the computation of the steady state
of the Markov chain when it exists. Now consider the general case in which
the Markov chain X, has more than two states in the state space .¥. Let
us restrict ourselves to the computation of the m-step transition function
P™(z,y), which gives the probability of going from z to y in m steps. Let
P [y, x] denote the P[X; = y|X( = =], i.e.

]P)[:%x] :]P[Xl :y|X0 :x],Va:,yGY

It is such that
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Ply,z] > 0,
Yy Ply,z]=1Vr e 7.

If the Markov chain has stationary probabilities, we see that:
P[Xnt1 =yl Xn = 2] =Py, a].
It follows from the Markov property that
PXpt1 =ylXo =m0, -+, Xn =2] =P[y,z].
The initial distribution of the Markov chain is
m(r) =P[Xg=2], z € 7.
This initial distribution satisfies the following:
7(z) > 0,
{ery m(x) = 1.

The joint distribution of Xy, .-+, X, can easily be expressed in terms of
the transition function and the initial distribution. In fact, we have

P[Xl = SL‘l,XO = 370] = ]P)[XO = xo]P[Xl = SL‘1|X0 = 3?0}

= P [1'1, 1’0] 71'(1’0).
We can use the Markov property to get

P[Xy = 22, X1 = 21, Xo = 20
= P[Xl = xl,XO = .ro]]P[XQ = I2|X1 = l‘l,XO = J)o}

=P [{EQ, 1‘1} P [S(Jl7 :L‘o] 71'(.%‘0).
For the more general case, we get

PIX, =2y, -, X1 = 21, X0 = 0]

=Plen, Tno1]Plxn_1 = xpn_2] - Plag, 1] Plx1,x0] 7(x0).
For the m-step, we have

P[Xn+m = xn+m7"'Xn = xnaXn—l =Tp—-1,""" 7X0 = .’130]
:P[Xner = Tn+m, """ 7Xn+1 :xn+1|Xn =Tn," " 7X0 ::EO]
X]P[Xn = Tp, " ,XO :.’ﬂo],

which gives

P [X7L+77L = Tn+m, """ 7Xn+1 = xn+1|Xn =Ty, -, Xg= xO]



388 Appendix A Mathematical Review
]P [Xner = xn+m7 cee ,Xn = xnaanl =Tp—-1,""" 7)((] = LU()]
P[Xn = Tp, " ,Xo = xo}
P [@ntms Tntm—1] P [Tntm—1, Tnym—2] - - P w1, 20] 7(20)
Plan, xn_1] - Plx1, zo] m(x0)
=P [Zn+mv xn+m—1} P [zn-&-la xn] .

Let Ag, -+, A,_1 be subsets of .. It follows that

]P[Xn+m =Ym," " aXn—i-l = y1|Xn =T, " 7Xn—1 S An—laXO S AO]
= ]P[ym»qu] - P [yhx] .
Let By,---, B,, be subsets of .. It follows that

P [Xn—i-m S Bm,, e aXn—i-l S Bl|Xn =T, 7Xn—1 S A7l—17X0 € AO]

= > Y Plymyma]--Plyi,a].

y1€S Ym €S

The m-step transition function P™ [y, z], which gives the probability of
going from x to y, is defined by

Z Z [V, ym—1]- - P [y2, 5] P [y1, 2]

It can be shown that

Py, 2] = Z P"[z,z] P™ [y, 2] .

It can also be shown that

PIX,=y]= > P"[X,=y Xo=2]

S P (X, = 9lXo = a] P[Xo = 0].

We see that
X, =y] = ZP Y,

Let us now consider the case of continuous-time Markov process with finite
state space .. In this case, the stochastic process is denoted by X (¢) and we
have

PIX(t)e AlX(s)=x(s),s <7]=P[X(t) € A|X(1) = z(7)],

where A is a subset of . and ¢ any time larger than 7.
Based on what we developed for the Markov chain, we can write
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PX(t) =] = Z]P’[X(t)Zi\X(T)ZJ]]P’[X(T)ZJ]-

If we now replace t by t + h and 7 by ¢ in the previous relation, we get

P[X(t+h) =i Z]P’ (t+h)=1iX(t) =j]P[X(t) =j].

Let us define \;; as follows if it exists:

P[X(t+h) = j|X(t) =1]

Aig = }IL% h (A1)
PX (¢ +h) = j|1X(t) = ] = Aijh + o(h) (A.2)

with limy, o 2.

Let us compute the P [X (¢ + h) = i]. This can be given by

PIX(t+h) =i =Y PX(t+h)=iX(t)=4P[X(t)=j]. (A3)
jeS

Using now the definition of \;; we get:

PIX(t+h)=i= Y  \jhP[X(t)=j]
jF#iEeES
+P[X(t+ k) = i| X (t) = {|P[X(t) = i] + o(h).

To shorten our notation let us define

Then the previous expression becomes

ilt+hl = > Xijhp; [l] + P[X(t+h) =i|X(t) =] P[X(t) = i] + o(h).
jFIieS

By using the conditional expectation that satisfies

STPX(t+h) = jIX(1) =] = 1,
jeS

we get

PX(t+h) =i X(t) =]

1= S PIX(t+ h) = j1X() = ]

J#i

1-— Z /\ijh + O(h)

i



390 Appendix A Mathematical Review

Plugging this in the previous equation we get

ft+h = > Nijhpi [+ |1=> Xijh| pi [t] + o(h).
JAIES VE)

Since \;; = — Zj# Aij we have
t + h Z /\mhpj + Azzhpz [ } + pi [t] + O(h)a
jHIES

which becomes

i[t+h] =) Nijhp; [t] + pi [t] + o(h).
JjES

Now if we use the Taylor expansion we get

dpz
pilt] + Z Aijhp; [t] + pi [t] + o(h),
JjES

which gives finally

dp;
Pl =S it 1
jES

Remark 29. The steady-state regime corresponds to the case where we have

dt

=0,

which gives in turn

Z )\,;jpj =0.

jeES

Notice that the amount of time the Markov process {r(¢),t > 0} spent in
mode i before making a transition into a different mode follows an exponential
distribution with rate v;. Also, when the Markov process leaves the mode 4,
it will reach the mode j that is different from mode 7 with a probability P;;.

Let {r(t),t > 0} be a stochastic Markov process defined on (§2,.#,P) and
taking values in a finite set .. For each ¢t,w — r(¢)(w) is a measurable map
from (2 x F) — 7.

Let a dynamical system of the class of systems we are studying in this
book subject to an additive noise be described by the following differential
equation:

dz(t) = A(r(t))z(t)dt + B(r(t))u(t)dt + f(z(t), r(t))dw(t), (A.4)
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where z(t) is the state of the system; r(t) is the mode and w(t) is Wiener
process acting on the system; and A(r(t)), B(r(t)), and f(x(t), r(t)) are known
with some appropriate dimensions and characteristics.

Let z(t) be the solution of the system (A.4) when the initial conditions
are z(t) = x and r(t) = ¢ at time ¢ when the control u(t) = 0 for all ¢ > 0.

Definition 22. The operator Z(.), also called the averaged derivative at point
(t,x(t) = z,r(t) = i), is defined by the following expression:

LV (x(t),r(t))
:Mn%EWWG+MJﬁ+hMMﬂ:LMﬂ:ﬂ—V@@L

where E[.|.] is the conditional mathematical expectation.

The value of £V (.) can be interpreted as an averaged value of the deriv-
ative of the function V(z,4) along all realizations of the Markov process
{(z(t),r(t)),t > 0} emanating from the point (z,%) at time ¢.

Remark 30. The operator £V (.) is also referred to as the weak infinitesimal
operator of the process {(z(t),r(t)),t > 0}.

Let the initial conditions of the process {(z(t),r(t)),t
(x,1). Let us denote by %,V (z,i) = V(x(t + h),r(t + h))
time 7 € (t,t 4+ h] we have two possible events:

> 0} be fixed to
— V(x,i). At any

e the process {r(t),t > 0} does not jump, i.e.: (7) = ¢ for 7 € (¢,t + h] and
the probability of this event is 1 + A;;h + o(h); then %,V (x, 1) is given by

. N T
2w () = | e+ | 2HED) et
+;ua+m—xf82£§”u@+m—x@m

where

Vaalri) = 20D [agii%iii)}:_l,m_l |

b

e the process {r(t),t > 0} jumps from mode i to j # i, i.e.: r(r) = j for
T € (t,t+h] and the probability of this event is A;jh+o(h); then .Z;V (z, i)
is given by

"ZJV() = V(‘T(t + h)v]) - V(l‘,l)
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Remark 31. Notice that all the partial derivatives are computed at the point
(t,2,1).

Using these relations, the possible events, and the fact that z' Pz =
tr [szcT], and after dividing by h and letting h go to zero, we get

. N T
PVl aV(zit),z) N [av(gg(ct)w)} [Ai)z(1)]
320D 10,1y,
N
n ZAW V(x(t),5) — V(x(t),)].

When the control is not equal to zero and when the corresponding infini-
tesimal operator is denoted by £,V (.) we get the following results.

Theorem 82. Let V(x(t),r(t)) be a function from R™ x . into R such that
V(z(t),r(t)) and Vy(x(t),r(t)) are continuous in x for any r(t) € 7 and
such that |V (z(t),r(t))] < v(1+ ||z||) for a constant -y, the generator £, of
((t),r(t)) under an admissible control law u, for x(t) solution of (A.4) and
{r(t),t > 0} a continuous-time Markov process taking values in a finite state
space & with transition rate matriz A, is given by

r(0)a(t) + B(r()u(®)] " Va(z(t),r(1))
tr (f T (2(t), r(t)) Vaa (2 (t), (1) f (2(8), 7(1)))

2L,V (x(t),r(t))

[A

—~

+
M=o
<

(x(t), )- (A.5)

~
Il
-

A.4 Lemmas

This section presents a number of results that are extensively used in different
proofs of the proposed theorems in this book. These results are given in the
form of lemmas. The first lemma is critical in our development since it is used
to cast a nonlinear problem into the framework of an LMI.

Lemma 2. Let X and Y be two real constant matrices of compatible dimen-
sions; then the following equation:

+XTY+YTX<XTX4+Y'Y,

holds.
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Proof: The proof follows from the following inequality:
0<[XFY] [XFY].
Expanding the right-hand side of this inequality implies that
0<X' XFXYFY'X+YTY,
which gives the result
XYY X <X'X+Y'Y.
This ends the proof of the lemma. O

Lemma 3. Let X and Y be real constant matrices of compatible dimensions,
then the following equation:

X'Y+Y'X <eXTX 4+ Y'Y,
holds for any € > 0.

Proof: The proof follows from the following inequality:

o< o] ]

Expanding the right-hand side of this inequality implies that
0<eX'X-XTY-Y'X+4+e YTy,
which gives in turn the desired result. This ends the proof of the lemma. [

Lemma 4. (Schur Complement) Let the symmetric matriz M be partitioned
as

XY

=[5

with X and Z being symmetric matrices. We have

1. M is nonnegative-definite if and only if either

Z >0,
Y =I1.,7, (A.6)
X - L ZL] >0,
or
X >0,
Y = XLo, (A7)

Z—LIXLy >0,

holds, where L1, Ly are some (nonunique) matrices of compatible dimen-
S10Ms;
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2. M is positive-definite if and only if either
Z >0
’ A8
{X -YZ7lYT >0, (4-8)

or

X>0
! A9
{Z—YTX_1Y>0. (A4.9)

The matriz X — Y Z7YY' " is called the Schur complement X (Z) in M.

Proof: We begin with proving (A.6).
Necessity: Clearly, Z > 0 is necessary. We can prove the necessity of X —

x1

YZ7'YT. Let x be a vector and partition it as x = [ } According to the

T2
partitioning of M, we have

o Mz =z Xxy +2z] Yo, + 29 Zxs. (A.10)
Let x5 be such that Zxzo = 0. If Yo # 0, let 21 = —aY x, > 0. Then

' Mz =0o2] YT XYy — 20, Y Yo,

which is negative for a sufficiently small a > 0. Therefore
Xzo=0= Yz =0,Va,,
which implies
Y=ILZ (A.11)

for some (nonunique) L.

Since M > 0, the quadratic form (A.10) has for any x; a minimum over

x3. Thus differentiating (A.10) with respect to x5 we have

d(x"Mx)

0=
Ozrg

=2V "y + 27wy = 2ZL] x1 + 2Z s,

where
ZL 2, = —Zxy. (A.12)

Using (A.11) and (A.12) in (A.10), we find that the minimum of 2" Mz
over zo and for any x is

minz' Mz = x| [X — LlZLN x1,

Z2
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which proves the necessity of X — Ly ZLlT > 0.

Sufficiency: The conditions (A.6) are therefore necessary for M > 0, and
since together they imply that the minimum of 2" Mz over x5 for any z; is
nonnegative, they are also sufficient.

By the same argument, conditions (A.7) can be derived as those of (A.6)
by starting with X. (2.) is a direct corollary of (1). This ends the proof of the
Lemma 4. g

Let U € R™** U, issaid to be the orthogonal complement of U if U TU, =
0 and [UU,] is of maximum rank (which means that [UU_] is nonsingular).

Lemma 5. Let G, U, and V be given matrices with G being symmetric.

1. Then there exists a matriz X such that the following inequality holds:
G+UXVT+VXTUT >0, (A.13)

if and only if the following ones hold:

{UIGUL >0, (A1)

VIGv. >0,

where U, , V| are the orthogonal complements of U and V' respectively;
2. U GUL > 0 holds if and only if there exists a scalar o such that

G-oUUT >0.

Proof: (See Boyd et al. [21] pp. 32-33).

Using Lemma 5, we can eliminate some matrix variables in a matrix in-
equality; therefore a nonlinear problem can be cast into the LMI framework.
This reduces the computation burden significantly for the problem under con-
sideration.

Lemma 6. Let X € R"*™ and Y € R™ ™ be symmetric and positive-definite
matrices. Then there exists a symmetric and positive-definite matriz P > 0
o Y # _ X #} . . _
satisfying P = Pl = if and only if X — Y1 > 0.
fying [ u #] { i f y if >

Lemma 7. (See [64]) Let Y be a symmetric matriz and H, E be given ma-
trices with appropriate dimensions and F satisfying FT F < 1. Then we have

1. foranye >0, HFE+E'F'H' <eHH' + lETE;
2. Y+ HFE+ETFTHT <0 holds if and only if there exists a scalar e > 0
such that the following holds: Y + eHH" + e 'ETE < 0.

Lemma 8. (see [61]) Let A, D, F, E be real matrices of appropriate dimen-
sions with | F|| < 1. Then we have
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1. for any matriz P > 0 and scalar € > 0 satisfying el — EPET > 0,

(A+ DFE)P(A+ DFE)"
< APA"T + APET (1 - EPET)"'EPA" +eDD"; (A.15)

2. for any matriz P > 0 and scalar € > 0 satisfying P —eDDT > 0,
(A+ DFE)'P"Y(A+DFE)< A" (P—-eDD") 'A+'ETE.

Lemma 9. (see [12])
1. For any z,y € R,

+2 y <z Xe+y X1y (A.16)

holds for any X > 0.
2. For any matrices U and V € R™™ with V > 0, we have

vvtut>u+UT -V (A.17)

Proof: The proof of (i) is trivial and can be found in the Appendix of [12].
For the proof of (ii), note that since V' > 0, we have the following;:

U-V)V I U -V >0,
which yields
vv-luT —uvwT —vvTiUT 4+ v > 0.

This gives the desired results and ends the proof of the lemma. O
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