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Preface

This monograph considers the basic and fundamental control and estimation
problems of noisy state-multiplicative uncertain continuous and discrete-time
linear systems in an H., setting. Applying various mathematical tools, these
problems, and related ones, are solved in a comprehensive and detailed man-
ner. In addition to the theoretical aspects of the above topics, the monograph
contains various practical state of the art examples taken from the control
engineering field.

Systems, where some of its uncertain parameters can be described by
white noise processes, attracted the attention of scientists, particularly con-
trol theoreticians, in the early sixties, where most of the research was focused
upon continuous-time problems. In fact, continuous-time state-multiplicative
systems emerge quite naturally from basic principles in chemistry, biology,
ecology and other fields even under somewhat restrictive assumptions. Fur-
thermore nonlinear input-output maps can be approximated quite accurately
by these systems. In principle, noisy state-multiplicative systems belong to a
class of systems termed ‘bilinear stochastic systems’ which turns out to be
a special case of the vast class of bilinear systems. The bilinearity of these
systems implies that the system is linear in the product of the states and the
stochastic multiplicative terms. Early research on the control of these systems
concentrated mainly on stability issues and on basic control and estimation
problems, analogous to their deterministic counterparts. In the eighties, along
with the state-space formulation of the H., control theory, a renewed interest
in these systems yielded new results in both the analysis and synthesis aspects
within the continuous-time domain. In the nineties, the theoretical treatment
of state-multiplicative systems was extended to include discrete-time systems
and many quite involved synthesis issues, including measurement-feedback,
tracking control and mixed performance control and estimation solutions.
By accumulating sufficient design experience with the above techniques, as
demonstrated by the solution of some practical engineering problems, the ap-
plicability of the various topics tackled by the theoretical research has been
facilitated.



VIII  Preface

In this monograph we address the major issues addressed by the research
during the past two decades. Our aim is twofold: on the one hand we intro-
duce and solve problems that were previously solved or partially solved. Here
we apply methods which are taken from the mainstream of control theory,
where we somewhat relax the mathematical burden typically encountered, by
and large, in the field of stochastic processes. We thus simplify the introduc-
tory topics which are used at a later stage for the solution of much more
considerably involved problems.

On the other hand we formulate and fully solve problems which were not
previously tackled in this field. These problems, both from a theoretical and
from a practical point of view, form the major part of this monograph.

In our treatment we apply new approaches, typically applied to deter-
ministic systems in the past, to noisy state-multiplicative systems. Beside
the theoretical treatment of the various problems contained in the book, we
present six real practical engineering systems where extensive use is made of
the theory we have developed. We especially emphasize this point to highlight
the applicability of the theoretical results achieved in this field to practical
problems, since this approach adds considerably to the value of the subject
material under study.

The monograph is addressed to engineers engaged in control systems re-
search and development, to graduate students specializing in control theory
and to applied mathematicians interested in control problems.

The reader of this book is expected to have some previous acquaintance
with control theory. The reader should also have taken, or be taking con-
currently, introductory courses in state-space methods, emphasizing optimal
control methods and theory. Some knowledge in stochastic processes would be
an advantage, although the monograph is, in a sense, self contained and pro-
vides a basic background of the subject. The basic stochastic tools needed to
master the subject material are given in the Appendix, where basic concepts
are introduced and explained.

The book consists of four parts which include: introduction and literature
survey, continuous-time stochastic systems, discrete-time systems and an es-
pecially extensive application section. The second part includes the following
five chapters (Chapters 2-6): In Chapter 2 we present the formulation of the
stochastic version of the bounded real lemma and the solutions to the state
and the measurement-feedback control problems, utilizing a Luenberger-type
observer. Chapter 3 contains a treatment of the stationary estimation prob-
lem where a general type of filter is considered. In Chapter 4 various preview-
patterns are treated within the stochastic tracking problem. The contents of
Chapter 5 deal with the stochastic static measurement control problem for
nominal systems and for systems with polytopic uncertain parameters. Chap-
ter 6 considers the stochastic passivity issue of state-multiplicative systems.

In Part 3 (discrete-time systems, Chapters 7-10) we present the discrete-
time counterparts to Chapters 2-6. The last part (Part 4) introduces six prac-
tical examples of noisy state-multiplicative control and filtering problems,



Preface X

taken from various fields of control engineering, including tracking, guidance
and navigation control. In addition to the above four parts, the book contains
an extended Appendix consisting of three parts, the first of which contains
a basic introduction to stochastic differential equations. The last two parts
of the appendix consider theoretical and practical aspects of difference and
differential linear matrix inequalities that are used in our solutions.

A few words about the numbering scheme used in the book are in order.
Each chapter is divided into sections. Thus, Section 2.3 refers to the third
section within the second Chapter. In each chapter, theorems, lemmas, corol-
laries, examples and figures are numbered consecutively within the chapter.
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present six real practical engineering systems where extensive use is made of
the theory we have developed. We especially emphasize this point to highlight
the applicability of the theoretical results achieved in this field to practical
problems, since this approach adds considerably to the value of the subject
material under study.

The monograph is addressed to engineers engaged in control systems re-
search and development, to graduate students specializing in control theory
and to applied mathematicians interested in control problems.

The reader of this book is expected to have some previous acquaintance
with control theory. The reader should also have taken, or be taking con-
currently, introductory courses in state-space methods, emphasizing optimal
control methods and theory. Some knowledge in stochastic processes would be
an advantage, although the monograph is, in a sense, self contained and pro-
vides a basic background of the subject. The basic stochastic tools needed to
master the subject material are given in the Appendix, where basic concepts
are introduced and explained.

The book consists of four parts which include: introduction and literature
survey, continuous-time stochastic systems, discrete-time systems and an es-
pecially extensive application section. The second part includes the following
five chapters (Chapters 2-6): In Chapter 2 we present the formulation of the
stochastic version of the bounded real lemma and the solutions to the state
and the measurement-feedback control problems, utilizing a Luenberger-type
observer. Chapter 3 contains a treatment of the stationary estimation prob-
lem where a general type of filter is considered. In Chapter 4 various preview-
patterns are treated within the stochastic tracking problem. The contents of
Chapter 5 deal with the stochastic static measurement control problem for
nominal systems and for systems with polytopic uncertain parameters. Chap-
ter 6 considers the stochastic passivity issue of state-multiplicative systems.

In Part 3 (discrete-time systems, Chapters 7-10) we present the discrete-
time counterparts to Chapters 2-6. The last part (Part 4) introduces six prac-
tical examples of noisy state-multiplicative control and filtering problems,
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taken from various fields of control engineering, including tracking, guidance
and navigation control. In addition to the above four parts, the book contains
an extended Appendix consisting of three parts, the first of which contains
a basic introduction to stochastic differential equations. The last two parts
of the appendix consider theoretical and practical aspects of difference and
differential linear matrix inequalities that are used in our solutions.

A few words about the numbering scheme used in the book are in order.
Each chapter is divided into sections. Thus, Section 2.3 refers to the third
section within the second Chapter. In each chapter, theorems, lemmas, corol-
laries, examples and figures are numbered consecutively within the chapter.
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1

Introduction

This monograph considers linear systems that contain, in the general case,
state, control and measurement multiplicative noise, in both the discrete-time
and the continuous-time settings. In the discrete-time case, we consider the
following system [43], [39]:

Tpy1 = (Ar + Do)y, + Bigwy + (Bo i + Gene)u,  x(0) = xo
Yk = (Cx + FiCp )k + Do g, (1.1)
2z, = Lyxy + Dig pug, k=0,1,.... N—1

where x; € R™ is the state vector, wy € R? is an exogenous disturbance,
ur € R? is the control input signal, xy is an unknown initial state, yr € R"
is the measured output, n; is a measurement noise, z; € R™ is the objective
vector and where the sequences {vy },{&;} and {n;} are standard white noise
scalar valued sequences with zero mean that satisfy:

E{vpvj} =0k, E{mn;}="0k;, E{mv;}=00k;, [Bk|l <1

E{CkCit=0kj, E{Gmnit=0kbkj, E{Cvjt=0ardr;, |ag| <1, |og| <1

(1.2)
The system (1.1) is a simplified version of a more involved system where:
the control input feeds the measurements (i.e Dag # 0), the deterministic
disturbance wy appears also in z; (i.e D11 # 0), and a finite sum of the
multiplicative noise terms appears in the state equation instead of one multi-
plicative term. Notice that the system (1.1) is, in fact, the uncertain version
of the linear system

Tpy1 = Apwp + Bigwi + B pur,  2(0) = x0
Yk = Crxi + Dot g, (1.3)
2y, = Lyxy, 4+ Do pu, k=0,1,....N—1

where the system dynamic, control feed-through and measurement matrices,
namely, Ay, Bs j, and C}, are corrupted by the white noise signals Dyvy, Gy

E. Gershon et al.: Hoo Contr. and Est. of State-multipl. Lin. Sys., LNCIS 318, pp. 3-18, 2005.
© Springer-Verlag London Limited 2005
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and Fy (g, respectively. In the present monograph, the exogenous disturbance
Wy serves, in some cases, the purpose of analyzing both the H., and Hs norms
of (1.1). Therefore, the disturbance feed-through matrix B; is intentionally
not corrupted with noise in the above problem formulation in order to avoid
terms that include products of noise signals.

In the continuous-time setting, we consider the following linear time in-
variant (LTT) Ito system with multiplicative noise:

dz(t) = (Az(t) + Byw(t))dt + Bau(t)dt + Gu(t)dn(t) + Dx(t)dv(t)
dy(t) = (Cz(t) + Darw(t))dt + Fa(t)d((t) (1.4)
z = La(t) + Dyou(t)

where x,w,y,z are defined similarly to (1.1). The matrices A, Bj, DBa,
C, L, D13, Doy and D, F, G are constant matrices of the appropriate
dimensions. Similarly to (1.1), the variables v(t), n(t) and {(t) are zero-mean
real valued scalar Wiener processes that satisfy:

E{dv(t)} =0, E{d((t)}=0, E{dn(t)}=0, E{dn(t)*}=dt,

E{dv(t)?}=dt, E{d¢(t)*}=dt, E{dv(t)d((t)}=adt, |a|< 1,
E{dn(t)d¢(t)y=adt, |o|< 1, E{dv(t)dn(t)}=pdt, |8|< 1.

Namely, in the continuous-time case, adopting the formal notation of white
noise signals being the derivative of corresponding Wiener processes, the sys-
tem dynamic, control feed-through and measurement matrices A, By and C
are corrupted by the white noise signals Do, Gr) and F(, respectively. Simi-
larly to the discrete-time case, the system of (1.4) is a simplified version of a
more involved system. We also consider the time varying version of (1.4).

The above systems belong to a class of systems called ‘bilinear stochastic
systems’ (BLSS), which is a special case of the vast class of bilinear systems
(BLS) [84]. The bilinearity of BLSS implies that the system is linear in the
states and in the stochastic multiplicative terms. Deterministic bilinear sys-
tems (DBLS) include multiplicative terms where the states are multiplied by
the control [13], meaning that while the system is linear in each variable, it
is jointly non-linear. The latter systems evolved in the early 1960s out of a
nuclear reactor research at Los Alamos where they arose naturally for neu-
tron kinetics and heat transfer [13]. In fact, bilinear systems emerge, quite
naturally, from basic principles in chemistry, biology, ecology and other fields
[13]. Also, in somewhat restrictive cases, nonlinear input-output maps can be
approximated quite accurately by BLS [84].

The diffusion processes found in the nuclear fission reaction can also be
analyzed as BLSS. Other diffusion models, that can be described by the BLSS,



1 Introduction 5

have been developed for the migration of people and for biological cells. In
a study of the immune system, it has been shown that BLSS may arise for
cellular population and antibody concentration as a consequence of a stochas-
tic coefficients for cell division, differentiation, and possibly antibody-antigen
chemical affinity [13] In addition to the above, bilinear differential equations
that are driven by standard Gaussian white-noise, have been used to analyze
such diverse processes as sunspot activity and earthquakes (see [84] and the
references therein). It is important to note that deterministic systems can be
derived from BLSS models by considering the mean of the latter descriptions
[84].

BLSS are also found in control and information systems. One important
example is the human operator in a control task. From an intuitive point of
view, the tracking error induced by the human operator in tracking an input
signal depends, among other things, upon the magnitude of the input signal.
When this input signal has a bandwidth significantly lower than the human
operator induced error, the latter can be approximated to be a white noise
signal. In such a case, a practical example for control-dependent noise (CDN)
is obtained which has been investigated, both theoretically and experimen-
tally, (see [79] and the references therein). Another example of CDN occurs in
modelling thrust misalignment in a gas-jet thrusting system for the attitude
control of a satellite, where the misalignment angle is being modelled as a
stochastic process.[13]

Practical examples for state-dependent noise (SDN) are found in aerospace
systems [96]. One example is the momentum exchange method for regulating
the precession of a rotating spacecraft. Spacecrafts are often rotated about
their symmetry axis in order to enhance their aerodynamic stability upon
reentry, or to create an artificial sense of gravitational field to facilitate on
board experiments in deep space [96]. Another aerospace related example
is obtained when implementing gain scheduled controllers for large flight en-
velopes. In such cases the plant (i.e. the airframe model) is first linearized with
respect to equilibrium points (referred to as ‘trim’ in the aerospace literature)
where, naturally, the matrices A and By strongly depend on the flight condi-
tions of each envelope (operating) point, usually the corresponding dynamic
pressure or the Mach number. A gain scheduled controller is then designed to
stabilize the system.

Consider a state-feedback control

U= K(pmeas)m

for the linear system
T = Az + Byu

where
Pmeas =P+ v
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is the dynamic pressure corrupted by the broadband noise ©. Approximating

to first order
dK(p) ;

dp
one readily obtains a closed-loop system including the state-multiplicative
noise, namely

K(pmeas) = K(p) +

dxz(t) = (A+ ByK(p))xdt + D(p)xdv

where

dp

One may be tempted to take the mean of the former and obtain a deterministic

system that supposedly will possess the stability properties of the system with

state-multiplicative noise, but such a simplifying approach may be erroneous.
The following simple example may serve the purpose of realizing the effect

that multiplicative noise may have on stability. Consider

dr = —xdt — dxdv,

where v(t) is a standard Wiener process (see Appendix A), and J is a positive
constant and where E(x(0) = 0 and E(z(0)?) = Py. Loosely speaking, the
transfer function of this system is

1

G(S):s+1+6i}'

Consider now ¢(x) = 2. Then, by Ito lemma (see Appendix A), we have
dp = ¢pdr + 822%dt = 2x(—xdt + dxdv) + 62xdt = (6% — 2)22dt + 22%5dv

Taking the expected value of both sides and defining;:

one readily sees that
ap
dt
Namely, the covariance P(t) of z(t) will tend to zero (meaning that the system
is mean square stable as explained in the sequel) if and only if § < /2.
Violating the latter condition will cause divergence of the system in spite of
the fact that the expected value dx/dt = —z of

(62 — 2)P.

dr = —xdt — dxdv

is stable. This simple example motivates the exact analysis of the effect of
white multiplicative noise on system stability and performance. Few problems
where such an analysis is required are listed next.
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1.1 Stochastic Linear Quadratic Control
and Estimation Problems

Many researchers have dealt in the past with various aspects of linear
quadratic control and filtering problems in systems with multiplicative noise,
mainly in the continuous-time case (for an overview of these works see [84]).
Several important results in the area of stationary control with perfect mea-
surements have appeared in [79], [108], [61], [105] and [106]. In [79], the prob-
lem of the output-feedback control with perfect measurement for stationary
continuous-time system which contain both CDN and SDN, was solved us-
ing a special form of the minimum principle applied to matrix differential
equations. Both the finite and the infinite time problems were solved in [79].

The linear quadratic control and Hs-type filtering problems for systems
with multiplicative noise were solved in the discrete-time case by [90]. The
continuous counterpart of the latter, in the stationary case, has been solved
by [82]. In the case where the measurements are noisy, both the continuous
time-varying estimation and quadratic control problems have been solved by
[94]. The latter solution has been obtained in both the non-stationary and
stationary cases, where in the former case a set of matrix nonlinear differen-
tial equations had to be solved. In the stationary case, non-linear algebraic
equations had to be solved. It is important to note that the separation prin-
ciple [57], [116] does not hold in the BLSS and, therefore, the filtering and
the control problems have to be solved simultaneously [94]. In the absence of
multiplicative noise the separation principle [57] is restored.

1.2 Stochastic H,, Control and Estimation Problems

Control and estimation of systems with state-multiplicative white noise has
been a natural extension of the deterministic H,, control theory that was
developed in the early 80s. The solutions, in the stochastic H,, context, of
the latter problems were achieved by applying the stochastic version of the
deterministic BRL [57], for both the continuous- and the discrete-time se-
tups. Thus, for example, once the state-feedback solution for the stochastic
H, control problem was obtained, the corresponding measurement-feedback
control problem has been solved, similarly to the deterministic case, by trans-
forming the problem to one of filtering (with the aid of either a Luenberger
observer [52] or a general-type filter [42]). The resulting filtering problem has
then been solved by applying the stochastic BRL.

Although, in outline form, the stochastic problems are solved similarly
to their deterministic counterpart, it is noted that the separation principle
does not hold in the stochastic case [84], [13]. It is also noted that, once the
covariance of the white noise process is set to zero (i.e, deleting the stochas-
tic terms), the deterministic solutions should be fully recovered from their
stochastic counterparts. In the sequel we bring a short survey of the various
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problems that were tackled in the stochastic H,, literature for the discrete-
and the continuous-time setups.

1.2.1 Stochastic H..: The Discrete-time Case

The formulation of the stochastic BRL for the discrete-time case has been
obtained by [87], [10], [26] and [43]. In [87], a version of the BRL for discrete-
time varying systems with state-dependent noise is proved. For the time-
invariant case, when the states and the control matrices are affected by noise,
a corresponding result has been derived in [10]. A Linear Matrix Inequality
(LMI) version for the following more involved time-varying system :

w1 = (AD + 2000 Ajwp)ae + (BY , + 2002y Bi ywi)wk + Bagug,
Yk = Co i + Doy pwy,
2, = (CF ), + 220, Cf pwi)zk + (DY, + Y5, Dy pwp)wy, + Dag pur,

was formulated by [87]. In the latter system, {w} } are standard non-correlated
random scalar sequences with zero mean (note that wy, is the usual distur-
bance in the H sense). Based on a new version of the BRL for the above
system, the problem of output-feedback control was solved in [26] for both the
finite-horizon and the stationary cases. Necessary and sufficient conditions for
the existence of a stabilizing deterministic controller were derived there which
ensure an imposed level of attenuation. The latter conditions were derived in
terms of a solution of two linear matrix inequalities that satisfy a complemen-
tary rank condition. It is noted that in the finite-horizon case the resulting
necessary and sufficient conditions of [26] lead to an infinite number of lin-
ear inequalities that have to be solved. In the stationary case, only two LMIs
have to be solved there. Also in [26], an explicit formulae for the resulting con-
troller has been found under certain conditions. As a particular case, the above
problem has been solved for discrete time-varying periodic systems where a
periodic y-attenuating controller can be computed as a function of a certain
extended LMIs system. A major drawback of the work of [26] is that it does
not allow for stochastic uncertainty in the measurement matrix- thus limiting
its application to practical problems. In the H, filtering, the work of [26] will
be restricted to processes whose measurement matrix is perfectly known.

The stationary H., and mixed Hs/H filtering problems were solved in
[40], [46]. In these works the system matrices were allowed to reside in a
polytopic setup.

1.2.2 Stochastic Ho,: The Continuous-time Case

In the continuous-time setting, the formulation of a stochastic BRL was ob-
tained by [24], [86] for time-varying systems with only state-dependent un-
certainty. A stationary stochastic BRL for LTI systems with state and input
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stochastic uncertainties has been derived by [59], where an LMI formulation
has been obtained.

The problems of state and output feedback control have been solved for
various versions of the system (1.4). The state-feedback control problem was
solved by [85],[25],[56] and [103]. In [56] the following stationary LTI system
is considered, which is similar to (1.4) but includes additional multiplicative
white-noise terms:

dx(t) = Azx(t)dt + Byu(t)dt + Byw(t)dt + Y5 (Aiz(t) + By u(t)
+ By, w(t))dpi(t),

dz(t) = CLx(t)dt + D, u(
+DZU,7iw(t))dpi(t

Ydt + Doyw(t)dt + 35 (C. () + Day gult)

t
).
(1.5)
In this system, x, w, w and z are defined as in (1.4) and the process
p = (p1,...,pr) is a vector of mutually independent standard zero mean Wiener
processes. In [56], using the LMI optimization method, a static state-feedback
law of the form u = Kx was derived such that the closed-loop system is mean
square stable and satisfies a given upper-bound on the output energy.

The state-feedback control problem has also been solved by [103], [104] for
a simplified form of (1.5) (which only contain a state-multiplicative noise). A
necessary and sufficient condition under which there exists a state-feedback
stabilizing controller was derived. The latter condition is given in terms of
a generalized game-type algebraic Riccati equation, arising from a stochastic
linear quadratic game. Unlike the solution of [56], [103] considers stability of
the exponentially mean square type.

We note that the solution of [103] applies the concept of entropy between
two probability measures (see [30], for a review of this concept). Also in [110]
the case of uncertain systems with state-multiplicative noise and time delays
was treated. In [110], the system also contains time-varying parameters un-
certainties, where a state-feedback controller was obtained.

The dynamic output-feedback control was solved by [59], [52](for systems
with additional tracking signal) and [15] (which also includes the stochastic
H, solution). The problem of dynamic output-feedback control for the system
below has been solved by [59] in the infinite-horizon case.

dx(t) = Ax(t)dt + Agx(t)dw: (t) + Bow(t)dws(t) + Biw(t)dt + Bau(t)dt
y(t) = Cra(t) + Darw(t)
Z(t) = Cl$(t) + Dllw(t) + Dlgu(t).

Based on a stationary stochastic BRL developed in [59], the solution was

obtained in a form of two coupled non-linear matrix inequalities (instead of
two uncoupled LMIs and a spectral radius condition in the deterministic case
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[35]). A necessary and sufficient condition for the existence of a stabilizing
controller was achieved there. In addition, a stability radii for the solution
was obtained where a lower bound for these radii was determined. A major
drawback of the work of [59] is that, beside the fact that the solution involves
non-linearity, it does not allow for stochastic uncertainty in the measurement
matrix. The stationary H., filtering problems in the continuous-time case
were solved in [45], [41], [2].

1.3 Some Concepts of Stochastic Stability

Stability is a quantitative property of the solutions to differential equations,
which can be often studied without a direct recourse to solving the equations.
Stability concepts are usually defined in terms of convergence relative to pa-
rameters such as the initial conditions, or the time parameter. The literature
on the topic is abundant (see [69] and the references therein). Many concepts
of stability have been studied and criteria have been derived mainly for the
stability of deterministic systems.

The common modes of convergence which appear in the literature include:
convergence in probability, convergence in the mean square and almost sure
convergence. It is important to note that the stochastic stability in proba-
bility is too weak to be of practical significance [69] and examples can be
constructed so that although lim,_.o Prob{||z(t)|| > ¢} = 0, for ¢ > 0, the
samples z(t) themselves do not converge to zero. Since also convergence in the
mean square implies convergence in probability we do not use the latter defi-
nition of convergence [63]. In this section we review two types of mean square
stability that are most applied in the literature of linear systems with stochas-
tic state multiplicative noise [24],[56],[58],[59],[87] and that are, therefore, of
major importance in our monograph.

1.3.1 Asymptotic Mean Square Stability

We consider the following discrete-time stochastic system [12]:

1 = (Ao + Zle Avi k) xg (1.6)

where {v; 1.} are independent, identically distributed zero-mean random vari-
ables with the statistics of E{v;v] } = ¢ and where the initial condition z
is independent of the above random sequence. Defining the state covariance
matrix as My, = ?{xmjg}, it can be shown that M}, satisfies the the following
linear recursion:

Mgy = AgMR AT + o8 02 A, My AT, My = E{zozl} (1.7)

If the latter linear recursion is stable, meaning that limy_., My = 0 regardless
of My, then the system is said to be asymptotically mean square stable.



1.4 Game-theory Approach to Stochastic Ho, Control 11

Mean square stability can be verified directly by considering a stochastic Lya-
punov function of the type V(¢) = ¢7 P¢, where UE {V(x)} decreases along the
trajectories of (1.6) making the function V(M) = Tr{MP} a linear Lyapunov
function for the deterministic system (1.9) [12]. Similarly the system

de = Agzdt + 1| AydB;, (1.8)

where E{d(3?} = o?dt, is mean square stable whenever the following deter-
ministic differential equation:

M= AgM + MAY + 5 62A,MAT, My = E{z(0)z7(0)} (1.9

%

is stable.

1.3.2 Mean Square Exponential Stability

We describe this concept in the continuous-time setting. Consider the follow-
ing linear system:

dx(t) = A(z(t)dt + Y1y Aj(H)a(t)dw;(t),  x(to) = o (1.10)

where dw;(t) are independent standard Wiener processes. The latter system
is exponentially stable in the mean square if there exists ([24],[69]) 6 > 1 and
o > 0 such that the

E{||lz(t)[?} < Bem)||zo]?

for all t > tg and for all ¢ € R"™.

Mean square stochastic stability can be verified also using quadratic sto-
chastic Lyapunov functions where one has to require (see [58] and Appendix
A) that LV (z,t) < —¢||z||? for all z € R™ and for all ¢ >t where € > 0.

Although in general mean square stability neither implies or is implied [63]
by almost sure stability, in a certain class of stochastic systems to which (1.1)
belongs mean square exponential stability implies that x; — 0 almost surely
[63]. Since also when dealing with time-invariant systems mean square stability
implies also exponential mean square stability, then most of the results in the
present monograph deal with just mean square stability.

For additional discussion of the issue of stochastic stability the reader is
referred to Appendix A.

1.4 Game-theory Approach to Stochastic H,, Control
The framework of dynamic (differential) game-theory stands out as the most

natural approach among the different time-domain approaches to the solution
of various problems in the deterministic Hoo setting [3].
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It has been shown that the original H., optimal control problem (in its
time domain equivalent) is in fact a zero-sum minmax optimization problem
where the controller is the minimizing player that plays against nature (the
disturbance) - which is the maximizing player [3]. In the 1990s, the game
theory approach has been successfully applied to various H., control and es-
timation problems. The problems of preview tracking control in both, the
continuous and the discrete-time case were solved, for example, via a game
theory approach in [17], [98]. The solution of [17] was also extended to the ro-
bust case (applying game-theory approach) in [18], where the system matrices
reside in given uncertainty intervals.

Application of the game-theory approach to the field of state-multiplicative
noise H., control follows along lines similar to that of the deterministic case,
where a saddle-point strategy is sought for both players of a cost function
which both the minimizer (controller) and maximizer (disturbance) share.
The stochastic state-feedback H., control was solved, via the game theory
approach, by [103] where a stochastic game is considered.

In this monograph we apply game-theoretic strategies in both, Chapters 4
and 9, where we solve the stochastic counterpart of the deterministic preview
tracking control of [98] and [17].

1.5 The Use of o—algebra for the Study of
State-multiplicative Noisy Systems

The proper use of o—algebra calculus is inherent in this monograph to the
study of systems with state-multiplicative noise in the H,, context, given the
nature of the multiplicative term (be it in the dynamics, the disturbance or
the input matrices). This term is a white noise sequence (in the discrete-
time case), or a Wiener process (in the continuous-time case). In the sequel
we bring the description of a system with state-multiplicative noise and the
signals involved in both the continuous- and the discrete-time setups.

1.5.1 Stochastic Setup: The Continuous-time Case

Given the following system with state-multiplicative noise:

dx = [A(t)x(t) + Bi(t)w(t) + Ba(t)u(t)]dt + D(t)z(t)dB(t), x(0) = xo,

y(t) = Ca(t)x(t) + Dar (t)u(t),

z(t) = C1(t)z(t) + Dia(t)u(t), (1.11)
where, for simplicity, we consider a single, zero-mean, Wiener process, de-
noted by 3(t). We note that all the stochastic differential equations in this
monograph are interpreted to be of the Ito type.

In order to elaborate on the nature of the signals involved in the system

ie: x(t), w(t), u(t), y(t) and z(t) we introduce here the notations used for
the continuous-time systems of Part 2.
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In the continuous-time setup we provide all spaces RF, k > 1 with the
usual inner product < -,+ >, and with || - || we denote the standard Euclidean
norm.

It is assumed here that the Wiener process (3; is defined on a probability
space (2, F, P). We then write (2, F, {F; }+>0, P) to denote the filtered prob-
ability space generated by the Wiener process [, that is, the increasing family
of o-algebras {F, };>0 is generated by f; in the usual sense. The control signal
uy is taken to be a function of the observations, namely, u; = K()};), where
Vi ={y(s) : s < t}. Thus, u; is Fy-measurable for all ¢ € [0,T7], and it is also
non-anticipative process. Before characterizing the disturbance process wy, we
introduce the Hilbert space I~/2([0, T]; R¥) which consists of, by definition, the
the family of all non-anticipative stochastic processes, say f(t), defined on the
filtered probability space (£2, F,{F;}i>0, P), and satisfy

I£1P = E{ / 1/ (0)] 2t} = / B{|If®)|[2}dt < .

Thus, we assign for the system of (1.11) the above notations where x(t) €
L2([0,T); R™ is the state vector, w(t) € L?([0,T]; R?) is an exogenous distur-
bance, z(t) € L2([0,T]; R™ is the objective vector and u(t) € L*([0,T]; R! is
the control input signal and y(t) € L?([0, T]; R* is the measurement signal.

By writing w(t) € L*([0,T]; RP) we thus mean that w(t) is a finite (mean
square) energy signal, measurable on J;, and consequently that w(t) is, for
example, a nonanticipative feedback strategy of the type w(t) = f(z(7), 7 < t.

1.5.2 Stochastic Setup: The Discrete-time Case

Similarly to the continuous-time case, we consider the following system with
state-multiplicative noise:

Try1 = (Ag + DpBr)xr + Ba puy + By pwi, k=0,1,..,N —1,
yr = Coky + Doy puy, (1.12)

2z = C1pxi + D12 pug,

where, for simplicity, we consider a single zero-mean white noise sequence,
denoted by fj. In order to describe the nature of the signals involved in the
system, i.e: x, wg, ug, yr and zi, we bring below the notations used for the
discrete-time systems of Part 3.

Denoting by A the set of the positive integers in [1 N], we denote by
12(£2,R™) the space of square-integrable R™— valued functions on the prob-
ability space (§2,F,P), where {2 is the sample space, F is a o—algebra of
subsets of 2 called events, and P is the probability measure on F . By
(Fr)ken we denote an increasing family of o—algebras which is generated
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by 8, 0 < j < k-1 F, C F. We also denote by I2(N;R™) the space of
n-dimensional nonanticipative stochastic processes { fi}ren with respect to
(Fr)ken where fi € L2(£2,R™). On the latter space the following [*>-norm is
defined:

A2 = B{Z0 Al = S0 EIAIPY < oo, {fi} € b(VGR™)

(1.13)
where || - || is the standard Euclidean norm. Let ¢ : R™ x R™ — R be a
continuous function and let z € R™ and W be an R™ valued random variable
defined on (2, F, P). Define Ew{¢(z,W)} = [, ¢(z, W(w))dPw (w), where
Py is the measure induced by W (which is the restriction of P to the the
o—algebra generated by W). Note that it readily follows from this definition
that Ew{o(z,W)} = E[¢(Z,W)/Z = z] where Z is any random variable
defined on (£2, F, P), which is independent on W.

Thus, we assign for the system (1.12) the above notations where {x;} €
I2([0, N]; R™) is the state vector, {wy} € I2([0, N —1]; RP) is an exogenous
disturbance, {23} € I2([0, N]; R™) is the objective vector and {uy} € I2([0, N—
1]; RY) is the control input vector and {y;} € 12([0, N]; R?) is the measurement
vector.

1.6 The LMI Optimization Method

The following is a short description of the LMI technique, which will be used
extensively in the proposed research for stationary systems.
A LMI is any constraint of the form

A(l’) =Ag+ 1A+ ... +ayAN <O (114)

where x = (x1,....,xy) is a vector of unknown scalars and Ay, ...., Ay are
given symmetric matrices. The above LMI is a convex constraint on x since
A(y) < 0and A(z) < 0 imply that A(ay+(1—a)z)) <0, forall a € [0, 1]. As
a result, its solution set, if it exists, is called the feasible set and it is a convex
subset of RY. Within the feasible set one may choose to solve optimization
problems which are still convex such as to minimize cg + c1x1 + ... + ¢, Tn.
It should be noted that cost functions for systems with state multiplicative
noise often lead, as in the deterministic case, to quadratic inequalities in the
search variables vector © = (x1, ....,zx) of the following form :

Q(x) — S(x)R(x)"*ST(x) > 0,R(x) > 0

where Q(r) = QT (z) and R(x) = RT(z) and S(x) depend affinely on z. In
such cases, the application of the Schur complements (see e.g. [12]) shows that

an equivalent LMI is :
Qz) S(x)
{s%) R(x)] -0
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where in many cases, repeated application of Schur’s complements is needed
to achieve an LMI which is affine not only in the search variables but also in
some of the parameters (e.g. matrices A, Bs, etc.).

The LMI technique for solving convex optimization problems has led to
a major development in the field of H,, control and estimation in the past
few years [12], [35] motivated by the efficiency of the interior point algorithms
to solve LMIs. In fact, all problems which are convex in the optimizing pa-
rameters in the field of system theory are amenable to this technique,and,
therefore, since any matrix inequality of the form L(X7j, Xs,...) < 0 being
affine in matrix valued arguments X7, X5, ... can be written at the form of
(1.14). Consider, for example, the following Lyapunov inequality in matrices
in R2*2:

ATP+ PA <.
Defining
T1 T A1 Aro
P = A =
|:]J2 arg] ’ {Am A22:| ’

The above inequality can be readily expressed in the form of (1.14). Note also
that in the case where the dynamic matrix A is uncertain say, A = YA, f;, fi €
[0 1], Xf; = 1, the resulting inequality should also be affine in A in order to
be formulated as (1.14).

In a case where the system is linear and stationary, the LMI technique is
easily applied to the solution of the H,, control problem, either with perfect
state-measurement or with noisy one (and thereby also to the filtering prob-
lem). It is important to note that unlike the Riccati equation approach, which
supplies the central solution, the LMI approach produces a solution which
may be far from the central solution [57]. The inequality-based solution using
the latter approach can be easily extended to other additional requirements
such as the minimum upper-bound on variance, in the case of nominal H
estimation problem (the "mixed Hs/Hs,” problem). It is also important to
note that in the case where the system parameters are modelled in a polytopic
framework, the LMI technique can be easily applied to allow solutions for both
the control and the estimation problems (see, for example, [38] for the solution
of the Hy filtering problem, in the presence of polytopic uncertainties) .

1.7 The DLMI Method

In this monograph, we apply the novel Difference LMI (DLMI) method which
was originally developed for the solution of various control and estimation
of finite horizon design problems for continuous and discrete Linear Time-
Varying (LTV) systems.

To present the method, in the discrete-time case, we start by considering
the solution Py to the following problem:

minTr{P;} subject to F(Py, Pyy1) <0,Py =0
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where F(Py, Py+1) is a Linear Matrix Inequality (LMI) which stems, say, from
the formulation of the BRL. We note that this LMI contains elements which
are linear in Pg4; and in P, and that Pj;; is known, at each step k, since
we assume a backward iterative solution starting from Py = 0. We are then
seeking Py which will solve the problem. It turns out that the resulting Py has
the interesting property that it is as close to the Difference Riccati Equation
(DRE) solution as the tolerance of the LMI solver routine. This feature, which
is a result of the monotonicity properties of the DRE (see [7] pp. 277-278),
allows one to mimic the DREs for LTV systems over a finite horizon and is
thus useful as a consistency check. One is not restricted, however, to DRE’s
since convex constraints in the form of additional LMIs may be added which
allow a solution to a wide range of multiobjective problems such as securing
a given bound on the output peak][1].

In addition, the method allows one to solve problems over a finite horizon
which have not been previously solved, such as the general type H., filtering
problem, whose solution was obtained by [37] for the LTT case over an infinite
horizon only.

An attractive feature of LMIs in control and filtering has been their abil-
ity to cope with plant parameter uncertainties in stationary systems. In [12]
a set of LMIs was introduced for the state-feedback problem, whose solution,
if it exists, guarantees quadratic stability [93] and the required bound on the
disturbance attenuation level of the closed-loop system, in spite of polytopic
type uncertainties encountered in the plant. For the above set of LMIs, a single
solution (P, K) is sought where K is the required state-feedback gain and P
is the kernel of a quadratic Lyapunov function common to all of the possible
plants, occuring at different time instants k. While a single K is certainly jus-
tifiable (we seek a single state-feedback gain), the requirement for a common
P, rather than Py, is inherent in the optimization problem posed and it stems
from the special structure of the LMI involved. With the new DLMI method,
there is no longer a need to require the same P for all of the uncertain plants.

In Appendix B we bring the solution to the continuous-time BRL with the
aid of the DLMI technique and we demonstrate the applicability and useful-
ness of the continuous DLMI in the solution of several control and estimation
problems. Similarly, in Appendix C we bring the discrete-time DLMI counter-
part technique which is somewhat simpler than the continuous-time method.
We present there solutions to various important control problems [44] and we
bring a numerical example that demonstrates the typical convergence of our
algorithm.
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1.8 Nomenclature

()T matrix transposition.
R" the n dimensional Euclidean space.
R the set of all n x m real matrices.

P>0,(P>0) the matrix P € R™*™ is symmetric
and positive definite (respectively, semi-definite).

1.3 the standard lp-norm:||d||3 = (2} d¥ dy.).

I2[0 N] the space of square summable functions over [0 N].
| fill% the product fI Rfy.

Kl the Euclidean norm of f.

E{-} the expectation with respect to v.

[Qr]+ the causal part of a sequence {Q;, i =1,2,..., N}.
[Qk]- the anti causal part of a sequence {Q;, i =1,2,..., N}.
Tr{} the trace of a matrix.

dij the Kronecker delta function.

5(t) the Dirac delta function.
N the set of natural numbers.

2 the sample space.

F o—algebra of subsets of (2 called events.

P the probability measure on F.

Pr(-) probability of (-).

12(2,R") the space of square-summable R"— valued functions.

on the probability space ({2, F,P).
Fi)ken an increasing family of o—algebras F C F.

I2([0, N]J; R™) the space of nonanticipative stochastic processes:
{fi} = {fr}rejo,n) in R™ with respect to (Fi)reo,n) satisfying
176l = B{ZG I154lP} =320 E{I#l?} < oo,

. fr € 12([ N);R™).

12(]0,00); R™) the above space for N — oo

L%([0,T); R¥) the space of non anticipative stochastic processes:
fl) = (f(t))te[o 7] in R* with respect to (F;)se(0,1) satisfying

IFOIE, = BUy W @I =f)" B0t < oo.
L2([0,00); R™) the above space for T' — oo.

PR P x . . . | P R
[* Q} = [RT Q} for symmetric P and @, is the matrix [RT Q} .

diag{A, B}  the block diagonal matrix [0 B} .

col{a,b} the matrix (vector) {Z} .
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1.9 Abbreviations

APN Augmented Proportional navigation
BRL Bonded Real Lemma
BLS Bilinear System
BLSS Bilinear Stochastic System
BRL Bounded Real Lemma
CDN Control Dependent Noise
DBLS Deterministic Bilinear System
DLMI Difference LMI (discrete-time)
or
Differential LMI (continuous-time)
DRE Difference Riccati Equation
GBM Geometrical Brownian Motion
LMI Linear Matrix Inequality
LPD Lyapunov Parameter Dependent
LTI Linear Time Invariant
LTV Linear Time Variant
MEL Minimum Effort guidance Law
MSS Mean Square Stable
NNC Neural Network Controller
OPs Operating Points
OUC Open Unit Circle
RSL Reduced Sensitivity guidance Law
SAC Simplified Adaptive Control
SDN State Dependent Noise
SISO Single-Input-Single-Output
SNR Signal to Noise Ratio
TRK Stochastic Tracking Law
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Continuous-time Systems: Control and
Luenberger-type Filtering

2.1 Introduction

In this chapter we address the problems of continuous-time, state-multiplicative,
H, state-feedback control and estimation via the solution of the stochastic
BRL which is formulated and proved at the beginning of the chapter. We
then solve the dynamic output-feedback control problem by transforming the
problem to an estimation one, to which we apply the result of the filtering
solution. We derive solutions of both, the finite-horizon and the stationary
cases for the above mentioned problems.

The general problems of the discrete-time and the continuous-time output-
feedback control with state-multiplicative stochastic uncertainties have been
treated by several groups. The discrete-time case has been solved by [26],[10]
and [43]. The continuous-time counterpart case has been solved by [59], [52]
(for systems with additional tracking signal) and [15]. The solution in [26]
includes the finite and the infinite time horizon problems without transients.
One drawback of [26] is the fact that in the infinite-time horizon case, an
infinite number of LMI sets should be solved. Moreover, the fact that in [26] the
measurement matrix has no uncertainty is a practical handicap: for example in
cases where the measurements include state derivatives (e.g. altitude control
of an aircraft or missile). The treatment of [59] includes a derivation of the
stochastic BRL and it concerns only the stationary case where two coupled
nonlinear inequalities were obtained.

In the present chapter we allow for a stochastic uncertainty in the mea-
surement matrix and we address the problem via two new approaches: In the
finite-horizon case we apply the DLMI method for the solution of the Riccati
inequality obtained and in the stationary case we apply a special Lyapunov
function which leads to an LMI based tractable solution. At the end of the
chapter we bring an example which demonstrates the applicability of the the-
ory developed.

E. Gershon et al.: Hoo Contr. and Est. of State-multipl. Lin. Sys., LNCIS 318, pp. 21-44, 2005.
© Springer-Verlag London Limited 2005
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2.2 Problem Formulation
We treat the following problems:

i) H. state-feedback control of systems with state-multiplicative
noise:
We consider the following system:
dx = [A(t)x(t) + B1(t)w(t) + B2(t)u(t)]dt + D(t)x(t)d5(t) + G(t)u(t)dv(t),
2(0) = xo,

z(t) = Cr(t)x(t) + Dra(t)u(t),

(2.1)
where z(t) € R"™ is the state vector, w(t) € L?([0,T];RP) is an exogenous
disturbance, z(t) € R™ is the objective vector and u(t) € R' is the control
input signal. It is assumed that Dy3(t) is of full rank for all ¢ € [0, 7.

The zero-mean real scalar Wiener processes of 3(t) and v(t) satisfy:

E{dB(t)?} =dt, B{dv(t)*}=dt, E{dB(t)dv(t)} =adt,|a|< 1,

Considering the following performance index for a prescribed v > 0:

JEéE{/O IIZ(t)IIth—VQ/0 [Jw(t)]|[*dt}

+E{zT(T)Pra(T)} — ~*||xo||%-1, R >0, Pr > 0. (2.2)

Our objective is to find a state-feedback control law u(t) = K(t)x(t) that
achieves Jp < 0, for the worst-case of the process disturbance w(t) €
L?([0,T); RP) and the initial condition ¢ and for the prescribed scalar v > 0.

ii) H filtering of systems with state-multiplicative noise:
We consider the following system:

dx = [A(t)z(t) + Bi(t)w(t)]dt + D(t)z(t)dB(t), x(0) = xo,
dy(t) = [Ca(t)z(t) + Doy (t)w(t)]dt + F(t)x(t)dC(t) + n(t)dt, (2.3)
z(t) = C1(t)z(t),

where z(t), w(t), z(t) are defined above, n(t) € L?*([0,T]; R*) is an addi-

tive measurement corruptive noise and y(t) € R*. The zero-mean real scalar
Wiener processes of 3(t) and ((t) satisfy:

BE{dB(t)*}=dt, E{d((t)*}=dt, B{dp(t)d((t)}= 0.
We consider the following filtered estimate system - the Luenberger type:

di(t) = A()2(t)dt + L) (dy(t) — Cot)di(t)), &0 =0.  (2.4)
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Note that the initial value of the state vector xg of (2.3) is not known. It
has a zero-mean value dictating, therefore, the zero initial value of the state
estimator.

We denote

e(t) =x(t) — z(t), and w(t) = col{w(t),n(t)} (2.5)

and we consider the following cost function:

JFéE{/O ||z<t>\|2dt—v2[/o w(t) Pt + / ()| 2dt])

—¥?||zo||%-1, R > 0. (2.6)

Note that R represents the uncertainty in xo. Namely, R of a norm tending
to zero will force xg to zero.

Given v > 0 and R > 0, we seek, in the filtering problem, an estimate
Cy(t)&(t) of Cy(t)z(t) over the finite time horizon [0, T| such that Jg of (2.6) is
negative for all nonzero (@ (t), zo) where w(t) € L?([0, T]; RP*#) and zo € R™.
This estimate should be unbiased whenever w(t) has zero-mean.

iii) H. output-feedback control of systems with
state-multiplicative noise - The finite-horizon case:
We consider the following system:

dx = [A(t)x(t) + By (t)w(t) + B2(t)u(t)]dt + D(t)x(t)dB(t) + G(t)u(t)dv(t),
z(0) = o,

dy(t) = [Ca(t)z(t) + Da1 (H)w(t)]|dt + F(t)x(t)dC(t) + n(t)dt,

z(t) = C1(t)z(t) + Dra(t)ult).

(2.7)
The zero-mean real scalar Wiener processes of 3(t), v(t) and ((¢) are defined
in the above two problems where

B{dB(t)d¢(t)} = 0, E{d¢(t)dv(t)} =0, E{dB(t)dv(t)} = 0.

We consider the following index of performance:

T
E{/ Ol /O (w1 + [In(®)|*)dt}

+E2"(T)Pra(T) — v?||zo||%-1, R >0, Ppr >0, (2.8)

We seek an output-feedback controller that achieves Jo < 0 for all nonzero
(w(t), zo) where w(t) € L2([0,T);R?), n(t) € L*([0,T); R*) and zy € R™.
Similarly to the standard case [57], this problem involves an estimation of an
appropriate combination of the states, and the application of the results of
the state-feedback control problem with a proper modification.
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iv)  H. output-feedback control of systems
with state-multiplicative noise - The infinite-horizon case:
Given the following mean square stable system:

dz = [Az(t) + Biw(t) + Bou(t)|dt + Dz(t)dB(t) + Gu(t)dv(t), z(0) =0,
dy(t) = [Coz(t) + Dayw(t)]dt + Fa(t)d((t) + n(t)dt,

Z(t) = C’lx(t) + Dlzu(t),

(2.9)
where the system matrices A, By, Bo, D, G, C5, Doy, F, C7 and D15 are all con-
stant and [(t), v(t), ((t) are specified above. We seek an output-feedback
controller that achieves, for a given v > 0, Jso < 0 where

Jso 2 B[ et - 42 / @ + lln(0]12)de}

+E{2T(T)Pra(T)}, Pr >0, (2.10)
for all nonzero w(t) € L?([0,00); R?) and n(t) € L*([0,00); R?).

2.3 Bounded Real Lemma for Systems with
State-multiplicative Noise

We address the problem of the stochastic state-feedback by deriving first a
BRL for the following system:

dx = [A(t)z(t) + B1(t)w(t)]dt + D(t)x(t)dB(t), x(0) = zo,
2(t) = Cy(t)x(t),
where g is an unknown initial state and where x(t) € R™ is the state vec-
tor, w(t) € L?([0,T];RP) is an exogenous disturbance and z(t) € R™ is the

objective vector.
The zero-mean real scalar Wiener processes of 3(t) satisfies:

(2.11)

E{dB(t)*}=dt.

Considering the cost function Jg of (2.2), our objective is to determine,
for a given scalar v > 0, whether Jg is negative for all nonzero (w(t),zo)
where 2o € R" and w(t) € L?([0, N]; RP).

We obtain the following result:

Theorem 2.1. [26], [59], [86] Consider the system of (2.11). Given the
scalar v > 0, a necessary and sufficient condition for Jg of (2.2), to be neg-
ative for all nonzero (w(t), zo) where w(t) € L*([0,T); RP) and x, € R™ is
that there exists a solution Q(t) > 0 to the following Riccatti-type equation:
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—Q(t) = QIA() + AT()Q(1) + Q1) B1(t) B (1)Q(t)

(2.12)
+CT()C1(t) + DT (H)Q)D(Y),  Q(T) = Pr,

that satisfies Q(0) < v?R~!. When such Q(t) exists, the corresponding opti-
mal strategy of the disturbance w(t) is:

w* =?B{ Qu. (2.13)

Proof: Sufficiency
Assume that there exists Q(¢) that satisfies (2.12) so that Q(0) < v2R™1L.
Consider:

— By / )} + 27 Q0)z0 — E{a” (T)Pra(T)}.

Note that the fact that Q(T") = Pr yields M (t) = 0. Using Ito lemma we have
the following:

L7990

o vt + —( TQ(t)x)dx, + %Tr{ZDxa:TDTQ}dt.

d(z"Q(t)z) =

Note that the last equation is the stochastic version of the chain rule for
calculating differentials, where the last term is the sole contribution of the
state-multiplicative term of D(t)x(t)dg in (2.11).

We readily see that

T
M(t) = 25 Q(0)zo — E{x" (T)Pra(T)} — sz{/O lw — 2B Q(t)x||*dt}

T
([ (el =l P,
where we have used Tr{QDxz? DT} = Tr{zTDTQDx} and the fact that

mixed terms involving x(t) and 3(t) drop under expectation (see Appendix
A). Adding and subtracting y?zl R='zo to the above M (t), we obtain that:

T T
M=—72E{/O \Iw—w*||26it}—[E{/0 (=1 =7*llwl*)dt}+ E{z" (T) Pra(T)}

+y2al R 120 + 28 [Q(0) — 2R~ Yao + ExT(T)[Pr — Q(T)]z(T)  (2.14)

where w* = y~2Bf Q. Identifying the term in the brackets as Jg of (2.2) we
see that:

T
Jg = 772E{/ [|w — w*||2dt} + xOT[Q(O) - ’yQR*l]xo.
0

Hence Jg < 0 if Q(0) < 2R~
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This concludes the sufficiency part. Now, the condition of (2.12) with
Q(0) < v2R~! is also necessary and the reader is referred to [86] for the
proof.

O

Remark 2.1. The differential equation (2.12) is solved by backward integra-
tion. An alternative result stems from (2.14) in the case where Q(0) is taken
to be v2R~! and instead of requiring Q(T) = Pr and Q(0) < y?R~! we
require that Pr < Q(T).

2.3.1 The Stationary BRL

The derivation of the stationary stochastic BRL is obtained by two ap-
proaches. In the first approach we consider the following mean square stable
system:

dx = [Az(t) + Biw(t)]dt + Dx(t)dB(t), =(0) =0,

z(t) = Cra(t),

which is obtained from (2.11) for the case where the system matrices are
constant and T' = oco. Considering the following index of performance:

(2.15)

sop 2 B[ TR0 =? [l (2.16)

we obtain the following result:

Theorem 2.2. Consider the system of (2.15). Given the scalar v > 0, a
necessary and sufficient condition for Jsg of (2.16), to be negative for all
nonzero w(t) € L?([0,00); RP) is that there exists a solution Q > 0 to the
following algebraic Riccatti-type equation:

QA+ ATQ +~72QBBTQ + C{Cy + DTQD = 0. (2.17)

When such @ exists, the corresponding optimal strategy of the disturbance
w(t) is:

w* =~y 2B Qu. (2.18)
Proof: The proof outline resembles that of the finite horizon case of Section
2.3. Thus, the optimal strategy w* of (2.18) is obtained by completing to

squares for w(t) , similarly to Section 2.3. Note that Jggr < 0 can also be
achieved iff the following inequality holds:

QA+ ATQ+~72QB,BTQ+cTc, +DTQD <.
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By using the nonstrict Schur’s complements formula[12], the latter inequal-
ity can be readily transformed to the following LMI:

ATQ+QA @By Cf D'Q

2
* —~v=L, 0 0
Is= ! <0. (2.19)
* * =1, 0
* * * 7Q

The second approach for the solution of the stationary BRL is achieved
by considering the finite horizon counterpart of this problem, assuming that
the resulting system (2.15) is mean square stable. We consider the system
of (2.11) for the case where the system matrices are constant and 7" — oc.
Considering the results of [108] we obtain that the Riccati-type differential
equation of (2.12) will converge to the algebraic equation of (2.17) where the
pair (A4, C1) is observable, (A, By) is stabilizable and Pr > 0 (See Theorem
2.1, page 691 in [108]).

Remark 2.2. The optimal strategy of (2.18) is valid only if the resulting dis-
turbance w*(¢) is in L?([0,7T]; RP. The question arises whether the resulting
closed-loop system that is described by:

dr = [Az(t) + v 2B, B Q)dt + Dxz(t)dj(t),

is mean square stable. Namely, whether a solution of the algebraic equation
(2.17) is strongly stabilizing [57]. A similar problem arises in the deterministic
case (D = 0) where one has to show that the worst-case disturbance does not
destabilize the system.

Two methods have been suggested, in the deterministic case, for prov-
ing that the corresponding algebraic Riccati equation (which is identical to
(2.17) with D = 0) has a strong stabilizing solution @ that leads to a matrix
A+ ~72B;BT'Q with eigenvalues that all reside in the open left half of the
complex plane. The first method, which is the more direct one, is based on the
properties of the corresponding Hamiltonian matrix [116]. Unfortunately, this
method is not readily applicable to the stochastic case. The second method
considers the algebraic Riccati equation as the limit of the differential Ric-
cati equation in the case where the horizon T' tends to infinity. It is shown
in [57] that under the above mentioned conditions of stabilizability and ob-
servability there exists a solution to the algebraic Riccati equation which is
strongly stabilizing. Since the same arguments of convergence of the solution
of the differential Riccati equation (2.12) to a solution of (2.17) hold also in
the stochastic case, strong stability is guaranteed if the latter solution is the
one used in (2.18).
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2.4 State-feedback Control of Systems with
State-multiplicative Noise

We consider the following Riccati-type differential equation:

( )= QA ( )+ AT()Q() +772Q(1) Bi(t) Bf (H)Q(t)

e ( ) = ST(OR(H)S(t) + DT (H)Q(H) D(t), (2:20)
QT) =
where B
R=D{;D1»
R(t) = R(t) + GT()Q(1)G(1), (2.21)

S(t) = B ()Q(t) + aGT (1)Q()D(t) + D, ()Ca(1).

The solution to the state-feedback control problem is obtained by the follow-
ing:

Theorem 2.3. [24], [59], [53] Consider the system of (2.1) with the feedback
law u(t) = K(t)x(t). Giveny > 0, a necessary and sufficient condition for Jg
of (2.2) to be negative for all nonzero (w(t),zo) where w(t) € L?([0,T]; RP)
and x, € R"™ is that there exists a solution Q(t) > 0 to (2.20) that satisfies
Qo <7*R™.

If there exists such Q(t), then the state-feedback law is given by:

u(t) = K(t)z(t),
where (2.22)
K(t) = =R7'()[(BF ()Q(t) + DL (H)C1(t) + aG™ ()Q(1) D(1))]-

Remark 2.3. The general case, where a multiple set of correlated stochastic
uncertainties appear in both the dynamics and the input matrices, can be
readily solved by extending the results of Theorem 2.3. The proof outline
of Theorem 2.3 in the later case is essentially unchanged. We bring below
a simplified case which will be used in the infinite-horizon, stationary state-
feedback control. We consider the following system:

do = [A(H)z(t) + By (t)w(t) + Ba(t)u(t)|dt + [D(t)dv(t)
+E(1)d¢(D)]2(t) + G(tu(t)dv(t), =(0) = o, (2.23)
2(t) = Cy (£)x(t) + Daa(t)ult),

where the variables 5(t) and v(t) are zero-mean real scalar Wiener processes
with the same statistic as above.

Note that the Wiener process of v(t) appears in both, the dynamics and
the input matrices. For system (2.23), we obtain the results of Theorem 2.3
where DTQD in (2.20) is replaced by FTQE +DTQD+2a[FTQD+ DT QF),
and aGTQD is replaced by aGTQD + GTQF in S and u(t) of (2.21) and
(2.22), respectively.
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2.4.1 The Infinite-horizon State-feedback Control

We treat the mean square stable system of (2.9) where we exclude the mea-
surement equation and where T tends to infinity. Following [23] the solution
Q(t) of (2.20), if it exists for every T > 0, will tend to the mean square
stabilizing solution of the following equation:

QA+ ATQ +~2QBBTQ+CTC, —STR'S+DTQD =0, (2.24)
assuming that the pair (IIC, A—BQR’lDﬂC’l), where IT = I—Dlgé’lDﬂ,
is detectable (see Theorem 5.8 in [23]). A strict inequality is achieved from
(2.24) for (w(t),x,) that are not identically zero, iff the left side of (2.24) is
strictly negative definite (for the equivalence between (2.24) and the corre-
sponding inequality see [59]). The latter inequality can be expressed in a LMI
form in the case where & = 0 and D{,C; = 0. We arrive at the following
result:

Theorem 2.4. [53] Consider the mean square stable system of (2.9) where
the measurement equation is excluded. Given v > 0, a necessary and sufficient
condition for Jso of (2.10), with Hn(t)||l22 = 0 to be negative for all nonzero
w(t) where w(t) € L*([0,00); RP) is that there exists a positive-definite matriz
P € R™™ that satisfies the following LMI:

[AP + PAT — B,R'BY B, PCT BoGT PDT]
* -2, 0 0 0
= * x =1y 0 0 < 0.
* * x —(P+GR'GT) 0
L * * * * —ﬁ |
(2.25)

If such a solution exists then the stationary state-feedback gain is obtained by:

K.=—-R'ByP~".

Proof: The inequality that is obtained from (2.20) for @ = 0 and DT,C; = 0
is:
QA+ ATQ +~72QB,BfQ + ¢, — STR™'S + DTQD <0,
where . }
S =BIQ.
Denoting P = Q~ !, we multiply the latter inequality by P from both sides
and obtain:

AP + PAT 4+ 472B,BT + PCTC,P — B,R™'BY + PDTP™'DP <0,
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where
R=R+G"P'G.
Since
(R+GTP1G)~t = R™Y2[I + RV2GTP1GR YY1 R~1/2,
we obtain, using the matrix inversion lemma, the following equality:
[+ R V2GTP\GR™V?" = [ - R-V2GTP~\GR™1/?
[+ R V2GTP1GRV? 1,
Using the latter, together with the identity
all + Ba] ™ =[I+ ap] e,
we readily obtain the following inequality:
AP + PAT +~472B,BT + PCTC,P — BoR™'BY + B,GT[P+ GR™'GT] !
GBY + PDTP7'DP < 0.
By using Schur’s complements formula, the latter inequality is equivalent to
(2.25).
O

Remark 2.4. In the general case, where DL,C # 0, a simple change of vari-
ables (see [57], page 195) can be readily used. Denoting:

A=A—-ByR VDL,
i=u+ R Y2DL0x,
cT¢y =l — DR DL Oy,
we consider the following system:
dx = Axdt + Bywdt + Botdt 4+ Byrdt + [Ddf — Gdv]z + Gady,

0
1

o .
z= T+ .

Note that this system possesses multiple uncertainties which can be readily
tackled using the arguments of Remark 2.3 with & = 0.
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2.5 H, filtering of Systems with State-multiplicative
Noise

We consider the Luenberger-type state observer of (2.4) and e(t) of (2.5). We
obtain:

de(t) = [A — LCsle(t)dt + B@D(t)dt + [DdB(t) — LEd((t)]|x(t), e(0)= o,
where

B=[B, - LDy —L],

and where w(t) is defined in (2.5). Defining £(t) = col{z(t), e(t)}, we obtain
the following.

de(t) = [Adt + DdB(t) + Fd¢(t)]€(t) + By (t)dt,

£(0) = col{z(0), z(0)}, (2:26)
where
- A 0 - DO
= s D = s
0 A—LCy DO
- By 0 - 0 0 -
B1 - 3 F= and Cl = [0 Cl] (227)
By — LDy —L —LF 0

Applying the stochastic BRL of Section 2.3 (also see [24], [59], [53] ) to the
system (2.26) with the matrices of (2.27), we obtain the following Riccati-type
equation:

P =PA+ATP 4 4 2PBBTP + DTPD + FTPF + CTCy,
I

PO)= |

VR, I,]. (2.28)

The solution of (2.28) involves the simultaneous solution of both P(t) and
the filter gain L and can not be obtained readily due to mixed terms of the
latter variables in (2.28). Considering, however, the monotonicity of P with
respect to a free semi-positive definite term in (2.28) [59], the solution to the
above Riccati-type equation can be obtained by solving the following DLMI
[99],[44] :

P+ ATP+ PA+DTPD PB, CT FTP
* _VQIP-‘:-Z 0 0

* * * —P
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where P > 0 and with P(0) of (2.28) and where we require that Tr{P(7)} be
minimized at each time instant 7 € [0, T7.

Recently, novel methods for solving DLMIs has been introduced in [99],[44].
Applying the method of [99], the above DLMI can be solved by discretizing
the time interval [0, T] into equally spaced time instances resulting in the
following discretisized DLMI :

'Z%1 Pkél,k Cljjk Fgﬁk

x —y28 1L 0 0
Te <0, (2.30)
* * =, 0
* * * —5*115;@
for k=0,1,.., N — 1 and where:
Uy = Pyy1 — P+ E(AT Py + Py AL) 4 DT Py Dy,
A’Zlk = A(tk)a
Bl,k = 31(%)7
Cix = Ci(tr),
- - (2.31)
Fy, = F(ty),

Dk = D(tk), with
{ti, 1= 0,..N— 1, tny = T, to = 0} and
tis1 —t; 2E=N"T, i=0,..N —1.

The discretized estimation problem thus becomes one of finding, at each
ke [0, N—1], Pry1 > 0 of minimum trace and Lj that satisfy (2.30).

The latter DLMI is initiated by the initial condition of (2.28) at the instant
k = 0 and a solution for both, the filter gain L; and PkH (i.e P, and Ly) is
sought, under the minimum trace requirement of Pk+1. The latter procedure
repeats itself by a forward iteration up to k = N — 1, where N is chosen (and
therefore 1/€) to be large enough to allow for a smooth solution (see also [99]).
We summarize the above results by the following theorem:

Theorem 2.5. Consider the system of (2.3) and Jp of (2.6). Given v > 0
and € > 0, the stochastic state-multiplicative filtering problem achieves Jp < 0
if there exists P(t) that solves (2.30) ¥t € [0,T)] starting from the initial
condition of (2.28) for small enough €.

2.5.1 The Stationary H.-filtering Problem

We consider the mean square stable system of (2.9) where By = 0 and D13 =0
and where, for simplicity, we take G = 0. We Introduce the following Lyapunov
function:
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P aP

V(t) = €T (t)PE(t), with P = , (2.32)

aP P
where £(t) = [¢7(t) €T (t)]T, P and P are n x n matrices and « ia a tuning
scalar. We obtain the following result:

Theorem 2.6. Consider the system of (2.9) where Bo =0 and D12 =0, G =
0 and where &(t) is defined in (2.4). Given the scalar v > 0, the stationary
state-multiplicative filtering problem possesses a solution if there exist P =
QT e Rm*n P = PT ¢ R™*" Y € R™ ™ qnd a tuning scalar parameter o
that satisfy the following LMI:

[w(1,1) w(1,2) (P +aP)B, —aY 0
«  w(2,2) (a+1)PB, -Y CF
* * —21, 0 0
* * * -2, 0
* * * * =1,
* * * * %
* * * * %
* * * * *
L * * * * *

—aFTYT —FTYT DT(P + aP) (1+ a)DTP]
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0 <0,
-P —aP 0 0
* -p 0 0
* * —-P —aP
* * * —]5

where
w(1,1) 2 ATP + PA,
W(1,2) 2 a[ATP + PA| — aY Oy,
W(2,2) 2 ATP+ PA—YCy — CTYT
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Proof: Applying the results of continuous BRL of Section 2.3.1 for the sta-
tionary case (see also [86], [59] ) to the latter system, the algebraic counterpart
of (2.28) is obtained which similarly, to the finite horizon case, leads to the
stationary version of (2.29). Thus we obtain:

ATP+PA PB, CT FPDTP

* 1. O 0 0

* * ~I, 0 0 <0. (2.33)
* * x —P 0

* * * x —P

Replacing for the structure of P in (2;32) and the stationary version of the
matrices of (2.27) and denoting Y = PL, where L is the observer gain, and
carrying out the various multiplications, the LMI of Theorem 2.6 is obtained.

O

Remark 2.5. Note that contrary to the solution of the finite-horizon filtering
of Section 2.5, where use has been made of the DLMI method, in the latter
solution of the stationary case, an inherent overdesign is entailed in the solu-
tion, due to the special stricture of P in (2.32). The advantage of the latter
solution is however, in its simplicity and tractability, as will be seen also in
Section 2.7.

2.6 Finite-horizon Stochastic Output-feedback Control

The solution of the output-feedback control problem is obtained below by
transforming the problem to one of filtering, to which the result of the
continuous-time stochastic state-multiplicative BRL of Section 2.3 is applied
(see also [59], [24],[53]). In order to obtain the equivalent estimation prob-
lem, the optimal strategies of w*(t) and u*(t) of the state-feedback case are
needed. One can not use the results of Section 2.3, for this transformation,
since the solution there was obtained by applying the stochastic BRL to the
closed-loop system of Section 2.4. The optimal strategies w*(¢) and u*(t) are
obtained below by completing to squares for both w(t) and u(t).

Consider the system of (2.1) and let Q(¢) be a solution of (2.20) that
satisfies Q(0) < ~2R~!. Considering (2.20) and applying Ito formula to
H(t,z(t)) = (z(t),Q(t)x(t)), and taking expectation for every T' > 0 we
obtain the following, noting that Q(T") = Pr.

0= B / d{a"(DQ()x(8)} + 2T Q(O)xo} — B (T)Pra(T)} =
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By / £)dt}

<mm/ ) + Bi(t)w(t) + Ba(tyu(t))dt}

+E{/O Tr{QM)[D®)z(t) G(t)u(t)]

PID()x(t) G(t)u(t)]"dt}} + 25 Q(0)xo — E{z" (T)Pr=(T)}
where Pdt 2 Lo

a1 dt is the covariance matrix of the augmented Wiener
process vector col{df3(t) d

35

v(t)}. We also have the following:

=" () DT (1)Q(t) D(t)x(t) + 2az” (t)DT(t)Q(t)G(t u(t)

+u ()G (1)Q()G(t)ult)

Using the above derivation and adding the zero sum of

T T
B / w(t)| Pt / w(t)| 2t}
+E{/ 2 |dt—/ 2(t)| 2t}

we obtain after completing to squares for w(t

o—E{/ JA®) + AT(H)Q()

+DT(6)Q()D(t) — v 7*Q(t) By (t) BY ()Q(1))x(t)dt}

12 / w(t)]dt)

+E{/0 {12112 + 2 (lwll* + [lw — v B] Qu[[*) }dt}
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4B / (227 (1) DT () Q1) G(t)u(t)
0
u" ()G (1)Q()G(t)u(t) Ht} + xF Q(0)o
*E{/ (t)])%dt + / [|C1(t)x(t) + Dra(t)u(t)||*)dt} — E{a™ (T)Pra(T)}

Completing to squares for u(t), we obtain:

T
0= E{/O (=@ +*(lw(®* = [lw(t) =y Bf ()Q(H)z(t)]|*) ydt

+E{/ || tdt + a: (0)zo — E{xT(T)PTx(T)}
where X
w(t) = u(t) + R7Y()S(t)x(t), (2.34)

where R(t), S(t) are defined in (2.21).
Adding Jg(u,w, xo) of 2.2 to the above zero quantity we obtain:

T R _
Jp = =" lleoll}-+ + E{ /0 ([[u(t) + BT S(@)a(t)]7 }dt

T
—B{ / lw(t) — 72 BT ()Q()x(0)]*}dt
where
Py= R — Qo) (2.35)

and with the optimal strategies being:

w*(t) = y*BY ()Q(t)x(t),
ut = =R (BT ()Q(t) + DL(H)C1(1) + aGT ()Q(8) F(1))(?).

Once the saddle point strategies are derived, we consider the system of
(2.7) and take for simplicity G(t) = 0. We also suppress the time-dependence
of the system matrices for clarity of representation. We assume that (2.20)
has a solution Q(¢) > 0 over [0,7] that satisfies Q(0) < v*R~!. Using the
optimal strategies of (2.36) for the above state-feedback case, the index of
performance turns to be:

T
o wm o) = ~?llaolfs s = 2?E( | Il vt
0

(2.36)

T T
+E{/O 1w — w3 dt — 72/0 [In(t)][%dt}, (2.37)
where G = 0 is taken in both R and S of (2.21).
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Following [21] we define:
w(t) = w(t) — w*(t), (2.38)

where w*(t) is given in (2.36), we obtain:

T
o wnz0) = ~?llaolfs+ ~ ([ Ilude)
0

+B{ / [RY2[u + Cua]|dt} — 2B / n(t)]2dt},

where

¢y = R7YBYQ + DLCy). (2.39)

We seek a controller of the form
u(t) = —Cy(t)2(t).

Substituting (2.38) in (2.1) we re-formulate the state equation of the system
and we obtain:

dz = [A(t)z(t) + Bi ()@ (t) + Bo(t)u(t))dt + D)z (t)dB(t), (2.40)

where

A(t)= A+~2BB{Q. (2.41)

Considering the following Luenberger-type state observer:

#(t) = Ad(t)dt + Lldy — Coi(t)dt]+ Ba(t)u(t)dt, #(0) = 0,

I

(2.42)

Cy=0Cy+ 7 ~2D91 BT Q,

and denoting e(t) = x(t) — z(t)the following system for the error e(t) is ob-
tained.

de(t) = [A — LCy)e(t)dt + B (t)dt + [DdB(t) — LEdC(t)]x(t),

where
@(t) £ col{w(t),n(t)}, and BZ[Bi— LDs — L.

Defining £(t) = col{z(t),e(t)}, we obtain:
d¢(t) = [Adt + DdB(t) + Fd(()]E(t) + Buib(t)dt, €7(0) = [ (0) 27 (0)]",

(2.43)
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where _ . .
T A—326’1 BQC1 D— DO
o A-LCy|" 7 |DO)’
N B 0 - 0 0 - .
- - Cr =10 Gyl 2.44
YU B LDy ~L|’ _ppo| A=Al 244)

Applying the stochastic BRL of Section 2.3 (see also [24], [53]) to the system
of (2.43) with the matrices of (2.44), the following Riccati-type equation is
obtained.

P =PA+ ATP+ 4 2PBBTP + DTPD + FTPF + CTCy,

R I,
P(O) = [I (72R_1 - Q(O)) [In In] ) (2'45)

n

where the latter initial condition follows from (2.35).

Similarly to the filtering problem of Section 2.5, the solution of (2.45)
involves the simultaneous solution of both P(t) and the filter gain L and
it can not be readily obtained due to mixed terms of the latter variables
in (2.45). Counsidering, however, the monotonicity of P with respect to a free
semi-positive definite term in (2.45) [59], the solution to the above Riccati-type
equation can be obtained by solving the following Differential LMI (DLMI):

P+ ATPy PA+DTPD PB, CT FTP

¥ VL 00 | (2.46)
* * —I, O o
* * x —P

for P > 0 and with P(0) of (2.45) and where it is required that Tr{P(7)} be
minimized at each time instant 7 € [0, T.

Similarly to the filtering problem of Section 2.5, we apply the method
of [99]. Thus the above DLMI can be solved by discretizing the time interval
[0, T]into equally spaced time instances resulting in the following discretisized
DLMI: o ~ o

Uiy PpBig C1T,k FlP,

« =210 0 0

e e <0, (2.47)
* * —& 115, 0
* * * *571pk

for k=0,1,..,N — 1 and where:
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Wy = Pyy1 — Py + E(AT Py, + Py Ay) + EDF P.Dy,
Ay, = A(ty)
Bl,k = Bl(tk)7
él,k = él(tk)a
Fy = F(ty,),
Dy, = D(t},), with
{tiyi=0,.N—1,ty =T, tg =0} and

(2.48)

ti1 —t: 2E=N"'T,i=0,..N — 1.

The discretized estimation problem thus becomes one of finding, at each
k€0, N —1], Pyr1 > 0 of minimum trace that satisfies (2.47).

The latter DLMI is initiated with the initial condition of (2.45) at the
instance k = 0 and a solution for both, the filter gain L; and PkH (i.e }51 and
Ly) is sought for, under the minimum trace requirement of PkH. The latter
procedure repeats itself by a forward iteration up to k = N —1, where N is
chosen to be large enough to allow for a smooth solution (see also [99]). We
summarize the above results by the following theorem:

Theorem 2.7. Consider the system of (2.7) and Jo of (2.8). Given the pos-
itive scalar v and € > 0, the output-feedback control problem possesses a
solution if there exists Q(t) > 0, Vt € [0,T] that solves (2.20) such that
Q(0) < v2R™1, and P(t) that solves (2.47) ¥t € [0,T] starting from the initial
condition of (2.45), where R is defined in (2.8). If a solution to (2.20) and
(2.47) exists the following control law:

uop(t) = —Ca(t)(1) (2.49)

achieves the required Ho, norm bound of v for Jy where Z(t) is obtained by
solving for (2.42).

Remark 2.6. We note that the solution of the latter DLMI proceeds the so-
lution of the finite-horizon state-feedback problem of Section 2.4 that starts
from Q(T), in (2.20), for a given attenuation level of . Once a solution to the
latter problem is achieved, the DLMI of (2.47) is solved for the same value of
~ starting from the initial condition Py of (2.45).

Remark 2.7. Similarly to the initial condition of (2.28), the initial condition
P(0) of (2.45) corresponds to the case where a large weight is imposed on &(0)
in order to force nature to select e(0) = 2:(0) (i.e (0) = 0).
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Remark 2.8. In the case where the augmented state-vector is chosen as {(t) =
col{x(t),z(t)} the initial condition of P(0) of (2.45) would satisfy:

P(0) =

VR™1-Q(0) 0
0 0

where v2 R~ — Q(0) is the initial weight. The latter P(0) can be readily trans-
formed to account for the augmented state-vector of (t) = col{z(t),e(t)} by

the pre- and post- multiplication of the above matrices, by Y7 and 7', respec-

10
A
tively, where 1" = oIl The resulting matrix will then be identical to the

one of the initial condition of (2.45).

2.7 Stationary Stochastic Output-feedback Control

We consider the mean square stable system of (2.9) where, for simplicity, we
take: G =0, E{dB(t) d((t)} = 0 and D,C; = 0. Similarly to the solution of
the stationary filtering problem of Section 2.5.1, we introduce the following
Lyapunov function:

V(t) = €T(H)Q&(t), with Q = [ QA a?] : (2.50)
aQ Q

where £(t) is the augmented state vector of the finite-horizon case, ) and Q
are n X n matrices and « ia a tuning scalar. We obtain the following result:

Theorem 2.8. Consider the system (2.9) and Jso of (2.10) where the matri-
ces A, By, B2, D,Co, F,Cy and D12 are all constant, G = 0, u(t) = Ks(t)z(t)
and where &(t) is defined in (2.42). Given a scalar v > 0, there exists a con-
troller that achieves Jso < 0, V(w(t),z(0)) # 0 if there exist Q = QT €
R Q = QT € RV, Y € R™ and a tuning scalar parameter o that
satisfy the following LMI:
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[1(1,1) 7(1,2) (Q + aQ)B, —aY Dyy —aY 0
x 72,2 (a+1)QB,-YDy Y CF
* * -1, 0 0
* * * -2, 0
* * * L
* * * * *
* * * * *
* * * * *

| * * * *

—aFTYT —HTYT FT(Q + aQ) DTQ(1 + )]
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0 <0,
-Q —aQ 0 0
* —Q 0 0
* * —Q —aQ
* * * —Q
where
T(1,1) 2 ATQ + QA — QB.C, — O BYQ,
7(1,2) = W(ATQ + QA) + QByC, — aCTBIQ — oy,
1(2,2) 2 AT7Q + QA + aQB2Cy + aCTBTQ — YCT — YT

Proof: The proof outline for the above stationary case resembles the one for
the finite-horizon problem. Considering the system (2.9) we first solve the
stationary state-feedback problem to obtain the optimal stationary strategies
of both w¥(t) and u*(¢) and the stationary controller gain K (see Section 2.4.1
for a derivation of the stationary Riccati-type inequality) . Similarly to the
finite- horizon solution of the state-feedback control problem using completing
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to squares (See Section 2.6), the optimal strategies of the stationary case are
given by :

wi(t) 2 K,z(t) where K,(t) = R[(BYQ + D%LCY))
and
w* (t) = 7_2B{Q‘/I;(t>7

where Q = P~ is the solution of (2.25).

Using the latter optimal strategies the problem is transformed to an es-
timation one, thus arriving at the stationary counterpart of the augmented
system for £(t). Applying the stationary continuous BRL of Section 2.3.1 (see
[86], [59] ) to the latter system the algebraic counterpart of (2.45) is obtained
which, similarly to the finite horizon case of Section 2.6, becomes the sta-
tionary version of (2.46). We thus obtain the following LMI in the decision
variables Q and L:

TATQ QA QB T FTQ DTQT
BfQ —*L,. 0 0 0
c 0 I, 0 0 |<o (2.51)
QF 0 0 —-Q 0
QD 0 0 0 -Q |

Substituting the structure of Q and the stationary version of the matrices
of 2.44 in (2.50), denoting Y = Q) L, where L is the observer gain, and carrying
out the various multiplications, the LMI of Theorem 2.8 is obtained.

(|

2.8 Example: Stationary Estimation and State-feedback
Control

We consider the system of (2.9) where By = 0 and D15 = 0 with the following
matrices:

0 1 0 03 1 ~0.51
A= [—1 —0.4}’D: {0 —0.12]’ Bi= [—1]’ ¢ = [ 0 0] ’

where Cy = [0.1 0.1] and where G = 0, F' = 0. We apply the result of Theorem
2.6 and we obtain for a near minimum of v = 5.72 and « = 0.1 the following
results:

P {3.4333 0.5220]7 P

2.7807 0.2687
0.5220 2.9490 ’

0.2687 1.7186
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where the filter gain is LT = [1.0292 1.5855] . The resulting eigenvalues for the
closed loop system are:

—0.2£0.9798:;, —0.3307 £ 0.99374.

We note that for the deterministic case, where D = 0, a near minimum of
v = 4.96 is achieved for o = 0.1.

Assuming that there is an access to the states of the system, the stationary
state-feedback control solution of this problem, where

<[} 0a-[2]

obtains a near minimum attenuation level of v = 1.39, by applying the results
of Theorem 2.4. The resulting state-feedback gain is K = —R™1BI'P~1 =
[—32.1205  — 14.0154] where the eigenvalues of the closed-loop system
are:—2.8683, —11.5471 and where

p_ 0.2420 —0.5546
~|—0.5546 8.4061 |’

is the matrix solution of (2.25). For the deterministic case, where D = 0, a
near minimum attenuation level of v = 1.04 is obtained.

2.9 Conclusions

In this chapter the solution of the stochastic state-multiplicative BRL is solved
for both the finite- and infinite-horizon cases. Based on the BRI solution the
problems of state-feedback control and filtering are solved where in the fil-
tering case we make use of the simple and efficient DLMI technique. This
technique was shown to produce, in the deterministic case, solutions that
mimic the standard central solution of the Riccati equation associated with
the solution of the deterministic BRL and the nominal state-feedback and
filtering problems. The problem of H..-optimal output-feedback control of
finite-horizon and stationary continuous-time linear systems with multiplica-
tive stochastic uncertainties is solved. In both problems the solution is car-
ried out along the standard approach where, using the optimal strategy for
the state-feedback case, the problem is transformed to an estimation one, to
which the stochastic BRL is applied. Unlike the previous works of [24], [59],
[43], our solution is tractable and involves an LMI based recursion (DLMI)
in the finite horizon case and a simple set of two LMIs for the stationary
case. We note that in the latter case one has only to search for a single tun-
ing parameter of «, a fact that renders our solution as a simple and easily
implementable. We note that the stationary solution is based on a specific
selection of a Lyapunov function which leads to a sufficient solution of the
output-feedback problem. In the example the solution of both the stationary
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state-feedback control and the Luenberger observer based estimation is pre-
sented, where for the latter solution the efficiency of partitioning the matrix
solution with a tuning parameter is demonstrated.



3

Continuous-time Systems: General Filtering

3.1 Introduction

In this chapter we bring the solution of the continuous-time stationary filter-
ing using a general-type filter [45], [41]. Recently, the solution of the output-
feedback problem for LTI continuous-time stochastic uncertain systems has
been derived for the stationary case [59]. The solution in [59] is obtained
by formulating a stochastic BRL and a general-type controller. It results in
two coupled nonlinear matrix inequalities which reduce to the standard H .
output-feedback problem in the nominal case. The solution in [59] does not
include uncertainty in the measurement matrix, which is most likely to be
found in physical control systems.

In the present chapter, we treat the case where stochastic uncertainties
appear in both the dynamic and the measurement matrices and correlations
are allowed between these uncertain parameters [45], [41]. This case is often
encountered in practice when one considers filtered estimation. Our solution is
based on the stationary continuous-time BRL of Section 2.3.1 (for the deriva-
tion of the stationary BRL see also [24], [86] and [59]). In our solution we
apply the techniques of [74] to the deterministic polytopic problem [36],[38].
Necessary and sufficient conditions are derived for the existence of a solution
in terms of LMIs. The latter solution is extended to the case where the de-
terministic part of the system matrices lie in a convex bounded domain of
polytopic-type. Our theory is also applicable to the case where the covariance
matrices of the stochastic parameters are not perfectly known and lie in a
polytopic domain. We also solve the mixed Hy/Hs, problem where, of all the
filters that solve the stochastic H, filtering problem, the one that minimizes
an upper-bound on the estimation error variance is found. The method devel-
oped is demonstrated by a practical example that is given in the Application
part.

E. Gershon et al.: Hoo Contr. and Est. of State-multipl. Lin. Sys., LNCIS 318, pp. 45-54, 2005.
© Springer-Verlag London Limited 2005
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3.2 Problem Formulation

We consider the following linear mean square stable system with state-

dependent noise:
dx = (Az + Byw)dt + Dzdp,

dy = (Cx + Doyw)dt + Fadc, (3.1)
z=Lx

where € R™ is the system state vector , z(0) is any norm bounded vector
in R", y € R" is the measurement, w € L?([0,00);RY) is the exogenous
disturbance signal, z € R™ is the state combination to be estimated and
where A, By, C, D, F, Doy and L are constant matrices of the appropriate
dimensions. The variables ((t) and ((¢) are zero-mean real scalar Wiener
processes that satisfy:

E{dB(t)} =0, E{d(()}=0, E{d(t)*}=dt, E{d((t)*}=dt,
E{dp(t)d¢(t)} =adt, |a| < 1.
We consider the following filter for the estimation of z(¢):
dz = Ajzdt + Bydy, @0=0, 2=Cyz, (3.2)
where £ € R™ and Z € R™. Denoting
¢'=[2"2"] and zZ=2z2-2 (3.3)

we define, for a given scalar v > 0, the following performance index

Js S ZONZ, — A2, (3.4)

The problems addressed in this chapter are:

i) Stochastic H. filtering problem: Given v > 0, find an asymptoti-
cally stable linear filter of the form (3.2) that leads to a mean square stable
estimation error process Z such that Jg of (3.4) is negative for all nonzero
w € L*([0,00); RY).

ii) Stochastic mixed Hy/H,, filtering problem: Of all the asymptotically
error stabilizing filters that solve problem (i) find the one that minimizes
an upper-bound on the estimation error variance: lim;_, ., F/ {ZTZ}, where
w(t) = n(t) is regarded as a standard white noise process, independent of 3(t)
and ((t). Namely, in this case, (3.1) should be interpreted as:

dx = Azdt + Dzdf + Bidn
and
dy = Cxzdt + Fad( + Da1dn,

where E{dndn’} = Idt.
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3.3 The Stochastic BRL

We bring, for convenience, the lemma that is derived in Section 2.3.1 (see also
[59]) for the following mean square stable system :

dx = Azxdt + (D1df + D2d()x + Bywdt,

. (3.5)

where the scalar Wiener processes 3(t) and () and the disturbance w €
L2([0,00); R?) are defined above. Using the cost function

J = @R, — 2l
and applying the arguments of [59] the following holds:

Lemma 3.1.  (Section 2.3.1, and [59]) For any v > 0 the following state-
ments are equivalent:

1) The system of (3.5) is mean square stable and J is negative for all nonzero
w € L2([0,00); RY).

44) There exists QQ > 0 that satisfies the following inequality:

QA+ATQ+~+2QBBTQ+L"L+DIQD,+DIQD,+a[DIQD,+DIQD; ] <0.

3.4 The Stochastic Filter

Problem i is solved by applying Lemma 3.1 Considering the system of (3.1)
and the definitions of (3.3) we obtain:

d¢ = Atdt + [D1df + DydC]é + Bwdt, %= C¢ (3.6)
where
_JA o0 B ~ DO
= ) - ) Dl = )
B;C Af B Dy, 00
) e [L —Cf] (3.7)
“BFo| T '

We arrive at the following result.

Theorem 3.1. Consider the system of (3.1)-(3.4) and the filter of (3.2).
Given v > 0, the following holds:

i) A necessary and sufficient condition for (53.6) to be stable and Js to be
negative for all nonzero w € L2([0,00);RY), is that there exist R = RT €
R W =WT e Rvn, Z e R™", S e R™™, and T € R™*™,

such that S(R,W,Z,8,T) <0 (3.8)
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where by X (R, W, Z,S,T) we define

[ RA+ ATR * N * ]
WA+ZC+ S S—sT X ok ok % *
L-T T I, *x * * *
Y= RD 0 0 —R %« * ,
WD+ aZF 0 0 0 —-W =« *
azF 0 0 0 0 —-W «x
L BTR BIW+DLzT 0 0 0 0 —~%I,

where & = (1 — a?)%->.

1) If (3.8) is satisfied, a mean square stabilizing filter in the form of (3.2)
that achieves Jg < 0 is given by:
Ap=-W™S, By=-W'Z and C;=T. (3.9)

Proof: The assertions that Jg is negative for all nonzero w € LQ([O 0); RY)
and that the filter of (3.2) stabilizes the filtering error (namely, {4, Dy, Do, o'}
defines a mean square stable evolution) are equivalent, by Lemma 3.1, to the
solvability of the following Riccati inequality
ATQ +QA+~72QBBTQ+CTC+DTQD:+DIQD, (3.10)
+a[DTQD;, + DTQD,) <0 ,Q > 0. '
Since a = (1 — )0 5 the inequality (3.10a) is equivalent to the following

ATQ + QA+~2QBBTQ + CTC + (D1 4 aD,)"Q(D, + aD»)

OO 3.11
+a2DTQD, < 0, (3.11)

because

DI@QDy + DIQDy +aDQDy +aDQD, = (Dy + aD)"Q
(D1 + aDs) + a*DIQDs,.

Applying Schur’s complements, (3.11) can be readily rearranged into the fol-
lowing LMI:

[ATQ+QACT (D1 +aDy)"Q aDTQ QB |

* —I 0 0 0
* * —-Q 0 0 <0, (3.12)
* * * -Q 0

* * * x =2,
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and the negativity of Jg is thus guaranteed iff there exists @) > 0 that satisfies

(3.12).
Following [38], we partition @ and Q! as follows
AN X M A Y N
= . Q= : (3.13)
MTU NTV
h ire that
where we require tha Xyl (3.14)

The latter inequality stems from the fact that for @ > 0 the following holds:

[Q —[277, ‘|
>0
[2n Qil B

X I,
I,Y

which implies that

>0

Requiring, however, the filter of (3.2) to be of order n, a strict inequality is
required in (3.14) (see[33], page 428). We also note that consequently

I,— XY =MNT

is of rank n.

Defining :

Y I,
NT O

é and jédzag[l Im7J7 J’ IQ]

we pre- and post-multiply (3.12) by J7 and .J, respectively. Substituting for
the matrices of (3.7) in (3.12) and carrying out the various multiplications in
(3.12) we obtain:

[AY + YAT A4 YATX +YCTZT + 2T Y LT — ZT Y DT
* XA+ ATX +2C+CTZT LT DT
* * -1 0
* * * -Y
* * * *
* * * *
* * * *

i % * x %
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YDTX +aYFTZT 0 ayYFTz" By 1
DTX +afFTzT 0 afFTZT XB,+ ZDs
0 0 0 0
-1 0 0 0 L
<0, X>Y'>0,
-X 0 0 0
* -Y -1 0
* * - X 0
* * * L ]
(3.15)
where . A R
Z=MBy, Z=C;NT and Z=MA;NT. (3.16)

Pre- and post-multiplying (3.15) by 7 and T'T, respectively, we obtain (3.8),
where we define the following

R S LR I LR I
= e ) MMy ) ) )
er, ~RI,|"|-RI.]""
S2ZR, T2ZR, REY"', W=X-R (3.17)
ii) If a solution to (3.8) exists, we obtain from (3.16) that
Ap=M"'ZNT By=M"1'Z and C;=2N"T. (3.18)

Denoting the transfer function matrix of the filter of (3.2) by Hs,(s), we
find from (3.18) that:
H:y(s) = ZN"T(sI, - M *ZN-T) "M~z
which leads to:

H:y(s) = Z(sMNT — 2)71Z = Z[s(I,, - XY) — 2] Z.

The result of (3.9) follows using (3.17).

3.5 The Polytopic Case

Due to the affinity of (3.8) in A, By, C, Da1, D and F, the result of 3.1 can
be extended to the case where these matrices lie in a convex bounded domain.
In this case, we require that (3.8) holds for all the vertices of the uncertainty
polytope for a single set of matrices (R, W, Z,S,T).
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Assuming that A, By, C, Doy, D and F lie in the following uncertainty poly-

tope: A

Q:{(A, Bl, C, Dgl, D, F)|(A, Bl, C, D21, D, F)

l l
=Y 7i(Ai, Bui, Ci, Doy i, Di, Fy) 57 > 0, ) =1}

i=1 i=1
and denoting the set of the [ vertices of this polytope by ¥ we obtain the
following result:

Corollary 3.1. Consider the system of (3.1) and the filter of (3.2). The
performance index of (3.4) is negative for a given v > 0, for all nonzero
w € L*([0,00); RY) and for all (A, By,C, Doy, D, F) € 2, if (3.8) is satisfied
at all the vertices in ¥ by a single set (R, W, Z,S,T). In the latter case the
filter matrices are given by (3.9).

We note here that while (3.8) requires (3.1) to be asymptotically stable
for a single A, the requirement of the last corollary demands (3.1) to be
quadratically stable [93] for all A € £2. Thus, while in 3.1 the conditions were
necessary and sufficient, the results of the later corollary are only sufficient.
It should be emphasized that the requirement for quadratic stability may
sometimes be quite conservative.

3.6 Robust Mixed Stochastic Hy/H, Filtering

The mixed stochastic Ho/H, filter design is achieved by considering the set
of filters that satisfy the H., requirement and choosing the one that minimizes
an upper-bound on the estimation error variance. The latter is described by
the following Hy objective function

Jo = lim E {7 (t)2(t)} = ||Hzwl3,

t—o00

where ||-||2 stands for the standard Ho-norm and where Hz,, is the transference
in the system of (3.6), from w to Z. The signal w(t) is considered, at the present
context, to be a white noise.

_ A
Denoting P = tlim E {{fT} , we readily find that, in such a case, ||Hz,||3 =
— 00
Tr{CPCT} where P satisfies the following algebraic equation [105],[108]:
AP+ PA" + D,PDT + D,PDY +a(D,PDY + Do PDT)+ BBT = 0. (3.19)
We consider next the following algebraic equation:
ATQ + QA+ DIQD, + DYQD2 + a(DT QD2 + DIQD,) + CTC = 0.
(3.20)
We obtain the following:
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Lemma 3.2. Tr{CPC"}=Tr{BTQB}.

Proof: (see also Proposition 1 in [86] ) : We consider the following:
Tr{[AP + PAT + D,PDT + D,PDY + aD,PDY]Q} = T+{P[ATQ
+C~2f~1 + Df@bl + ﬁg@bz + d(ﬁ{@DQ + Dg@f)ﬂ}
Using Tr{aB} = Tr{fa} the result of the lemma readily follows.

We note that Q satisfies I" (Q) = 0 where we define:

I'Q)=ATQ+ QA+ DTQD, + DTQDy + a(DTQDy + DTQD,) + CTC.
(3.21)
+ X for some 0 < X € R™ "™ and relate solutions

We consider I'(2, Q) = Q)
3.22) to those of I'(Q) = 0:

of the following equation (
rQ,x) =o. (3.22)

It follows from the monotonicity, with respect to X, of the solutions to (3.22),
say @, that @ — @ < 0 where @ satisfies

1(Q,0)=r(@) =0
Denoting the set

QE{QIN@Q) <0 ; Q>o0},

it follows from the above monotonicity that
Jg =Tr{BYQB} > Tr{BTQB}, VQ e 0. (3.23)

To solve the stochastic mixed Hy/H, problem we seek to minimize an
upper-bound on Jp over 2. Namely, assuming that there exists a solution to
(3.11), we consider the following LMI:

H -BTQ

QB Q

where we want to find Q € 2 and H that minimize Tr{H}.
On the other hand (3.11) is equivalent to

Q) < —7*QBB"Q,

where v"2QBBTQ plays this role of ¥ > 0. Restricting, therefore, Q of (3.24)

to the set of the solutions to (3.12), we clearly have that I'(Q)) < 0 and that
Q € 2. We are thus looking for  and H that satisfy (3.12) and I'(Q, H) > 0

so that Tr(H) is minimized.

1>

I(Q,H) >0, (3.24)
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The minimization of Tr{H} can be put into LMI form that is affine
in R, W and Z, by pre- and post-multiplying (3.24) by diag{Il,, J'}
and diag{l,, J}, respectively, substituting for B (using (3.7) and (3.18))
and pre- and post-multiplying the result by A and A7, respectively, where:

N R 0
A= diag{I, R }. We obtain the following result:

n

Theorem 3.2. Consider the system of (3.6) and (3.4). Given vy >0, a filter
that yields Js < 0 for all nonzero w € L?([0,00); RY) and that minimizes a
bound on Jp of (3.23) is obtained if there exists a solution (R,S,Z,T,W) to
(8.8). The minimizing filter is obtained by simultaneously solving (3.8) and
H BIR BIW+DLZT

« R 0 >0, (3.25)
* ok W

S
1>

and minimizing Tr{H}. The filter matrices are given then by (3.9).

Remark 3.1.  We note that the requirement for a simultaneous solution of
(3.8) and (3.25) does not impose any special difficulty since both LMIs are
affine with respect to the matrix variables. Their simultaneous solution can
be obtained using any standard LMI solver.

Remark 3.2.  The problem of finding the minimum of Tr{H} maybe ill-
defined if strict inequalities are imposed on (3.8) and (3.25). In most cases,
the infimum of the trace may be achieved on the closure of the feasibility region
of (3.12). In our case, however, this infimum will be obtained for @ that is
e-close to the boundary of the feasibility region where € is the tolerance of the
LMI solver used.

3.7 Conclusions

In this chapter we solve the problem of stationary stochastic H.-filtering
of continuous-time linear systems using LMI techniques. This problem has
already been solved, indirectly, in [59], where a solution to the stochastic
output-feedback problem was obtained. The solution of the filtering problem
can be extracted from the latter in the case that the measurement matrix is
not corrupted by stochastic uncertainty. The resulting filter will require the
solution of two coupled nonlinear inequalities. Although our solution treats the
case where the uncertainty appears in both, the dynamic and the measurement
matrices, it can similarly be extended to the more general case where the
stochastic uncertainty appears in all the system state-space representation.
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The case that we have treated in this chapter is encountered with in many
filtering problems.

Using the LMI approach and applying special transformations, the condi-
tions for the existence of a solution to the problem have been obtained in terms
of LMIs that are affine in the system and the filter parameters. This affinity
also allows the consideration of deterministic uncertainty in the system, where
the deterministic part of the system matrices lies in a given polytopic type
domain and the bounded uncertainty in the covariance matrices of the sto-
chastic parameters. An over-design that is inherent in our solution method
stems from the quadratic stability nature of the solution. Under the require-
ment imposed by this type of stability, the conditions we obtained for the
existence of a solution to the problem are both necessary and sufficient.

In Chapter 11 an altitude estimation example is given that utilizes the
theory of the present chapter.



4

Continuous-time Systems: Tracking Control

4.1 Introduction

In this chapter we treat the problem of H., tracking with stochastic mul-
tiplicative white noise. We extend the work of [98], which does not involve
stochastic uncertainties, to the case where there are stochastic white noise pa-
rameter uncertainties in the matrices of the state-space model that describes
the system. We treat the case where correlated parameter uncertainties appear
in both the system dynamics and the input matrices for the state-feedback
case, and in both, the input and the measurement matrices in the output-
feedback case. An optimal finite-horizon state-feedback tracking strategy is
derived which minimizes the expected value of the standard H, performance
index with respect to the unknown parameters and which applies game the-
oretic considerations. The solution of the latter problem and the stationary
state-feedback case, appear in Section 4.3. In Section 4.4 we solve the output-
feedback control problem where we allow for a state-multiplicative noise in
the measurement matrix. We first introduce in Section 4.4.1 an auxiliary sto-
chastic BRL for systems that contain, in addition to the standard stochastic
continuous-time BRL [10], a reference signal in the system dynamics. The BRL
is solved as a max-min problem and results in a modified Riccati equation.

The output-feedback tracking problem is solved in Section 4.4.2 via max-
min strategy arguments, rather than the game approach that was applied
in the state-feedback case of Section 4.3. Using the latter solution we re-
formulate the problem to a filtering problem which we solve with the aid of
the above auxiliary BRL. We then apply the theory to a simple state-feedback
tracking example where we compare our solution with the solution achieved
when the tracking signal is viewed as a disturbance signal and yet the state-
multiplicative noise is taken into consideration in the design of the alternative
controller.

E. Gershon et al.: Hoo Contr. and Est. of State-multipl. Lin. Sys., LNCIS 318, pp. 55-73, 2005.
© Springer-Verlag London Limited 2005
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4.2 Problem Formulation

Given the following linear continuous time-varying system:

dx=[A@)z(t)+ B (t)w(t)+ B (t)u(t)+ Bs(t)r(¢)|dt+ F(t)x(t)dB(t)
+G(t)u(t)d¢(t), =x(0) = xo, (4.1)
2(t) = C1(t)z(t) + Di2(t)u(t) + Dys(t)r(t)

where x € R™ is the system state vector , 2(0) is any norm-bounded vector
in R", w € L?([0,T); RP) is the exogenous disturbance signal, z € R? is the
signal to be controlled and where A(t), By(t), Ba(t), Bs(t), Ci(t), Dia(t),
Dy3(t), F(t) and G(t) are real known, piecewise continuous time-varying ma-
trices of the appropriate dimensions. The variables 3(t) and ((t) are zero-mean
real scalar Wiener processes that satisfy:

E{dB(t)} = 0, E{d((t)} =0, E{dB(t)*}=dt, E{d((t)*}=dLt,
E{dB(t)dC(t)y =adt, |a| < 1.

We denote R(t) 2 DI,Ds.
We consider the following problems:

i) State-feedback tracking: Our objective is to find a state-feedback con-
trol law u(t) that minimizes, for the worst-case of the process disturbance w(t)
and the initial condition x, the mean energy of z(t), with respect to the un-
certain parameters, by using the available knowledge on the reference signal,.
We, therefore, consider, for a given scalar v > 0, the following performance
index:

JEéE{/ IIZ(t)II2dt—72/ lw(t)|[Pdt} + E{a" (T)Pra(T)}
0 0

—7?||zo| %=1, R >0, Pr>0. (4.2)

Similarly to [98] we consider three different tracking problems:

1) Stochastic H.-tracking with full preview of r(¢) : The tracking
signal is perfectly known over the interval ¢ € [0, T].

2) Stochastic H.-tracking with zero preview of r(¢) : The tracking
signal is measured on line i.e at time ¢, r(7) is known for 7 < ¢.

3) Stochastic H, finite-fixed preview tracking of r(t) : The tracking
signal r(t) is previewed in a known fixed interval i.e 7(7) is known for 7 < t+h
where h is a known preview length.

In all three cases we seek a control law u(t) of the form

u(t) = Hy(t)x(t) + H,(t)r(t), (4.3)

where H,(t) is a causal operator and where the causality of H,(¢) depends on
the information pattern of the reference signal.
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For all of the above three tracking problems we consider a related linear
quadratic game in which the controller plays against nature. We, thus, con-
sider the following game:

Find w*(t) € L*([0,T);RP), u*(t) € L*([0,T);R") and zj € R" that
satisfy:
Je(r,u*,w,x0) < Jp(r,u*,w*, xf) < Jg(r,u, w*, ), (4.4)

where w*, x§ and u* are the saddle-point strategies and r(t) is a fixed signal
of finite energy.

ii) Output-feedback tracking: We consider the following system:

dx = [A(t)x(t) + By (t)w(t) + Ba(t)u(t) + Bs(t)r(t)]dt + F(t)z(t)ds(t),

dy(t) = [Co(t)x(t) + Doy (t)w(t)]dt + H(t)x(t)d((t) + n(t)dt,

z(t) = C1(t)x(t) + D1a(t)u(t) + D1s(t)r(t)

(4.5)
where y(t) € R* and where we note that the measurement matrix is con-
taminated with a zero-mean real scalar white noise process H(t)((t), where
E{d¢(t)*}=dt, E{dB(t)d((t)} = 0. For simplicity, the stochastic uncertainty
is removed from the input matrix. Similarly to the state-feedback case we
seek a control law u(t), based on the information on the reference signal r(¢),
that minimizes the tracking error between the the system output and the
tracking trajectory, for the worst case of the initial condition xg, the process
disturbances w(t), and the measurement noise n(t). We, therefore, consider
the following performance index:

T
Jo(ryu, w,n, xg) = Jp(r,u,w, xg) — 72E{/ ||n(t)\|2dt}7 (4.6)
0

where Jg is given in (4.2). Similarly to the state-feedback case we solve the
problem for the above three tracking patterns. We seek a controller u(t) €
L2([0,T); RY) of the form (4.3) where our design objective is to minimize

max.Jo (r, u, w, n, zo) Yw(t) € L*([0,T); R?), n(t) € L*([0,T); R?), z, € R™.

For all the three tracking problems we derive a controller w(t) which plays
against its adversaries w(t), n(t) and zg.

4.3 The State-feedback Tracking

We consider the following Riccati-type differential equation:
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~Q = QA+ ATQ++72QBBIQ + CTC, — STR™'S + FTQF.
Q(T) = Pr

where

(4.7)

R=R+GTQG, S§=BIQ+aG"QF + DLC,. (4.8)
The solution to the state-feedback tracking problem is obtained by the fol-

lowing :

Theorem 4.1. Consider the system of (4.1) and Jg of (4.2). Given v > 0,
the state-feedback tracking game possesses a saddle-point equilibrium solution
iff there exists Q(t) > 0,Yt € [0, T)] that solves (4.7) such that Q(0) < v*R™1.
When a solution exists, the saddle-point strategies are given by:

x5 = (VR = Qo)~'6(0)
w* =~ Bl (Qz + 0) (4.9)
u* = —RY(BTQ + DT,Cy + aGTQF)x + DL, Dysr + BT6,]

where w*, xf and u* are the maximizing and minimizing strategies of nature
and the controller, respectively, and where

0(t) = —AT0(t) + B,r(t), te€[0T], 6(T) =0, (4.10)
with
A= A— ByRY(DLCy +aGTQF) + (v 2B,BT — BR™'BT)Q (411)
B, = STR™' DY, D15 — (QBs + CT Dy3), '
and where 0. = [0(D)]+ (i.e the causal part of 0(+)) satisfies:
0c(1) = —AT(1)0c(7) + B (T)r(r), t<7<ty,
t+hif t+h<T
tr— i (4.12)
T if t+h>T
Hc(tf) =0.
The game value is then given by:
- T
Tt a)= J0) + B{ [ IBEO- IRy (413)
0

where [0]_1 = 0(t) — 0.(t), Vt € [0, T] is the anti causal part of 0(¢) and
where

T T T
J(r)= / 1 Dyr| P+ 2 / BT 0)2dt - / 1R Y2(BY0 4+ DTy D) | Pt
0 0 0
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T
+2/ 0" Byrdt + v 2(10(0)|[3, (4.14)
0
with
Py =R~ —y72Q(0)] . (4.15)

Proof: Sufficiency Let Q(t) be a solution of (4.1) such that
Q(0) < ¥R, Considering (4.1) and applying Ito formula to o(t,z(t))
= (x(t),Q(t)x(t)), and taking expectation for every T > 0 we obtain:

T T )
0=FE{ /O d{a"(tQ()a(t)} —2(T) Pra(T)}+25Q(0)xo :E{/éw(t), Q(t)x(t))dt}
T
+2B{ [ (Q()x(t), A(t)x(t) + Bi(t)w(t) + Ba(t)u(t) + Bs(t)r(t))dt}

+B{ [ Tr{QM[F()z(t) GHu)]PIF(t)z(t) Gt)ut)]}dt} +2f Q(0)zo

A |lal. . . .
where P = [a (f] is the covariance matrix of the augmented Wiener process

vector col{f3(t), ¢(t)}. Now,

=z (O FT(H)QM)F(t)x(t) + 2azT () FT () Q)G (t)u(t)
+ul ()GT(H)Q)G(t)u(t)

Using the above derivation and adding the zero sum of

T T T T
E{/o |\w<t>|\2dt}—E{/0 \|w<t>||2dt}+E{/0 ||z<t>\|2dt}—E{/0 2(6)|[2dt)

we obtain after completing to squares for w(t):

T .
0= E{/O [T (H[Q() + QOA() + AT()Q() + FT(HQ()F(t)
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Q) By () BT (1 Q(0) (1)t} + 2 / )[Ba (t)u(t) Ba(t)r (D]t}
+E{/O 121 + v (lJw]|* + [|w — v > Bf Qz|]*)dt — «(T)" Pra(T)}
T
+E{ /0 2ax” () FT(1)Q()G(t)u(t) +uT (1)GT (1)Q(H)G(t)u(t)dt} + xf Q(0)x.

T T
_B{ / 2(t)|[2dt + E / 1ICL (0)x(t) + Daa(t)u(t) + Das(t)r(t)| Pt}
0 0

Completing to squares for u(t), we obtain:

0= E{/O {=1lzO1 +7*([lw®I* = [lw(t) =+~ BY (HQ()=(1)[]*) }dt}

B / [8(0)|1%, + | Das(t)r(t) Pt — 2(T)T Pra(T)}

T

R2E{| (z7()[Q(t) Bs(t)+CY () D1s(t)]+u"(£) DYy (t) Dis(t)r(1))dt}+25Q(0) o

0

a(t) = u(t) + R1S(t)x(t). (4.16)
Adding Jg(r,u,w,zg) of (4.2) to the above zero quantity we obtain:

Te = =Pllanlfa + B[ (o) + R S0(01 + Do)

+227 (1)Q(1)Bs(t) + CF (t) Dis(t)]r(t) }dt + E{a™ (T)Pra(T)}

128{ / RS (8)2(t))T DYy (6) Das(t)r ()}
where
a(t) = w(t) — BT ()Q0)x(1). (4.17)

Next we add the following identically zero-term to the above Jg, where we
apply the Ito lemma:

0=25{ / 407 (8)2(8)dt} — 2[07(0)2(0)] =2B{07 (T)2(T)} — 267 (0)(0)

1207 (0)2(0) = 2B{ / 67 (1) (t)dt) + 2B / 0T (O {A)2(t) + By ()i (t)

+Ba(t)a(t) + Bs(t)r(t)ydt} + 207 (0)x(0)

where 0(t) and A(t) are defined in (4.10) and (4.11), respectively, and satisfy
the following:
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dz=A(t)z(t) + B(t)d(t) + Ba(t)a(t) + Bs(t)r(t)|dt + F(t)z(t)d(t)
YA a)AC() — GO R SzdC () = A(t)a(t) + By (t)w(t) + Ba(t)u(t)
FBy(t)r(8))dt + F(D)z(t)dB(t) + G)u(t)dC(t).

By another completion to squares with respect to 4(t) we obtain:

Jg = —7*||zo — 7*2P09(0)II?3071 +726(0)] I3,
T T
~?B{[ lllo— 2 *BTOIPdt) +4 B[ 11BTo|Par)
0 0
T . T
+B{[ IR {0+ BN (BF0 + DE D)) Pat) — B [ 1R BT el Par)
0 0
0 . — —_ A~
+2F{ / [0+ AT0+[QBs+CID13-ST R DL, Dy3)r)" adt - +E{2™ (T) Pra(T)}
T
T . T
—E{/ 207 (ByR™' DI, D13 — B3)rdt} +E{/ ||Dy3r||?dt}
0 0

T
—E{/ |R=Y2DL, Dygr||dt}.
0
Denoting next:
g =7 2PR0(0) = [v*R™1 = Q(0)]16(0) (4.18)

and considering (4.10), (4.16) and (4.17) and the above Jg can be rewritten
as:

T
T, w,20) = =00 = ol = B[ [lw =2 2B (@ + )] Pt}
0

T
+EB{ / |RY2[u+ R~ 8Ta+R~Y(BY 04+-DT, Dysr)]| | dt}+J (r +E{z(T) Pra(T)}
0

(4.19)
where J(r) is given by (4.14) and is independent of u, w and zo. Applying
the fact that Py > 0 and that the admissible control signal u(t) is based
on the state measurements up to 7 = ¢t + h , a saddle-point strategy for
the tracking game is readily achieved. Considering (4.9), [f]— and the above
Jr (see Chapter 9 about the minimization of quadratic functionals under
causality constraints), we obtain:

T
Te(r, " w,m0) == leo ol —*EL [ w7 Bf (@u+0) )
0
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+E{/O IBY2BT0] )| 2dt} + J(r) < Ju(r,u®,w",z). (4.20)

On the other hand, considering (4.9) and [f]_ we obtain:

T
T (1, w*, 75 :E{/ |BY2[u+ RL§T 2+ R1(BT0 + DT, Dgr)]||2dt}
0

+J(r) = Jp(r,u, w*, xf). (4.21)

Necessity The saddle-point strategies provide a saddle-point equilibrium also
for the case of r(t) = 0. In this case, one obtains the problem of stochastic
state-multiplicative noisy state-feedback regulation game for which the con-
dition of Theorem 4.1 is necessary [24], [86], [59].
If there exists a solution Q(t) = QT (t),Vt € [0,7] that solves (4.7) with
the condition of Q(0) < v2R~!, we obtain the following control strategies:
O

Corollary 4.1. Stochastic H,.-Tracking with full preview: In this case
0(t) is as in (4.10) and the control law is given by:

u=K,r+ K,r+ K0,

where

K, = —R™Y(BIQ+ DL,C, +aGTQF),

K, = —R™'D},Dy3, (4.22)
and

Ky=—-R'BT.

Furthermore, Jg(r,u*, w*,z%) of (4.4) coincides with J(r) of (4.14).

Corollary 4.2. Stochastic H.,-Tracking with no preview: In this case
the control law is given by:

u=K,r+ K,r, (4.23)

and the existence of (4.4) is guaranteed where
T ~ —
Tetrut i) = B[RO BL 6P} + 0)
0

where 0(-) and J(r) satisfy (4.10) and (4.14), respectively.

Corollary 4.3. Stochastic H,,-Tracking with finite fixed-preview: In
this case the following control law is obtained:
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uw=K,x+ K.r+ Kgb,, (4.24)

where K,, K, and Ky are defined in (4.22) and 6. is given by (4.12). The
above controller achieves (4.4) with

T
Tn(ru* wt,@3) = J(r) + E{ / 1BV2 BT 6] |t}
0

and where J(r) is defined in (4.14). The latter is obtained since at time t, r(t)
is known for t € [t min(T,t+ h)].

Remark 4.1. The general case, where a multiple set of correlated stochastic
uncertainties appear in both the dynamic and the input matrices, can be
readily solved by extending the results of Theorem 4.1. The proof outline
of Theorem 4.1 in the later case is essentially unchanged. We bring below
a simplified case which will be used in the infinite-horizon, stationary state-
feedback tracking. We consider the following system:

dr = [A(t)z(t) + By(t)w(t) + Ba(t)u(t) + Bs(t)r(t)ldt + [F()dB(t)
FE(#)dC(1)]2 () + Gtu(t)dC (1), (4.25)
Z(t) = Cl (t)x(t) + D12(t)u(t) + D13(t)7’(t),

where the variables ((t) and ((t) are zero-mean real scalar Wiener processes
with the same statistic as above.

Note that the Wiener process of ((t) appears in both, the dynamics and
the input matrices. In the above case, we obtain the results of Theorem 4.1
where FTQF in (4.7) is replaced by FTQF + FTQF + 2a[FTQF + FTQF),
and aGTQF is replaced by aGTQF + GTQFE in S, u* and A of (4.8), (4.9)
and (4.11), respectively. The results of Corollaries 4.1-4.3 are also retrieved
when the latter changes are made in K, of (4.22).

4.3.1 The Infinite-horizon Case

We treat the case where the matrices of the system in (4.1) are all time-
invariant, T tends to infinity and the system is mean square stable. Since
(4.7) is identical to the one encountered in the corresponding state-feedback
regulator problem (where 7(t) = 0)[24], [86], the solution Q(¢) of (4.7), if
it exists, will tend to the mean square stabilizing solution (see [23]) of the
following equation:

QA+ ATQ+~2QB,BTQ+CTC, —STR'S+ FTQF =0,  (4.26)

assuming that the pair (IICy, A — BoR™'DT,C), =1 - DR 'DE s
detectable (see Theorem 5.8 in [23]). A strict 1nequahty is achieved from (4.26)
for (w(t), z,) that are not identically zero, iff the left side of (4.26) is strictly
negative definite (for the equivalence between (4.26) and the corresponding
inequality see [59]). The latter inequality can be expressed in a LMI form in
the case where @ = 0 and DL,C; = 0. We arrive at the following result:
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Theorem 4.2. Consider the system of (4.1) and Jg of (4.2) with constant
matrices, DI,C; = 0 and & = 0. Then, for a given v > 0, there exists a
strategy u* that satisfies Yw(t) € L?([0,0); RP), =, € R",

Jp(ru*,w,xz0) < J(r) + E{/ \|IR=Y2BT6)_||?dt},
0

where

j(r):E{ ||D137“|| dt}+7’2E{/ 1B 6]*dt} — E{/ 1Ry (BY 6

+D{yDy3r)||2dt} + 2E{/ 0" Byrdt} +~2]10(0)||3,, (4.27)
0

iff there exists a positive-definite matriz P € R™ ™ that satisfies the following
LMI:

AP 4 PAT — ByR'BI B, PCT B,GT PFET
* -2, 0 0 0
ns x w1 0 0 | <o.
* x x —(P+GR'GT) 0
* * * * —P

(4.28)

Proof: The inequality that is obtained from (4.7) for & = 0 and DL,C; =0
is
QA+ ATQ +~72QBBFQ+cfo, - STR™'S+ FTQF <0,
where S = BIQ.
Denoting P = Q !, we multiply the latter inequality by P from both sides
and obtain:

AP+ PAT +472B,BT + PCTC1P — ByR™'BY + PFTP™'FP <0,

where R = R+ GTP~1@.
Since

(R+G PGy = RV + RV2GTP'GR V2| '\ R™1/2,
we obtain, using the matrix inversion lemma, the following equality:
[T+ RVGTPIGRA L = [ V26T PG R A
RTV2GTPIGR™V2)!

Using the latter, together with the identity o[l + Ba]™! = [I + o8] ta, we
readily obtain the following inequality:
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AP+ PAT 4+ ~472B,BT + PCTC P — BoR™'BT + B,GT [P+ GR™'GT]!
GBY + PFTP'FP <.

By using Schur’s complements formula, the latter inequality is equivalent to
(4.28)
O

Remark 4.2. In the general case, where DI,C # 0, a simple change of vari-
ables (see [57], page 195) can be readily used. Denoting:

A=A—-ByR VDL,

U=1u-+ Rfl/zDng,

and o R
CTCy =TI - DR 'DL)C,

we consider the following mean square stable system:
dx = Axdt + Bywdt + Byudt + Bsrdt + [Fdf — Gd(]x + Gaud(,

0
1

¢
z = T+ u.

Note that this system possesses multiple uncertainties which can be readily
tackled using the arguments of Remark 4.1 with & = 0.

4.4 The Output-feedback Tracking Control

The output-feedback problem is solved along the lines of the standard so-
lution [57], where use is made of the state-feedback solution of Section 4.3,
thus arriving at an estimation problem to which we apply an auxiliary BRL,
which is partially derived from the state-feedback solution. We first bring the
following BRL solution.

4.4.1 BRL for Systems with State-multiplicative Noise and
Tracking Signal
We consider the system:

dx = [A(t)z(t) + B1(t)w(t) + Bs(t)r(t)]dt + F(t)z(t)dS(t), z(0) = xq,
Cl (t)l‘(t) + D13(t)7‘(t),

N
—
~
=
I

(4.29)
which is obtained from (4.1) by setting Ba(t) = 0 and D12(t) = 0. We consider
the following index of performance:
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T5(r,w, o) E{/ (1)][2dt} — W’QE{/ [w(®)|dt} —~2||zoll3r, R >0,

(4.30)
which is obtained from (4.2) by setting Pr = 0. We arrive at the following.

Theorem 4.3. Consider the system of (4.29) and Jp of (4.80). Given v > 0,
Jp of (4.80) satisfies Jp < J(r,€) Yw(t) € L*([0,00); RP), z, € R™, where

T T
Jir,) = BY / | Dusr|Pde} + 2B / |BT6|[2dt)

T
2B / 67 Byrdt + [|6(0)]2, ). (4.31)
0

iff there exists Q(t) > 0,¥t € [0,T)] that solves the following Riccati-type
equation:

~Q = QA+ ATQ+~*QBBIQ + CTCy + FTQF,  Q(0) =1*R™ <,

(4.32)
for some € > 0, where
d(t) = —ATa(t) + Bor(t), te[0T], (T) =0, (4.33)
and where
A=A+~2BBfQ, B,=-[QBs+ClIDis). (4.34)

Proof: The condition of the BRL does not involve saddle-point strategies
since u(t) is no longer an adversary. The sufficiency part of the proof can,
however, be readily derived based on the first part of the sufficiency proof of
Theorem 4.1, up to equation (4.19), where we set By(t) = 0 and D12(t) = 0,
and where we take Pr = 0. Analogously to (4.19) we obtain the following:

T
T (r,w, ) = =*||wo — Fol[} 1 — 2E{/ [lw =72 B (Qu + 0)||dt},
0

where we replace 6, Q by 6 and Q, respectively and where

Py=[R™' —y72Q(0)] " (435)

Fo=~"2Py0(0) = [y*R~1 — Q(0)]16(0)
The neccesity part follows from the fact that for r() = 0, one gets J(r,e) =0
(noting that in this case § = 0 in (4.33) and therefore the last 3 terms in
(4.31) are set to zero) and Jp < 0. Thus the existence of ) > 0 that solves
(4.32) follows from the necessary condition in the stochastic BRL [24], [86],
[59]. O
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Remark 4.3. Note that the choice of ¢ > 0 in Q(0) of (4.32) reflects on both,
the cost value (i.e J(r,€)) of (4.31) and the minimum achievable ~. Choosing
0 < € << 1 causes the cost of J(r, €) to increase while the solution of (4.32) is
easier to achieve the result of which is a smaller . The choice of large €, on
the other hand causes the reverse effect, which leads to a larger ~

4.4.2 The Output-feedback Control Solution

Due to the special structure of the stochastic uncertainty in the system of
(4.5), the solution of the output-feedback control problem can not be obtained
by applying saddle-point strategies but rather as a max-min problem. We
consider the system of (4.5) and we assume that (4.7) has a solution Q(t) >
0 over [0,7]. Using the expression of (4.19) for Jg(r,u,w,z) in the state-
feedback case, the index of performance turns to be:

T
Jo(rauaw7nax0) = _72H1‘0 - 'GAUOHQPO*1 - ’YQE{/ Hw - 7723?(Q$ =+ 0)||2dt}
0

+B{ / [+ R 5Tt R N (BT 64D, D) Bt 1T (r) B / n(t)| 2t}
’ ’ (4.36)

where J(r) is defined in (4.14) and where we take G = 0 in both R and S of
(4.8). We also note that in the full preview case [6(t)]+ = 6(¢).

We define:
w(t) = w(t) — w(t),
a(t) = u(t) + R-1[DT,Dyyr + BT, (4.37)
where w*(t) is given in (4.9). We obtain:
T
Jolr,u,w,m,20) = —llan — dolfs+ = 2B [ ol Pt}
0
+E{/ IBY2[0 + Cual|2dt} + J(r 2E{/ In(t)|[2dt},
and R
C1 = R7YBYQ + DLcy), (4.38)

where Py is defined in (4.15).
We seek a controller of the form
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We, therefore, re-formulate the state and measurement equations of (4.5) and
we obtain:

dr = [Z(t)x(t) + By (t)w(t) + Ba(t)u(t) + 7(t)]dt + F(t)x(t)dB(t),

4.39
dy = (Cy + v 2D B{ Q)xdt + Hxd( + ndt + v~ 2D2; BT 6, ( )

where

sl

(t)=A+~y2B.BlQ,

R . (4.40)
f(t) = [Bg — BQRilD{leg]T — [BQRilBQT — ’}/72313?}0
We consider the following Luenberger-type state observer:

di(t) = Az(t)dt + L[dy — Co2(t)dt] + g(t)dt, 2(0) =0,
2(t) = Cri(t), (4.41)
Cy = Cy + 72Dy BTQ,

where
y=y—7 2DuBT0, and g(t) = Bou(t) + 7(t). (4.42)

We note that
dij = Cox(t)dt + Ha(t)dC (t) + Doywdt + n(t)dt.
Denoting e(t) = z(t) — #(t) and using the latter we obtain:
de(t) = [A — LCy)e(t)dt + Bo(t)dt + [FdB(t) — LHAC(t)]z(t),
where we define
o) 2 [@T(t) nT(#)", and B=[Bi LDy — L.
Defining £(t) = [#7(t) €T (t)]T and 7(t) = [rT(t) 6T (¢)]*, we obtain:

de(t) = [Adt + FdB(t) + Hd((t)]E(t) + Bub(t)dt + Bsr(t)dt,

§1(0) = [z7(0) =" (0)]", (4.43)
Z(t) = Ché(),
where
i A— B,(y 73201 5 B 0 - _[FoO
0 A-LCy| By — LDy —L |’ Fol|’
- lo ’ L CT = OA By = | P Pl (4.44)
—LH 0 cr 0 0
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where 33711 é Bg — BQRilD?QDlg and B3712 é BQf%ilBg1 — ’772B1B?. Ap—
plying the results of Theorem 4.1 and Remark 4.1 to the system (4.43) with
the matrices of (4.44a-e), we obtain the following Riccati-type equation:

P = PAt AT A2 PBETP + CTCy + FTPE 1 HTPA,
where
Y2R™Y — Q(0) — eI +0.5v3pI —0.59°pl

P(0) = ) )
—0.5vpl 0.5v°pI

] ,€>0, p>>1. (4.45)

The initial condition of (4.45) is derived from the fact that the initial condition
of (4.43) corresponds to the case where a large weight of say, p >> 1, is im-
posed on Z(0) to force nature to select e(0) = z(0) (i.e £(0) =0) [44], [57]. In
the case where the augmented state-vector is chosen as £(¢) = [27(t) 27 (#)]7,
the initial condition of Py of (4.45) would satisfy, following (4.32),

V2R-1—Q(0) 0 I 0
+ ,
0 v2pI 0 —0.5v%pI

P(0) =

where 72R~! — Q(0) is the initial weight and where the factor of 0.5 in
—0.57%pl is arbitrarily chosen such the (2,2) block of P(0) is positive defi-
nite. The above P(0) can be readily transformed to account for the augmented
state-vector of (t) = col{z(t), e(t)} by the pre- and post- multiplication of

10
, the

N
the above matrices, with Y7 and 7, respectively, where T = I

result of which is the initial condition of (4.45).

The solution of the (4.45) involves the simultaneous solution of both P(t)
and the filter gain L and can not be readily obtained due to mixed terms
of the latter variables in (4.45). Considering, however, the monotonicity of P
with respect to a free semi-positive definite term in (4.45) [59], the solution
to the above Riccati-type equation can be obtained by solving the following
Differential Linear Matrix Inequality (DLMI):

P+ ATPy PA+ FTPF PB, CT ATP

_~2 ~
rp) 2 ’ Ve 000 g P,
* * -1, 0
* * x —P
(4.46)

with P(0) of (4.45) and where we require that Tr{P(7)} be minimized at each
time instant 7 € [0, 7.

Recently, novel methods for solving both difference (for the discrete-time case)
and DLMIs have been introduced in [99] and [44], respectively. Applying the
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method of [99], the above DLMI can be solved by discretizing the time interval
[0, T into equally spaced time instances resulting in the following discretisized
DLMI [99] :

Pk_H7Pk+§(A£Pk+PkAk)+§FEPka pkél,k C'lj:k ngk

* I 0 0
Y p+ <0,
* * -, 0
* * x —£1D,
(4.47)

where k = 0,1,.., N — 1 and where A :A(tk), Bl,kzél(tk), C’l,k:él(tk),
Hk = H(tk), and Fk = F(tk) with {ti, 1= O, N — ]., tN = T, to = 0} and

A
tiy1 —ti==N"'T,i=0,..N —1. (4.48)

The discretized estimation problem thus becomes one of finding, at each
ke [0, N—1], P.i1 > 0 of minimum trace that satisfies (4.47).

The latter DLMI is initiated with the initial condition of (4.45) at the
instance k = 0 and a solution for both, the filter gain Lj, and [:’k+1 (i.e Py and
Lg) is sought for, under the minimum trace requirement of Pk+1- The latter
procedure repeats itself by a forward iteration up to k = N — 1, where N is
chosen (and therefore 1/€) to be large enough to allow for a smooth solution
(see also [99]).

We summarize the above results, for the full preview case, by the following
theorem:

Theorem 4.4. Consider the system of (4.5) and Jo of (4.6). Given v > 0
and € > 0, the output-feedback tracking control problem, where r(t) is known
a priori for all t < T (the full preview case), possesses a solution iff there
exist Q(t) > 0, Vt € [0,T)] that solves (4.7) such that Q(0) < >R~ and
P(t) that solves (4.45) Vit € [0,T] starting from the initial condition of (4.45),
where R is defined in (4.2). If a solution to (4.7) and (4.45) exist we obtain
the following control law:

s (8) = —Ca(0)2 (1 (4.49)
where Z(t) is obtained from (4.41).

In the case where 7(t) is measured on line, or with preview h > 0, we note
that w(t) which is not restricted by causality constraints, will be identical to
the one in the case of the full preview. This stems from the fact that in (4.19)
the optimal strategy of u* leads to (4.20) where [0]_ is not affected by w. We
obtain the following:

Corollary 4.4. H., Output-feedback tracking with fized-finite preview of r(t):
In this case:
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U‘Of(t) = 701 [:E}-'ra

where N .
d[z]+ = [A+ LColidt + Ld[gly + [g(t)]+dt,
[9(t))+ = Byt + [Bs — BoR™ ' D, Dslr — [BoR™'BS — 42 BB (6],
dlgly = dy — "' Doy BY [6]4.

Corollary 4.5. Ho, Output-feedback tracking with no preview of v(t): In this
case [0(t)]+ =0 and R

Uof (t) = —Ch[d]+,
where _ .

d[#]+ = [A+ LCy)&dt + Ly + [g(t)] 4+ dt,

[9(t)]+ = Boti + [Bs — BoR™ DL, Dy3)r.

4.5 Example

We consider the system of (4.1) with the following objective function:
T
J = limT_on{/ (||Cx — 7||* 4 0.01]|u||* — 7?||w]|[*)dT}
0

where there is an access to the states of the system, where

0 1 00 1
A= [—1 —0.4}’F_ [0 —0.1}’ Bi= [—1} ’

Bzz[(l)], Bgzm and C'=[-0.50.4].

and where G = 0. The case of h = 0 can be solved using the stochastic solution
of [56] where 7, is considered as a disturbance. The disturbance vector wy, is

A
augmented to include a finite-energy adversary rj namely, Wy = col{wy, 71}
Using the notation of the standard problem [57], we define

11 0-1 0
Bl— |:_10:|7D11— |:0 0:| aHleg— |:1:|

We obtain a minimum value of v = 2.07 for the latter solution. Using the
results of Theorem 4.2, we obtain vy, = 1.06. We compared the two solutions
for v = 2.1 and we obtained for the standard solution of [56], the control
law u(t) = Kyx(t) where K, = [-500.65 — 53.01]. For our solution, using
Corollary 4.2, the resulting control law is: u(t) = [-16.10 —14.62]x(t), K, =
0. In Figure 4.1 the average tracking error (Cz(t) — r(t)), with respect to the
statistics of the multiplicative noise, is depicted as a function of time for
r = sin(t). The improvement achieved by our new method is clearly visible.
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25 T T T T T T T T

Average Tracking Error

Time (sec)

Fig. 4.1. Comparison between the tracking errors obtained in the standard solution
(dashed lines) and by the new method (solid lines) for r = sin(t), measured on- line.

4.6 Conclusions

In this chapter we solve the problem of tracking signals with preview in the
presence of white-noise stochastic parameter uncertainties in the system state-
space model. Applying the game theory approach, a saddle-point tracking
strategy is obtained, for the state-feedback case, which is based on the perfect
measurement of the system state and the previewed reference signal. The
performance index that corresponds to the tracking game includes expectation
over the statistics of the stochastic uncertainties in the system state-space
model. The game value depends on the reference signal and is usually positive.

The state-feedback problem was first solved for the finite-horizon time
varying case, where a nonzero correlation between the unknown parameters
in the input and the dynamic matrices was allowed. The latter result has been
extended to the time-invariant case with an infinite horizon. The problem of
determining whether there exists a solution to the problem that guarantees
a prechosen attenuation level became one of solving a single LMI, which can
be obtained for the general case (i.e regardless of the possible orthogonality
of DI,C1). The general case requires, however, a simple re-formulation of the
state equations which is readily implementable.
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Similarly to the solution of the output-feedback control problem of Chapter
2, extension of the results of the state-feedback solution to the case where there
is no access to the system states causes an error in the estimate of the system
state, that depends not only on the past values of the error but also on the
value of the state.

The solution of output-feedback tracking problem is, carried along the lines
of the standard solution for both, the deterministic case [57] and the stochastic
case [43], where we first apply the state-feedback solution to arrive to an
estimation problem. The latter problem is solved by applying an auxiliary
BRL which is solved as a max-min problem.



5

Continuous-time Systems: Static
Output-feedback

5.1 Introduction

The static output-feedback problem has attracted the attention of many in
the past [5], [111] and [100]. The main advantage of the static output-feedback
is the simplicity of its implementation and the ability it provides for design-
ing controllers of prescribed structure such as PI and PID. An algorithm has
been presented recently by [62], which under some assumptions, is found to
converge in stationary infinite horizon examples without uncertainty. A suf-
ficient condition for the existence of a solution to a special case of the static
output-feedback problem has been obtained in [20]. This condition is, in some
cases, quite conservative.

A necessary and sufficient condition for the existence of a solution to the
problem without uncertainty in terms of a matrix inequality readily follows
from the standard Bounded Real Lemma [57]. It is, however, bilinear in the
decision variable matrices and consequently standard convex optimization pro-
cedures could not be used in the past to solve the problem, even in the case
where the system parameters were all known. Various methods have been
proposed to deal with this difficulty [92] [72].

In the present chapter, we extend the work of [100] that considered the Hs
and the H,, static control problem in the absence of stochastic uncertainties,
to the case where there exist stochastic white noise parameter uncertainties in
the matrices of the state-space model that describes the system [51]. We ap-
ply a simple design method for deriving the static output-feedback gain that
satisfies prescribed Hy and H. performance criteria. Since a constant gain
cannot be achieved in practice and all amplifiers have some finite bandwidth,
we add, in series to the measured output of the system, a simple low-pass
component with a very high bandwidth. A parameter dependent Lyapunov
function is then assigned to the augmented system which is obtained by incor-
porating the states of the additional low-pass component into the state space
description. This function does not require a specific structure for the matrix
that corresponds to the states of the original system and a sufficient condi-

E. Gershon et al.: Hoo Contr. and Est. of State-multipl. Lin. Sys., LNCIS 318, pp. 75-86, 2005.
© Springer-Verlag London Limited 2005
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tion is then obtained adopting a recent LPD (Linear Parameter Dependent)
stabilization method that has been introduced in [91].

Static output-feedback is applied in many areas of control engineering
including process and flight control. In the latter, designing flight control sys-
tems, engineers prefer the simple and physically sound controllers that are
recommended as recipe structures [81], [8]. Only gains are included in these
simple structures and the closed-loop poles are thus obtained by migration
of the open-loop poles that have a clear physical meaning. In Chapter 11 we
apply the theory of the present chapter to an altitude control example where
the effect of the height on the Radar signal to noise ratio is modelled as a
state-multiplicative noise.

5.2 Problem Formulation

We consider the following linear system

dx = [Az(t) + Bi(t)w(t) + Bou(t)|dt + Dz(t)ds(t) + Gu(t)d((t), x(0) = zq
dy = (Cex + Dyyw)dt + Fady

(5.1)
with the objective vector

2(t) = Cha(t) + Digu(t) (5.2)

where x € R" is the system state vector, w € R? is the exogenous disturbance
signal, u € R’ is the control input, y € R™ is the measured output and
z € R" C R"™ is the state combination (objective function signal) to be
regulated and where the variables §(¢) and ((t) are zero-mean real scalar
Wiener processes that satisfy:

E{B(1)} =0, EC(t)} =0, E{A(t)* =dt, E{((t)*=dt, E{dB(t)d((t)} =0,
E{dv(t)} =0, Efdv(t)? =dt, Bldv(t)dC(t)} =0, Eldv(t)dB(t)}=odt, |o|< 1.

Note that the dynamic and measurement Wiener-type processes are corre-
lated. The latter correlation was also considered in the case of filtering of the
above system in Chapter 3. The matrices in (5.1), (5.2) are constant matrices
of appropriate dimensions.

We seek a constant controller of the following form:

u= Ky (5.3)

that achieves a certain performance requirement. We treat the following two
different performance criteria.
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e The stochastic Hs control problem : Assuming that w is a realization
of a unit intensity white noise process and that either Dy; = 0 or D15 = 0,
the following performance index should be minimized:

A -
J2 = E{|[z()I13,}- (5.4)
e The stochastic H,control problem: Assuming that the exogenous
disturbance signal is energy bounded, a static control gain is sought which,
for a prescribed scalar  and for all nonzero w € L?([0, 00); RY), guarantees
that J., < 0 where

T 2112012, - Plw®I2,. (5.5)

Instead of considering the purely constant controller (5.3) we consider the
following strictly proper controller

dn = —pndt + pdy, n(0) =0, u=Kn (5.6)

where n € R™ and 1 << p is a scalar much larger than the open-loop and the
desired closed-loop bandwidths. The latter controller is introduced in order to
facilitate the convexity of the design method below. It represents, however, the
actual situation where ‘constant’ gains are achieved in practice by amplifiers
of finite bandwidths.

Augmenting the system (5.1) to include the states of (5.6) we define the
augmented state vector £ = col{x, n} and obtain the following representation
to the closed-loop.

d¢ = [A¢ + Buwldt + DEdS + GEdC + Fédv,  €(0) = col{xq, 0}

- 5.7
. = O (5.7)
where:
o[ A BK] ~a[D0] ~a[0G] ~a[00
12 e, S ) o2 [00] o2 05 72 [oea]
BA{Bl} and C 2 [C) DK ]. (5.8)
pD2y

5.2.1 The Stochastic H, Control Problem

Applying to (5.7) the derivation of the stochastic Ha control results [105], we
obtain that Jy < §2 for a prescribed scalar § if there exists a positive definite
solution Q of the structure (5.10) and H € R9%9 to the following LMIs that
are derived in the proof for Theorem 5.1 below.
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QAT + AQ QCT Q(D + o F)T QGT 6QFT
* —1I, 0 0 0
* * —Q 0 0 <0
* * * —Q 0
* * * * 7(2
H BT 9
[B O } and Tr{H} < ¢°. (5.9)
where we consider the following structure for Q
5_[ @ CQTQ}
= A A~ 3 5.10
=42, 5 (5.10)
where & = (1 — 02)%® and where the parameter « is a positive scalar tuning

parameter. We obtain the following result.

Theorem 5.1. Consider the system of (5.1). The output-feedback control law
(5.6) achieves a prescribed Hy-norm bound 0 < 4, for some 1 << p, if there
exist Q € R™", Q € R™ ™ Y € RX™ and H € R that, for some
tuning scalar 0 < «, satisfy the following LMIs:

I'(1,1) '(1,2) I'(1,3) QDT opQFT CTQGT 0 0 QFTps ]
x  1(2,2) 1'(2,3) QCoDT 0QC,FT aQGT 0 0 QCoFTpo
* x =21, 0 0 0 0 0 0
* * * -Q -CcfQ 0 0 0 0
* * * * —a@) 0 0 0 0 <0,
* * * * * —Q —CzTQ 0 0
* * * * * * —aQ 0 0
* * * * * * * *Q *C2TQ
| * * * * * * * * —aQ
H BT pDI,
* Q CTQ|>0, and Tr{H} <& (5.11)
* x aQ
where B
I'(1,1) = AQ + QAT + CTYTBT + B, Y (s,
I'(1,2) = aB,Y + pQCT + ACTQ — pCTQ,
I'(1,3)=Qct + cTYTDE,
(2,2) = =2paQ + p(QC203 + C205'Q),
'(2,3) = aYTDL, + QCyCT.
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If a solution to the latter LMIs exists, the gain matriz K that stabilizes
the system and achieves the required performance is given by

K=YQ' (5.12)

Proof: Applying the result of Chapter 3 with a straightforward adaptation
for the Hs case, we obtain the following Riccati-type inequality:

ATP +PA+CTC+ D" PD+FTPF+o[FTPD + DT PF]+GT PG<0
P> 0. (5.13)

Using the definition of & = (1 — 02)%®, the inequality (5.13) is equivalent to
the following
ATP 4+ PA+CTC+ (D +0F)TP(D+ oF) +a*FTPF +GT PG < 0,
(5.14)

since
D'PD+FTPF+6FT"PD4+0DT PF=(D+0F)"P(D+0F)+52FT PF.

Multiplying (5.14) by P~1, from the left and the right, we obtain, denoting
Q = P!, the following inequality:

QAT + AQ +QCTCQ+ QD+ oF)TQ (D + o F)Q + *QFTQ 'FQ
+QGTQ'GQ < 0.
(5.15)
Applying Schur’s complements, (5.15) can be readily rearranged into the
LMI of (5.9). Substituting for A, B and C into (5.9) and assuming that either
D15 or Day is zero we obtain the LMIs of (5.11) where we define Y = KQ.
O

Remark 5.1. In many practical cases amplifiers that produce constant gain
have finite bandwidths and thus the result of Theorem 5.1 for 1 << p, is di-
rectly applicable. It also stands to reason that since for 1 << p the controller
(5.6) has the transference K, at the significant frequency range, the corre-
sponding frequency-independent feedback controller of (5.3) will also achieve
the prescribed Hy—norm. Note, that a good choice for the scalar p is one
which is two order of magnitudes larger than the bandwidth of the system. It
is also noted that a similar practice is adopted in gain-scheduling in the case
where an uncertainty appears in the input or the output matrices, in the state
space model of the system.

Remark 5.2. The structure of Q of (5.10) contains in the (2,2) matrix block
the term «a@). Originally, one could have chosen this block matrix to be an
arbitrary positive square matrix. However, in order to be able to solve feedback
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problem, this matrix should be proportional to Q One could have chosen
a = 1 but then one puts an unnecessary restriction on this second diagonal
block. Note also the over-design entailed in the structure of (5.10), an over-
design that can not be avoided when solving this problem.

Remark 5.3. In the above, it was assumed that either D15 or Doy is zero. This
requirement stems from the fact that if both these matrices are nonzero, then,
by applying the control law (5.3), the disturbance w will have a direct access
to the objective vector z, at the limit where p tends to infinity, which leads
to an unbounded Hs-norm.

5.2.2 The Stochastic H. Problem

The LMIs of Theorem 5.1 provide a sufficient condition for the existence of a
static output-feedback gain that achieves a prescribed Hs-norm for the system
(5.7). A similar result can be obtained if the Ho-norm of the latter system is
considered. Given a prescribed desired bound 0 < v on the H.,-norm of the
system, the inequalities in (5.9) are replaced by the following Bounded Real
Lemma (BRL) condition [59].

ATP+PAPB CT (D+oF)TPGTPFTP

* -1, 0 0 0 0
2
* x —y, 0 0 0 ~
. . . _p 0 0 <0, and P >0.
* * * * -P 0
* * * * ¥ —P

(5.16)
Denoting Q=P landY =K Q, where it is assumed that Q has the structure
of (5.10) and multiplying (5. 16) by dzag{Q, I, I, Q, Q, @}, from both
sides, we substitute for A, B and C into the latter LMI and obtain the
following.

Theorem 5.2. Consider the system of (5.1). The control law (5.6) achieves a
prescribed Hoo-norm bound 0 < vy, for some 1 << p, if there exist Q € R"*",

Q € R™ ™ and Y € RY*™ that, for some scalar 0 < o, satisfy the following
LMIs:

[F(1,1) I(1,2) By I'(1,4) QDT poQFT CIQGT 0 0 QFY
x  I(22) pDayy T'(2,4) QO,DT I'(2,6) aQGT 0 0 112,10
* * =1l 0 0 0 0 0 0 0
* * x =2, 0 0 0 0 0 0
* * * * —Q —CQTQ 0 0 0 0
* * * * * —aQ 0 0 0 0 <0
* * * * * * —Q CQTQ 0 0
* * * * * * * oz@ 0 0
* * * * * * * * —Q —CQTQ
| x * * * * * * % —aQ |
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where ~
'(2,4) = YT DL, +QCCT,
f(2,6) = po’QC’gF ,
[(2,10) = OCoFT ps, (5.17)
and
T
|:Q 02 Q:| >0
* a@)

If a solution to the latter set of LMIs exists, the gain matriz K that stabilizes
the system and achieves the required performance is given by (5.12).

Proof: The proof follows the lines adopted in the proof of Theorem 5.1.

5.3 The Robust Stochastic H, Static Output-feedback
controller

The system considered in Section 5.2 assumes that all the parameters of the
system are known, including the matrices D, G and F. In the present section
we consider the system (5.1) whose matrices are not exactly known. Denoting

2= [ABl BQ Cl D12 D21 D]7

where either Dy or Do is zero, we assume that 2 € Co{f2;, j = 1,..N},

namely,
N

N
0= ijﬂj for some 0< f; <1, ij =1 (5.18)
j=1

Jj=1

where the vertices of the polytope are described by
Q= [A@) BY W) ¢ pli) p D(j>}7 j=1,2..,N.

For every point in (2, say the one that is obtained by Z;vzl fj42; for some

0< f; <1, Z;\le fj = 1 we assign the following linear parameter varying
Lyapunov function

N
Ve =€T(Y_fiPy)e, Py e Rimtmx(mim) 5 g (5.19)
=1

For each vertex of {2 where, for simplicity we consider only the stochastic
state-multiplicative noise of 3(¢), the inequalities of (5.9) can be written as
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Q; 0 0 Q; 0 0 AG) o 0
01, 0 | ADT 4+ A9 | 0 1, 0 | <0, ADZ2|cG) —L. 0
0 0 Q, 0 0Q; DU 0 1L,
and )T
Z BU
5% ] o

where Qj = 15;1, ji=1,2,...,N.
The latter inequalities include products of @; by AU and CY) and they

cannot therefore be solved by standard convex optimization techniques. These
inequalities are ‘convexified’ by the following.

Lemma 5.1. The inequalities (5.20) in Qj and Z are satisfied if the following
LMIs in in T, H € REnH2mtn<(Gnizmin) gng o < @, ¢ Ruvtm)x(ntm)
possesses a solution.

Q; 0 0
FIADT L ADT  —| 0 I, 0 |+T7— AW
0 0 Qj <0
% —-H—-HT
and ~

7 BT
- > 0. (5.21)

* J

Proof : The equivalence between (5.21) and (5.20) is proved using the method
of [91]. If (5.20) holds for a specific j then, choosing:

T = diag{Q;, I.,Q;}

and taking H = I where § > 0 is arbitrarily small, (5.21) is satisfied. The
latter implies that if there exists a quadratic stabilizing solution to (5.20)
(namely a solution Q is obtained independently of the vertices) then (5.21)
will also have a solution for all the vertices. On the other hand, if (5.21)
possesses a solution, multiplying the latter inequality from the left and the
right by fj and ij, respectively, where

Fj - p2n+2m+r _A(j)] 5

(5.20) is obtained.
O

In order to obtain from (5.21) LMIs in T, H, Q;, j = 1,2,..., N, Z and
K, for a given 0 < §, G and H are sought that, for some positive tuning
scalars (;, i = 1,2, 3 possess the following structure:
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~ Tl 0 ~ Hl 0
T=|[T2 Ca Biln) , H= [T} [32C2 P31,y ; (5.22)
0 ITJFmJF” 0 Ir+m+n

where Ty, H; € R™("t™) and T, € R™*™ is a nonsingular matrix.
Substituting the latter and (5.8) in (5.21) and denoting Y = KT5, the
following result is obtained.

Theorem 5.3. Consider the uncertain system of (5.1) where either Dis or
Doy is zero. The control law (5.6) guarantees, for some 1 << p, a prescribed
Hy-norm bound 0 < § over the uncertainty polytope (2 if there exist Ty, H, €
Rrx(ndm) -y e Rmxm Q€ RimtmIx(ndm) 5 — 1 2. N and Y € R>*™
that, for some scalars 0 < «, B;, 1 = 1,2, 3, satisfy the following LMIs:

r,n) F(1,2)1J .
< )

* —H-—H
()T (j)T}
Z{Bl pD3) ]>0 and Tr{Z}<&, j=1,2,..,N (5.23)
* Qj
where
() OEE
) ) BS ;1’1 K
_ T T j) 7 T
r1,1)=1TAOT ¢ AT 4 DO Y| Bilm | + | Bl |Y po |
12 0 0 12
0 0
[ gl
ool |72 e
r4,2)=—10 L0 (+TT-AVH — | Y | B3l |
0 0Q; Dyy 0
e
and
AW 0
AW 2 pCo —ply 0 |, (5.24)
oY o -ir,

and where T and H posses the structure of (5.22).
If a solution to the latter set of LMIs exists, the gain matriz K that stabi-
lizes the system and achieves the required performance is given by

K=YT," (5.25)

Remark 5.4. The solution provided by Theorem 5.3, being only sufficient, is
inherently conservative. One could have chosen in 7" and H of (5.22), matrices
of arbitrary structure. This however, would not allow a solution to be found by
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LMIs. We thus constrain the structure of these matrices to be of the form given
in (5.22) where we still use the degrees of freedom provided by 31, (2 and (3
to tune the solution and to obtain a tighter upper-bound on the Ho—norm of
the closed-loop system.

Remark 5.5. We note that H in (5.22) must be invertible, being a diagonal
element of the matrix of I" of (5.23), once the feasibility of the latter matrix is
obtained. Since the matrix H of (5.22) has a lower block triangle structure, its
diagonal block elements must be invertible and therefore 33 T5 is nonsingular.
Thus, the regularity of T5 is ensured once the LMIs of (5.23) are found feasible,
justifying therefore the controller gain of (5.25).

5.4 The Robust H_ ,Control

For each point in (2, say the one that is obtained by Zjvzl f;82; for some

0< f; <1, Z;Vﬂ f; = 1 we assign the parameter varying Lyapunov function
of (5.19). For each vertex of (2, say the j-th, the inequality of (5.16) can be
written as:

Qoo]  [QoO0oO 2
0L 0 [ADTL AU 0 I, 0 | +y72| 0 |[BYT00] <0 (5.26)
00Q; 00Q; 0

where 0 < Qj = 7_2P{1. The latter inequality also stems directly from the
Lyapunov function in (5.19), following the standard derivation of the BRL
[57].

Inequality (5.26) has the form of a Lyapunov inequality and as such it is
similar to (5.20). Following the same lines used to prove that the existence of
a solution to (5.21) is a sufficient condition for (5.20) to hold, the following is
obtained.

Lemma 5.2. For a prescribed scalar v the inequality (5.26) is satisfied for

the j-th vertex of 2 by K and 0 < Q; if the following LMI in T, H €
REnA2mAr) X Cnt2mAr) gng (0 < Q; € RUVFMX(4m) possesses a solution.

BU) Q; 0 0
TTADTLADT | 0| —|0 I, 0|4+TT—ADH
0 0 0 Q; <0 (5.27)
-2, 0
X X -H-HT

In order to obtain from the latter set of inequalities for j = 1, ..., NV for a given
v, T and H are sought that, for some positive tuning scalars 3;, i = 1,2,3
possess the structure of (5.22).

Substituting the latter and (5.8) in (5.27) and denoting Y = KT5 the
following result is obtained.
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Theorem 5.4. Consider the uncertain system of (5.1). The control law (5.6)
guarantees for 1 << p a prescribed disturbance attenuation level 0 < v over
the uncertainty polytope §2 if there exist Ty, H, € R"*"+tm) T, ¢ Rmxm,
Qj € Rvtm)x(ntm) =5 — 19 N and Y € R>*™ that, for some scalars
0<a, Bi, i=1,2,3, satisfy the following LMIs:

Bij)
_ | -
) r(1,1) | P2 I'(1,3)
I'= 0 <0
0
* —721,1 } 0
* * —H - HT
Q;>0, j=1,2..,N (5.28)
where
By’ cr 1T T or BY
- . o 0 2 2 +1 0
F(]_72) = TTA(]) —+ A(])TT + D(]) Y ﬂlIm + ﬂlIm Y D(]) ’
12 0 0 12
0 0
} BW
) ool |7 YN
r1,3)=—10 1,0 |[+77-AVH - G | Y | Bsm |
0 0 Qj_ Déz 0

where AU is defined in (5.20) and where T and H posses the structure of
(5.22).

If a solution to the latter set of LMIs exists, the gain matriz K that stabi-
lizes the system and achieves the required performance is given by

K=YT,"

5.5 Conclusions

A convex optimization method is presented which provides an efficient design
of robust static output-feedback controllers. Linear systems with polytopic
type uncertainties are considered and a sufficient condition is derived, based on
a linear parameter varying Lyapunov function, for the existence of an almost
constant output-feedback controller that stabilizes the system and achieves a
prescribed bound on its performance over the entire uncertainty polytope.
Both Hy and H,, performance criteria have been considered. For both
criteria, conditions for quadratic stabilizing solution have been obtained. The
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conservatism entailed in these conditions is reduced either by using a recent
method that enables the use of parameter varying Lyapunov based optimiza-
tion, or by treating the vertices of the uncertainty polytope as distinct plants.
The latter solution cannot guarantee the stability and the performance within
the polytope whereas the former optimization method achieves the required
bound over the entire polytope.

The proposed method can be used also in the mixed Hs/H, case where
a robust static output-feedback controller is sought that achieves, say, a pre-
scribed attenuation level while minimizing a He-norm of the closed-loop. The
standard way of achieving the mixed objective has been to apply the same
single Lyapunov function for both the Hy and the H,, criteria and for all the
points in the uncertainty polytope. This practice is quite conservative and can
be significantly reduced by using the LPD design of Lemma 5.1 and Section
5.4.

We note that in the Application chapter (Chapter 11) we bring an alti-
tude control example which illustrates the design of static feedback controller
in the presence of multiplicative noise. In this example it is shown how the
multiplicative noise, resulting from the dependence of the noise level in the
RADAR altitude measurement on the altitude itself, can be explicitly taken
into account in the design procedure.



6

Stochastic Passivity

6.1 Introduction

Passivity of deterministic linear systems plays an important role in network
theory and in adaptive control. The fact that a system is passive entails some
stability properties that allow for robust control design of this system. It is
the purpose of the present chapter to investigate the corresponding situation
in linear systems with multiplicative noise. The concept of stochastic passivity
is first considered and a positive-real like lemma for finite dimensional linear
time invariant uncertain systems with state multiplicative noise is derived.
The system uncertainties are assumed to be of the polytopic type.

These passivity conditions are applied to a certain class of direct adaptive
controllers referred to as Simplified Adaptive Control (SAC) [64]. Adaptive
controllers provide a possible alternative to fixed compensators when large
parameter uncertainty is encountered in the model that describes the system.
Often, the conditions for closed-loop stability when using adaptive controllers
include a strict passivity requirement of the controlled plant. For example,
when using SAC method [64], the passivity of the plant guarantees the robust
stability of the closed-loop. The SAC applies a tracking error gain which is
simply adapted by using proportional and integral versions of the squared
tracking error. In fact, the relaxed condition of almost passivity, requiring the
plant to be stabilizable and passive via static output-feedback gain, suffices
in many cases. A similar situation is encountered when controlling uncertain
plants with a class of neural network controllers (NNC) (see [76] and [77]). Also
there, the plant is required to be almost passive to ensure closed loop stability.
In some applications the system uncertainties can be fixed but unknown; other
cases may involve stochastic uncertainties. The latter cases of stochastic un-
certainties are described by state-multiplicative noise. In this case, the system
matrices are corrupted by white noise while their deterministic components
lie in a convex polytope.

In the present chapter, the concept of passivity is, therefore, generalized
to the latter case of stochastic uncertainties. The new stochastic passivity

E. Gershon et al.: Hoo Contr. and Est. of State-multipl. Lin. Sys., LNCIS 318, pp. 87-93, 2005.
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condition is expressed in a form of LMIs to allow efficient solutions. It is shown
that the stochastic passivity conditions ensure closed-loop stochastic stability
when applying a class of SAC. A numerical example is given to demonstrate
the use of the new theory in the control of a target tracking system with
polytopic type uncertainties.

6.2 Problem Formulation

Consider the following time-invariant linear system with state-dependent
noise:

dl't = (A:L't + Bwt)dt + Dfl?tdﬁt + thdotv
dy; = (Cxy + Doywy)dt

defined on the filtered probability space (£2, F, {F;}i>0, P), where {F;}i>0 is
the o-algebra generated by the Wiener process:

(6.1)

Wt = COl{ﬁt, O't} (62)

where z; is the R™- valued solution to (6.1); z(0) = 0, y; is the R%-valued
observation and w € L2([0, o0); R?). The stochastic processes 3; and o, are
zero-mean scalar standard Wiener processes defined on the probability space
(2,F,P).

It is desired to verify whether

J = E{/ yTwedr} >0, Yw, € L*([0, 00)) over 2, (6.3)
0

for the case of polytopic uncertainties where the matrices A, B, C, Dyy, D
and G are unknown constant matrices that lie in the following uncertainty
polytope:

N N
QéZTi(Ai’ Bi, Ci, Dar, Dy, Gi); 7320, Y 1 =1. (6.4)
i=1 i=1

We denote by L the infinitesimal generator of the stochastic differential
equation (6.1)(see Appendix A). Choosing the Lyapunov function and the
supply rate to be, respectively,

V(z) = af Pry, Sz, w) = 2y wy (6.5)

where P is a positive-definite constant matrix inR"™*", we find the following
result:

Lemma 6.1.
i) The system (6.1) is globally asymptotically stable in probability if for wy = 0
and for all x € R™ the following holds over the polytope (2.
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LV(x) <0, VYxeR" (6.6)

1) If the system (6.1) is stable in probability over (2, then a sufficient condition
for (6.3) to hold is:

LV(z) < S(z,w) VzeR", we Ly([0, 00);RY) over £. (6.7)

Proof: Part i is well known (see, e.g. [58] or [97] ). To prove part ii we first

realize that
dxy = f(x,t)dt + g(x, t)dvy, (6.8)

where 7, is a standard Wiener process and where f(z,t) = Az +Bw, g(z,t) =
[Da:t th] and dy; = col{dfB;,do;}. We then consider:

0]

70TV ()

5 T2 T{gg > V(xt)}

1
Vw(xt)(Axt—&—Bwt)—i—5[$?DTVM(xt)Dxt+wt GT Vi (24) Gwy].
By Ito formula
V(zy) = V(xg) + fo LV (z4)ds + fo (zs)Dxsdfs + fo s)Gwgdo

(6.9)
and since z(0) = 0 we find that

t
E{/ LV (24)ds} = E{V(z)} > 0, vt > 0.
0
If (6.7) is satisfied, the results of (6.3) readily follows.

For the specific choice of (6.5) we obtain:

LV () =] P(Az¢+Bw;)+(Az; + Bw;)" Pxy+x) DT PDay+wi GT PGuwy.
(6.10)
The condition of (6.7) is thus

—~PA—-ATP-DTPD —-PB

[IT U)T] + O CT Tt >0
L —BTpP ~-GTPG C Doy + D3y | | |we |~
(6.11)
The existence of 0 < P € R"™*"™ that satisfies:
PA+ ATP+DTPD pPB-CT 0 (6.12)
< .
BTpP—-C —Doy—DI + GT PG

over {2 would thus ensure that (6.7) is satisfied. Since the requirement of (6.6)
is also satisfied by the first block on the diagonal in (6.12), stability is also
ensured. 0
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The latter inequality is not affine in the system parameters. Affinity is
obtained by applying Schur’s complements formula. The following is then
achieved.

Theorem 6.1. The system (6.1) is stable (in probability) over 2 and (6.3) is
satisfied, over the uncertainty polytope §2, if there exists 0 < P € R™ ™ that
satisfies the following LMIs.

PA;+ATP PB;—CT DTP 0

* —Dgl’i—D%ﬂl i 0 GITP

’ <0, 72=1,...,N. (6.13)
* * —-P 0
* * * —-P

The latter result may turn out to be conservative since it applies the same
decision variable P to all the vertices of {2. Realizing that (6.13) can be written
as

PA;+ATP <0, i=1,..N

where
A, Bi 0 0
14
D , = —Ci —Da1,; 0 0 (6.14)
P = diag{P, I,, P, P} and A, = L
D; 0 -5, 0
0 G 0 -1ir,

Applying then the result of [91], and defining 7 = 3n + ¢, the following is
obtained.

Corollary 6.1. The system (6.1) is stable (in probability) over 2 and (6.3)

1s satisfied over the uncertainty polytope (2, if there exist 0 < P; € R™*", GG
and H in R™™ that satisfy the following LMIs.
GTA, + ATG  GT—diag{P;, I, P;, P;} — ATH
<0, i=1,..,N.
* —H-HT
(6.15)

The above produced conditions for the stability in probability of the sys-
tem. We next inquire what are the conditions for the exponential mean square
stability of the system. The following result is standard:

Lemma 6.2. ([58])Assume there exists a positive function V(x,t), which is
twice differentiable in x and once in t, with V(0,t) = 0. Then, the system
(6.1) is globally exponentially stable if for w = 0 there are positive numbers
k1, ko, ks such that the following hold.

Falla]|* < V(x,t) < kallz]]?

(6.16)
LV(2,t) < —ks||z|[2, ¥ >0 YoeR"
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In our case, as V(z) = 27 Px, the first condition is satisfied as long as P > 0.
To satisfy the second condition we require LV (x) < —e¢l|z||? for some ¢ > 0
over §2. Obviously, in terms of LMI, this sufficient condition would be: The
system (6.1) (with w = 0) is exponentially stable in the mean square sense if
there exist P > 0 and 0 < € such that

PA+ AP+ DYPD 4 ¢l <0, over 1. (6.17)

It is clear then that (6.17) is satisfied for small enough e if there exists a
solution 0 < P € R™*" to (6.12).

6.3 Application to Simplified Adaptive Control

Consider the following system
dl‘t = (Al't + But)dt + Dl‘tdﬂ, dyt = CJCtdt (618)

where the matrices A, B, C, D are again unknown constant matrices that
lie in the following uncertainty polytope:

N N
Q23 n(Ai By, Gy, D) 720,y m =1L, (6.19)
=1 i=1

This system should be regulated using a direct adaptive controller [64] of the
type:
Ut = —Kyt (620)

where

K =yl (6.21)

In the context of deterministic systems, such a controller has been known
to stabilize the plant and result in a finite gain matrix K if the plant is Almost
Passive (AP). In our stochastic context we may conjecture that stochastic
stability of this direct adaptive controller (which usually referred to as SAC)
will be guaranteed by the stochastic version of the AP property. Namely, the
existence of a constant output feedback matrix K. which, using the control
signal

u=1u— Kz, (6.22)

makes the transference relating v’ and y stochastically passive. To see that
this conjecture is true, we first substitute (6.20) and (6.21) in (6.1) and get
the following closed-loop system:

Defining - -
A=A-BK.C and K=K-K,.
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the closed-loop system equations are given by :

and )
K = Cazz™CO" (6.25)

In the sequel, we choose for simplicity to deal with SISO systems and
define the augmented state vector

I
Il
| — |
=R
| S
>
L —|
88
N [
—_

and choose the following Lyapunov function candidate (see [64]) :

V(z,) = 2! Pz,

o[

where

We note that Z satisfies (6.8) with Z replacing x and where:
Ai‘l — Bz,C1q

:Z'{CTCfl

f(@) =

Dzq
, g(x)zl 0 ] and dvy; =dp;.  (6.26)

By Lemma 6.1, the closed-loop system (6.24) will be stable in probability
if LV < 0. However,

B TV (z 1 02V (%,
LV (%) = fTiaé ! + iTr{ggTi(y(j )

Substituting (6.26) into the last equation, we readily find that:

1. (6.27)

LV (z;) = &1 [AT P+ PA)ay, — (T [BY P—-C)z, — 2T [PB-CT )¢+, DT PDay
where the last term is obtained from the second term in (6.27) and where
¢ 2 Z9CZ1. Therefore, a sufficient condition for LV < 0 is
ATP4+ PA+ DTPD <0, where PB=CT (6.28)
A LMI version of (6.28) for the polytope (2 is then the following.

PA; + ATP PB, —CI' DI'P
BI'p—-C;  —el 0 | <0, i=1,..N (6.29)
PD, 0 -P

for small enough € > 0, where A4; = A; — B;K.C;. Namely, (6.18) can be
stabilized and made stochastically passive using (6.22).
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6.4 Numerical Example

In this section we bring a simple numerical example. Consider the sys-
tem of (6.1) and (6.4) with two vertices differing only in A; so that A; =
—a;ls, B = (:;011 ,C =15,Dy = 10_312 and D = %IQ where a; = 1 and
as = 10. Solving (6.29) results in the following feasible positive definite so-
. 0.9916 —0.0485| . .. . . .
lution P = 00485 1.0066 ] indicating that our system is stochastically

passive throughout the convex polytope.

6.5 Conclusions

The concept of passivity has been generalized for a class of stochastic systems
of practical significance. The passivity conditions in the form of LMIs can be
efficiently solved using state of the art LMI solvers (e.g. [35]). It was shown
that a relaxed version of the stochastic passivity conditions, namely the almost
stochastic passivity, guarantees closed-loop stochastic stability. In Chapter 11
(the Application chapter) we bring a numerical example which is taken from
the field of target tracking and which demonstrates the application of the
theory.
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Discrete-time Systems: Control and
Luenberger-type Filtering

7.1 Introduction

In this chapter we bring the discrete-time counterpart of Chapter 2 where
we solve the state-feedback control and filtering problems with the aid of the
discrete-time stochastic BRL, which is fully derived in the chapter. We then,
solve the finite-horizon and the stationary output-feedback control problems.

When dealing with linear time-varying systems with parameter uncertain-
ties, both the stochastic state-multiplicative and the deterministic approaches
are applied. In the deterministic H., setting, the state-feedback control and
the estimation problems have been treated by [102],[109], respectively. These
problems have been solved by considering norm-bounded uncertainties that
appear in the matrices of the state-space description. The main drawback of
the method of [102],[109] is the significant over-design that is entailed in trans-
forming the uncertainties into fictitious disturbances (in the discrete-time case
this over-design is most accentuated when the system poles are close to the
unit circle).

Using convex optimization over linear matrix inequalities, the stochas-
tic state-multiplicative state-feedback H., problem has been solved for the
discrete-time setting in [12]. These solutions are not based on completing to
squares, for both the exogenous and the control signals, and the expressions
obtained there for the performance index can not, therefore, be readily ex-
tended to systems whose states are not directly accessible.

In [19], the discrete-time state-feedback H.o-control problem has been
solved for infinite-dimensional, stochastic, state-multiplicative systems using
a probabilistic framework; it resulted in an algebraic Riccati-like operator
equation. A necessary and sufficient condition for the existence of a state-
feedback controller has been obtained there. The latter can not, however, be
easily applied to the output-feedback case. A finite-dimensional approach to

E. Gershon et al.: Hoo Contr. and Est. of State-multipl. Lin. Sys., LNCIS 318, pp. 97-124, 2005.
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the problem has been offered in [24] where a bounded real lemma type result
has been derived for the continuous-time case. Using the latter, the state-
feedback problem has been solved in [85], [25].

Also recently, the corresponding discrete-time problem for output-feedback
with stochastic uncertainties at the measured output has been considered in
[26]. The solution there refers to both the finite and infinite time horizon
problems without transients. One drawback of [26] is the fact that in the
infinite-time horizon case, an infinite number sets of LMI have to be solved.
Moreover, the fact that the measured output has no state-dependent uncer-
tainties is practically a constraint. Specifically, in this chapter, we solve three
problems that are defined in Section 7.2. We first solve in Sections 7.3 and
7.4 the time-varying BRL and the state-feedback problem for the discrete-
time case, respectively, where we also allow for a nonzero correlation between
the different stochastic variables of the system. The latter solution is obtained
using the stochastic BRL which we introduce in order to derive both the neces-
sary and sufficient conditions for the existence of a solution. We also address
in Section 7.4.2 the convergence properties of our results in the stationary
case.

Similarly to the state-feedback case, we solve the filtering problem, in Sec-
tion 7.5, with possible uncertainty in the measurement matrix by applying
the discrete-time BRL. In Section 7.7, we solve the output-feedback control
problem by applying the state-feedback control solution and by transforming
the resulting system to fit the filtering model. On the latter we apply the fil-
tering solution of Section 7.5. The theory developed is demonstrated by three
examples: a state-feedback control, filtering and measurement feedback exam-
ples. The first solution is compared to the solution obtained by applying the
deterministic technique of [102], [109]. It is shown that in this problem our
stochastic approach yields lower worst-case performance bound.

7.2 Problem Formulation

We treat the following three problems [43], [39]:

i) Stochastic state-feedback H..- control
Given the following linear discrete time-varying system:

g1 = (Ar + Dror)zi + (B + Grry)uk + By pwi, k=0,1,..,N -1

] (7.1)
where 2y, is the state vector, {wy} € I>([0, N — 1];RP) is an exogenous dis-
turbance, {uy} € [2([0, N — 1];R!) is the control input signal and z( is an
unknown initial state and where {v;} and {r;} are standard independent
white noise scalar sequences with zero mean that satisfy:



7.2 Problem Formulation 99
E{’Ukl)j} = 5kja E{Tij} = 5kj, E{?“k’l)j} = akdkj, |Ozk| <1 (72)

Denoting
2 = Lpxy 4+ Dig pug,

where z € R™ and assuming, for simplicity, that:
(LY DL D1ak=[0 R, Ri>0 (7.3)

we consider, for a given scalar v > 0, the following performance index:

AN _ _
N = EAllall3 = Pllwel 3} + B {ehQuan} — %25 Qozo,

- B T71) (7.4)
Qn >0, Qo >0.

The objective is to find a control law {uy} such that, J; is negative for all
nonzero ({wy}, o) where xg € R™ and {wy} € [?([0, N — 1];RP) and where

A . i
wy, depends on Yy, = {xo,...xx} since it is Fi_; measurable.

ii) Stochastic H..-filtering
We consider the following system:

Tpy1 = (Ar + Dyvr) i + Bipwk, o = o
yr = (Ck + FrCr)xr + ni, (7.5)

ZE = kak

where y;, € R? is the measured output, {n;} € ([0, N —1]; R?) is a measure-
ment noise, and where {v;} and {(;} are standard independent white noise
scalar sequences with zero mean that satisfy:

E{vgvj} = Oy E{GG} = 0kjy  E{Grvs} = ardrj,  Jo| <1
We are looking for L2y, the filtered estimate of zj, where:
Tpr1 = Aply + Kok(ye — Crr) 30 = 0. (7.6)

Note that similarly to the continuous-time counterpart problem, the initial
value Zy = 0 of the above Luenberger-type estimator is chosen.
We define
€ = T — ik-, ”LZJk = col{wk, ’I”Lk} (7.7)

and we consider the following cost function:

A ~
22 E{liLiaerl} =22 lanl 3} — %8 Poao, Py>0. (78)
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Given the scalar v > 0 and Py > 0, we look, in the filtering problem, for an
estimate L2y of Lixy over the finite time horizon [1, N] such that Jy of
(7.8) is negative for all nonzero ({1}, z) where {wy} € I2([0, N — 1]; RP*#)
and xg € R"™.

iii) Stochastic H,, output-feedback - The finite-horizon case
Given the following system:

i1 = (Ax + Dyv)ay + B gwy + (Bag + Grrg)ug
Yk = (Ck + FiCr) i + ng, (7.9)
2z, = Lyxy + Dio pug

where vy, 7, wy and ny are defined in problems (i) and (ii) and ¢ is similar
to the former stochastic variables and satisfies the following:

E{Ck(;} = 6rj, E{Grj} = okbkj, E{Cuvs} = Brdij,
E{rkvj}:akékj, |ak‘<17‘/6k|<1;|0'k|<1

We seek an output-feedback controller that achieves, for a given scalar v > 0,

A . _ _
J3= B {llzl3 = 22Nkl 3 + 2R QnXn} — 7*ag Qozo <0,

Qn >0, Qy>0

for all nonzero ({wy},xo) where {w;} € I2([0,N — 1];RP*#) and z, € R".
Similar to the standard case [57], this problem involves the estimation of an
appropriate combination of the states, for the worst case disturbance signal,
and the application of the results of the state-feedback control with a proper
modification.

(7.10)

iv) Stochastic H, output-feedback - The Infinite-horizon case
Given the following system:

Tp+1 = (A+ Dug)xg + Biwg + (B + Gry)ug,  x9 =0,
Ye = (C + FQ)xk + Nk, (7.11)
2z = Lxy + Disuyg

where vy, 7, wg and ny are defined in the above problems and vy, r and (g
are similar to the stochastic variables of problem iii).
We seek a stabilizing output-feedback controller that achieves, for a given
scalar v > 0,
A
L= F

v,m,¢

{ll2x]3 = 2?[[@kl3 + 2 QnXn} <0, Qn 20, (7.12)

for all nonzero {wy} where {w;} € I2([0,00); RP*#). Similarly to the prob-
lem iii), this problem involves the stationary estimation of an appropriate
combination of the states and the application of the results of the stationary
state-feedback with a proper modification.
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7.3 The Discrete-time Stochastic BRL

We address the problem of the stochastic state-feedback by deriving first a
BRL for the following system:

Tpt1 = (Ak -+ Dk’Uk).’Ek + (Bk + Fka)wk, k=0,1,....N—1 (713)

where x( is an unknown initial state and where the scalar sequences {v;} and
{ry} are defined in problem (i). The exogenous disturbance wy, is assumed to
be of finite energy and may depend on current and past values of the state-
vector namely, it is Fj_1 measurable. We consider the cost function J; of (7.4)
where

The objective is to determine, for a given scalar v > 0, whether .J; is negative
for all nonzero ({wy}, x¢) where zog € R™ and {wy} € 1?([0, N — 1]; RP).
We consider the following recursion:

Q1 = AT Qri1 4% + (BY Qi1 Ax + ax FF Qi1 D5)T 0,

(BEQrs1 Ak + o F' Q41 Di) + LY Ly + D} Qi1 Dy, Qn =0Qn
(7.15)
where we define

A
O =71 — By Qr1By — F}/ Q41 Fy.
The following result is obtained in [43]:

Theorem 7.1. Consider the system (7.13),(7.14). Given the scalar v > 0, a
necessary and sufficient condition for Jy of (7.4) to be negative for all nonzero
({wr}, o) where {wy} € 12([0, N — 1};RP) and zo € R™ is that there exists
a solution Qy to (7.15) that satisfies O > 0, for k = 1,2,.N — 1, and
Qo < 7*Qo.

Proof.
Sufficiency: We define:

jk = $£+1Qk+1l‘k+1 — xf@kxk (7.16)
Substituting (7.13) in (7.16) we obtain:
Ji = [} (Ag+Dyor) T+ wl (Br+Firi) 1 Qurt [(Ax+Dyvg )+ (B + Frri ) wi]

—z Qpy
= 2} [AL Q114540 D Qroi1 Akt AL Q41 Divitvi DY Qpsn Dy, — Qi+ L L)y,

+22{ AL Qi1 Brwy + 22} v D Qpoi1 Brwy, + 2rpail AL Qi1 Frwy
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T T T T T 2 T
+2wy, i, Qry1 Dixgrivr — wi, Opwi + 2wy, 1 FrQry1 Brwy, — 2, 2k + 7 wj, w

where we added to jk, the zero term x{Lngxk — zgzk + ’wakka — 72wgwk.
Since wy, does not depend on vy and ry, taking the expectation with respect
to these signals we obtain that:

ﬁ {jk} = ,{ET{IZ [AL Qry1 Ak + DI Qry1 Dy — Qi + LT Ly,

+22] [DE Qry1 Frow + AF Qi1 Bilwy — wi Opwy — 28 2 + 2wl wi }
(7.17)
Since O > 0, completing to squares for wy, we obtain using (7.15), that

ﬁ {jk} = — ﬁ{[wk — wZ}T@k[wk —wj] + zgzk — Pwagwk}

where .
wi = 0, Y(BEQri1 Ak + i F Qri1 Do)y, (7.18)

Taking the sum of the two sides of the latter, from 0 to N — 1, we obtain using
(7.16) } )
E{Zé\;—ol Ji} = gﬂ{m%QNwN} — 25 Qoo

BN e — wi)TOulwn — wil} — E{ZY T e — v ulwo)).
Hence J; of (7.4) is given by:
J = — E{Eé\[;ol [wg — w};}T@k[wk —wpl} + J:OT(QO —72Qq) 0. (7.19)

Clearly J; is negative {wy} € I2([0,N — 1];R?) and xy € R™ that are not
identically zero iff Qo < v2Qo.

Necessity: We consider the case where J; is negative for all ({wy }, z) #0 and
we solve (7.15) for Q;, i = N—1, N—2, ..., starting with Qn = Qu. Denoting
the first instant for which ©; is not positive-definite by i = k*, we distinguish
between two cases. In the first, O~ > 0 and it has a zero eigenvalue, namely
there exists di~ # 0 that satisfies Og«dp« = 0. In this case, we consider the
following strategy of nature: zg = 0, w; =0, ¢ < k*, wg= = dg= and
w; = wf, 1> k* where w} is defined in (7.18). It follows from (7.17) that at
the k* instant the quadratic term in wy, is zero and from (7.13) that zg- = 0.
Thus, the contribution of the terms in J; that corresponds to k* is zero. It
follows from (7.19) that the terms in J; that correspond to ¢ > k* are also
zero. Therefore, the above non-zero strategy yields a zero Jp, contradicting
the above assumption. The second case is one where O« is nonsingular but
possesses a negative eigenvalue with a corresponding eigenvector dj.. We con-
sider then the following strategy: w; = w},i # k* and wp- = wj. + dj-
The resulting J; of (7.19) can be made arbitrarily large (positive) by choosing

dg~ to be of large norm. O
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Theorem 7.1 has been derived for the system (7.13) with a single stochastic
parameter in Ay and By. The results of this theorem are easily extended to
the following system:

mi m2
Tpt1 = (Ar + ZDMUM)JJ/C + (B + Z G kTi k) Wk,
(7.20)

Zk:Lk,l‘k, kZO,l,.,N—l

where x, wy, and zy are defined in (7.1), and {v; x} and {r; 1} are standard
random scalar sequences with zero mean that satisfy:
E{vi s1vjk2} = 0ij k0kik2, E{ripirjre} = BijkOkik2,
(7.21)
E{r; x1vjk2} = ®ij 10k1k2
and where aj; 1, B and o045 are predetermined scalars of absolute value
less than 1. Denoting
A mo M2
Gr =Y. Gl Qui1GinBijks
i=1 j=1
A mi1 mi
Dy, = Z Z Dz:ka-i-le,kUij,k; (7.22)

i=1 j=1
mo Mg

~A
He =) ) GhQri Direvijp,
i=1 j=1
we consider the following recursion:
Qr=AT Qri1 A+ D+ LT L+ (BF Qi1 Ap+Hy) "0, (BY Qrir A+ Hy),

QN = QNv
(7.23)
where R
Or =71 — Bl Q41 By — Gy
We obtain the following result:

Corollary 7.1. Consider the system (7.20) and a prescribed scalar v > 0.
A necessary and sufficient condition for Jy of (7.4) to be negative for all
nonzero ({wy}, o) where {wy.} € 1?([0, N —1];RP) and w9 € R" is that there
exists a solution Qy, to (7.23) that satisfies O, > 0,¥Y k=1,2,..N — 1, and
Qo < ¥*Qo-

Remark 7.1. The above BRL can be used to solve the state-feedback H,
control problem by using ur = Kjxp and looking for K} that achieves the
performance level of v that involves both wy and ug. Another, more general,
way is to derive an alternative expression for J; along the lines of the proof of
Theorem 7.1. The advantage of the latter approach is its applicability to the
case where the states are not all accessible. This approach will be used below
in the solution of the output-feedback.
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7.3.1 The Discrete-time Stochastic BRL: The Stationary Case

Similarly to the continuous-time counterpart of Section 2.3.1, the derivation
of the discrete-time stationary stochastic BRL is obtained by two approaches.
In the first approach we consider the following mean square stable system:

ZTp+1 = (A + Dog)xy + Brwg, x9 =0, (7.24)
Zk = L.%'k

which is obtained from (7.13) for the case where the system matrices are
constant and N = oo. Considering the following index of performance:

A ~ _
Js = E{llzll3 = 7°llwkll3 + 23 Qnan} <0, Qn 20, (7.25)
we obtain the following result:

Theorem 7.2. Consider the system (7.24). Given the scalar v > 0, a neces-
sary and sufficient condition for Js of (7.25), to be negative for all nonzero
{wy} € [2([0,00); RP) is that there exists a solution @ > 0 to the following
algebraic Riccatti-type difference equation:

ATQA + ATQBy[v*I — BTQBy|"'\BTQA+ LTL + DTQD =0.  (7.26)

When such @ exists, the corresponding optimal strategy of the disturbance

{wy} is: B
wi =v?BT Qu. (7.27)

Proof: The proof outline resembles that of the finite horizon case of Sec-
tion 7.3. Thus, the optimal strategy wj of (7.27) is obtained by completing
to squares for {wy} , similarly to Section 7.3. Note that Jg < 0 can also be
achieved iff the following inequality holds:

ATQA+ ATQB1[y*T — BI'QB,)'B,QAT + LYL + DTQD <0

By using Schur’s complements formula, the latter inequality can be readily
transformed to the following LMI:

—Q 0o AT DT LT T
x —v2I, BT 0 0
I's=| x =+ —-Q* 0 0 |<o. (7.28)

>
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The second approach for the solution of the stationary BRL is achieved by
considering the finite horizon counterpart of this problem. We consider the
system (7.13), (7.14) for the case where the system matrices are constant
and N — oo. Considering the results of [87] we obtain that the Riccati-type
difference equation of (7.15) will converge to the algebraic equation of (7.26)
where the pair (A, C1) is observable, (A, Bj) is stabilizable and Qy > 0.

O

7.4 Stochastic H., State-feedback Control

We solve the problem of the state-feedback control by referring to (7.1). We
apply the BRL of Theorem 7.1 replacing Ay + Dy of (7.13) by Ag + Dyvi +
(B2, + Gyri) Ky and By + Fyry, by By . We also replace Ly, of (7.14) by
Ly, + D12, K} and assume that (7.3) holds. We obtain the following system
k=0,1,..,N—1
Try1 = [Ar + Droi, + (Bag + Grry) Kiow, + B gwy, (7.20)
2k = (L + D121 Ky )xg.

Applying Corollary 7.1, for m; = 2,and my = 0, we obtain the following
Riccati equation:

Qr = (Ap + Bop Ki) " Qpep1 (Ap + Bow Ki) + LT Ly + KL Ry Ky, + DY Qi1 Dy
+KIGEQu1GrKy + (Ay + BQ,kKk)TQk—i-lBl,lelekak-&-l(Ak + By, Ki)

+ar K G Qi1 Dy + i DF Qi1 G Ky, QN = QN

(7.30)
where N
Ry =~°I — B ;.Qe41B1 1. (7.31)
Defining :
_ A
My, = Qi —v > BiiBi Qi)
(7.32)

A _ -
&, = BgT,kMkBQ,k + GEQr41Gr + Ry,
and completing to squares for K we obtain:
Qr = R(Qr) + (Ki, + K;) " &u(Ky, + K)
where
A
Ki =&, Ay,
A _
Ay = By My Ag + G Qi1 D, (7.33)
_ A _ _
R(Qi) = AL M Ap + DYQyi 1Dy + LE Ly — AlT,kSPk YAk
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Clearly, by choosing Kj;, = — K} and using the monotonicity property of the
Riccati equation [57] we arrive at the following:

Theorem 7.3. Consider the system (7.29) and (7.4). Given a scalary >0, a
necessary and sufficient condition for Jy of (7.4) to be negative for all nonzero
({wr}, o) where {wy} € 12([0, N — 1]; RP) and zo € R" is that there exists a
solution Qr > 0 to the following Riccati equation

Qr = AT My Ay + DF Qi1 Dy + LT Ly, — A{kqs;;lAl,k ,Qn =Qn (7.34)

that satisfies Ry > 0, Vk = 1,2,..N — 1 and Qy < 'yQQO, where My, is
defined in (7.32). If Q. of (7.34) satisfies Ry, > 0 for allk =1,2,.N —1 and
Qo < ¥?Qo, then using the definition of (7.32) and (7.33) the state-feedback
gain is gien by:

Ky =—®, ' Ay 4. (7.35)

7.4.1 The Multiple-noise Case

The result of Theorem 7.3 is extended to the case where the system is de-
scribed by:

mi m2

Tpt1 = (Ar + ZDi,kvi,k)zk + (Bak + Z G kTik)uk + B pwi,
im1 im1

k=01,...,N—1,

(7.36)

where zy, wy, u, and x are defined in (7.1) and {v; ;. } and {r; 1 } are standard
random scalar sequences with zero mean that satisfy (7.21).
Using the notation of (7.22), we consider the following recursion
Qr = AL My Ay — (BL My Ap + Hy) T (BE, My Bay, + Gi + Ri,) ™
(Bg:kMkAk + Hy) + Dy + LT Ly,
QN = QNa
2N A _ _
My = Qrall =~ ?B1iBi 1 Qria)

(7.37)

We obtain the following.

Corollary 7.2. Consider the system (7.36). Given the scalar v > 0, a nec-
essary and sufficient condition for Jy of (7.4) to be negative for all {wy} €
l~2([0, N —1];RP) and xy € R™ that are not identically zero is that there exists
a solution Qp to (7.37) that satisfies Ry > 0, vV k=1,2,.N—1, and
Qo < ¥*Qo.
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7.4.2 Infinite-horizon Stochastic H,, State-feedback control

We address the issue of closed-loop stability by considering the case where the
system matrices in (7.1) and the correlation between them are all constants
and N tends to infinity. The stability is considered in the mean square sense
[105], [106] meaning that the states mean and the correlation matrix P, =
Ul; {zxz]} converge to zero as k tends to infinity, for all initial states zo and
{wr} = 0. In our case, when we consider (7.1), it is readily found that for
Py > 0:

Pyy1 = (A+ BoK)Py(A+ BoK)T + DP.DT + GKP,KTGT

7.38
+aDP,KTGT + aGKP.DT (7.38)

where K is the state-feedback gain. If the latter linear recursion is stable, in
the mean square stability sense [105], we obtain that zj goes to the origin
almost surely when k tends to infinity.

We derive next a sufficient condition for the mean square stability of the
autonomous system (7.13) (with By = Fj, = 0), in the case where A and D are
constant matrices and N tends to infinity. We then show that the closed-loop
system that is obtained using the state-feedback of Theorem 7.3 satisfies this
condition. We consider the following autonomous system

Tpy1 = (A+ T Divs ) wy (7.39)

where {v;1 },7 = 1,2, ..m; are random zero-mean sequences with E{vx,, Vi, } =

aijékm. Deﬁning
my Mg

D* = ZZDLTQDJUU

i=1 j=1

we obtain the following.

Lemma 7.1. The system (7.39) is mean square stable if there exists a positive
definite matriz Q € R™™ that satisfies Tr{I'P;} <0, Vi, where

2 ATQA—Q+ D"

Proof: We consider the following Lyapunov function:

Vi = B {a] Qui} =Tr{QP}.

Vjk,j=1,2,..Lq,k<i

It follows from the positive definiteness of Q that V; is nonnegative. We also
find that
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Vi =Vi= , B _{aT1(AT + ) Dfvi)Q(A+ ) Divir) — Qla:}
i=1 i=1

= Ujk‘,Elg<¢{‘rE?F$i} = T’I"{]:'R}

The requirement of a negative Tr{ " P;} thus implies a negative V; 1-V; which
leads to the convergence of Tr{QP;} to zero.

O
We apply the latter lemma to prove the following.
Theorem 7.4.  Given the system
Tpy1 = (A+ Dug)xy, + Biwy + (B + Gry)ug, (7.40)

2 = Lxy + Digug,

where the matrices A, By, B, D,G,L and D1y are all constant and {vj}
and {ry} are the standard random scalar sequences with zero-mean that
satisfy (7.2). Assuming that (A, L) is observable and that [LT D1,)Diy =
[0 R], R> 0, then the matriz Ky of Theorem 7.3 which solves the stochas-
tic Hyo state-feedback problem of Section 7.4, for a given ~v > 0 and for N that
tends to infinity, stabilizes the system in the mean square sense.

Proof: The closed-loop system (7.40) is described by:

Tpy1 = [(A + BQK) + (ka + GKrk)]xk + Biwy,

(7.41)
Zp = (L + Dng)xk

It follows from Lemma 7.1 that a sufficient condition for the required stability
is the existence of Q > 0 s.t. Tr{IP;} <0, Vi, where P; is the covariance
of the state vector of the closed-loop system (7.41) (where B; = 0), and

Iy 2 (A+ BoK)TQ(A + BoK) — Q + DTQD + KTGTQGK + aKTGTQD
+aDTQGK = (A+ BoK)'Q(A+ ByK) — Q + (1 — o*)DTQD
+HKTGT +aD")Q(GK + aD).

On the other hand, we obtain from (7.30) that any state-feedback gain ma-
trix K that solves the stationary state-feedback problem satisfies Tr{(Iy +
IN)P;} =0, Vi where

I =(A+ BK)TQB R 'BTQ(A + B,K) + LTL + KTRK. (7.42)

It is, thus, left to be shown that Tr{I1 P;} > 0, Vi. Assuming that the latter
trace is not positive for some value of i, we denote the first value of i for which
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the latter happens by i*. We find from (7.42) that the only way for Tr{I} P;}
to be nonpositive, in fact zero, is that

LP.L"=0 and KP.KT =0,

which also implies that P;- is singular. Since we started from Py > 0, and
since the correlation between {vx} and {ry} , a® < 1, we obtain from (7.38)
that

Pi. — (A+ ByK)" Py(AT + KTBI)" > 0.
The matrices LP;« LT and L(A + ByK)" Py(AT + KT BT)" LT are therefore
zero, and thus L(A + ByK)" (and similarly K (A 4 ByK)" ) are zero. Since

P> (A+ BoK) "V P (AT + KBy =" i >4* (7.43)
it is obtained that
LP,=0 and KP =0, Vi>i".

Denoting by d any eigenvector of P;+ that corresponds to a nonzero eigenvalue
of P« we readily obtain that Ld =0 and Kd = 0. We also find from (7.43)
that both L(A + ByK)’d and K(A+ ByK)'~" d are zero for j > 0. Since

(A+ ByK)d = AT"{(A+ ByK)d = Ald, j >0,

it follows that the vector d is perpendicular to L and LA’ and therefore to the
observability matrix. This contradicts the assumption about the observability
of the pair (A4, L).

O

Remark 7.2. The solution of the stationary state-feedback control can be read-
ily achieved in an LMI form by applying the stationary BRL of Section 7.3.1
to the closed-loop system (7.41). Thus one obtains the following stationary
algebraic Riccati-type counterpart of 7.34:

—Q+ATMA+DTQD + LTL — ATO 1A, <0 ,Qn =Qn, (7.44)

together with the following stationary optimal strategies:

wk, = RBIQ[A — Bod~ 1 Ay

(7.45)
u;k = o1 Axy,
where )
R = ’yQIp - B?QBl,
— A _ _
M= QI -~ BB Q™"
Ay £ BTMA + a,GTQD, (7.46)

@2 BTMB, + GTQG + R,
R=DLDy,
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If Q of (7.44) satisfies R > 0 then using the above definitions, the state-
feedback gain is given by:
K, = —Q_lAl. (747)

Defining P = Q~! and applying Schur’s complements formula and carrying
out various multiplications, the following inequalities are achieved:

[—-P PpAT 0 PDTPCT 0 |
« —I(2,2)B,R™ 0 0 B
* * —-P 0 0 0 <0 (7.48)
* * * —-P 0 0
% . % x I, 0
| x * * * * —'yQIp_
and 21, BT
[ . > 0. (7.49)

where I'(2, 2) 2 P+BQR71B§. We note that the optimal stationary strategies
of (7.46) will be used for the solution of the stationary output-feedback of
Section 7.8.

7.5 Stochastic State-multiplicative H, Filtering

We investigate next the H..-filtering problem. Considering the system (7.5)
and defining:
& = col{xy, e},

we obtain the following system:

~ ~ ~ ~ Zo
Ehr1 = A&k + Di&pvg + Fi&rCr + By, &o = [ ] ,

¢ (7.50)
21, = Cpéy,
where
"o Ay — Ko1Cr | B B —Kok
- Dy 0 - 0 0 -
Dy = - L Cr=[0L]. (7.51)
Dk 0 —KOka 0

Similarly to the solution of the continuous-time counterpart problem, we seek
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for a gain observer K, that achieves Jy < 0 where Jj is defined in (7.8) and
where we replace in the latter xy by &;. We obtain the following theorem:

Theorem 7.5. Consider the system (7.50) and (7.8). Given a scalar v >
0, a necessary and sufficient condition for Jo to be negative for all nonzero
({wi}, z0) where {wy,} € I2([0,N —1]; RP) and zo € R™ is that there exists a
solution (My, Koi) to the following DLMI:

C N NRAD 0 NGDT NLET NGCE,T
¥ —Poay 'Bir 0 0 0
* * -1 0 0 0
. <0, (7.52)
* * * —Pey1 O 0
* * * * —Pk+1 0
| * * * * -1 |

with a forward iteration, starting from the following initial condition:

n

Py = V2P [I, I,] where My = P;', k=0,.,N-1. (7.53)

n

Proof: We apply the stochastic BRL of Section 7.3 to the system (7.50) and
we obtain the following Riccati-type equation:

My, = AT My 11 Ay + AT My1 BrOg ' Bf My 1 Ay + CLCy + DF My.1 Dy,
+EF My Fy, + ax Fi' My 1 Dy, + o DF My 11 F,

Py Py
0 — PO PO )
(7.54)
where .
Or =41 — BIMy1By >0 ¥ k=1,2,.N —1. (7.55)

In order to comply with the initial condition in (7.54), and with the choice
of &y = 0, we force nature to select the component ey in &y to be equal to zg.
O
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The results of the last theorem can be extended to the case where the
system is given by:

my
Trpt1 = (Ap + E D; vi k)xk + B gwk, To = To,
i1

ma (7.56)
vk = (Ck + > _FixGik)x + ni,

i=1

2 = Ly,

where xj, wy, ng relate to the system (7.5) and {v; . } and {; 1} are standard
random scalar sequences with zero-mean that satisfy:

E{v; ;1vj ko) = 0ij k06162,  E{G k1 k2} = Bijklrik2,

and E{C; x1vjk2} = Qij k0k1k2

and where o 1, Bi;,r and 05 are predetermined scalar sequences. Denoting:

~ A m2 m2 _
Fp =30 Bl MyE; iBijn,
=1 j=1
B A 1’”’7,1 Jml B B
Dy, = Z Z DZkMij,kUij,k (7.57)
=1 j=1
A m1jm2 - - me mi -
Se= Q0D DI MiFjn+ Y FliMDjp)ai
i=1 j=1 i=1 j=1
where
_ Diy, 0 . 0 0
D'L’,k = and Fi,k = s
D; 0 —KopFi; 0

we consider the following recursion:

My, = AT My 1 Ay + AT Myy1 Br(v?1 — B Myy1 By,) ™' BY My 41 Ay, (7.58)

+égék+ﬁk+ﬁk+5’ka '
where Ay, By, and Cj, are given in (7.51) and M is given in (7.54). We obtain
the following :

Corollary 7.3. Consider the system (7.56) and (7.8). Given a scalar v > 0,
a sufficient condition for Jo to be negative, for all nonzero ({wg},zo) where
{wr} € ([0, N=1); RP) and zo € R", is that there exists a solution (Mj, Kop)
to the Riccati equation of (7.58) that satisfies, 6,>0 Vv k=12.N-1,
where Oy, is defined in Theorem 7.5.
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7.6 Infinite-horizon Stochastic Filtering

We consider the system (7.11) with By = G = 0, D12 = 0 and where, for
simplicity, we take zero correlation between (j and v (i.e 8 = 0. Introducing
the following Lyapunov function:

(7.59)

Q d@]
aQ Q|

Vi = £ Q& with Q = l .

where £ is the augmented state vector of Section 7.5, @ and Q are n X n
matrices and & is a tuning scalar. We obtain the following result:

Theorem 7.6.  Consider the system (7.11) and Jy of (7.12) where the ma-
trices A, By, D, Cs, F,Cy and D15 are all constant, with By = G =0, D15 =0,
and where Iy, is defined in (7.6). Given v > 0, a necessary and sufficient
condition for Jy of (7.12) to be negative for all nonzero ({wy},xo) where
{wr} € P([0,N — 1;RP) and zo € R"™ is that there exist @ = QT €
R Q = QT € RV, Y € R"™% and a tuning scalar parameter & that
satisfy the following LMIs:

[—Q —aQ 0 0 (1,5 7(1,6)
« —Q 0 0 725 7(2,6)
x o« —2L, 0 7T(3,5) BTQ[ + 4]
* % x =20, —ay”T -y7T
x ok * * —-Q —aQ
* * * * * —&Q
x ok * * * *
kK * * * *
ok * * * *
ko k * * * *

B * * * *
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T(1,7) DTQ[1 4+ a] T'(1,9) —FTYT 0
0 0 0 0o LT
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0 |~
-Q —aQ 0 0 0
% -Q 0 0 0
* * -Q -aQ 0
* * * —Q 0
* * * 0 —Im
and N
The P, (7.60)
B Q
where
7(1,5) = AT[Q + aq),
1(1,6) 2 ATQ[1 + al,
7(1,7) = DTQ + aQ),
r(1,9) 2 —FTYT,
7(2,5) = BI[Q +aQ),
1(2,6) 2 BTQ[1 +dl,

Proof: The proof outline for the above stationary case resembles the one of
the finite-horizon case. Considering the augmented state vector & of Section
7.5 and the stationary counterpart of both 7.5 and 7.51 where N = oo, we
obtain by applying the stationary stochastic BRL of Section 7.3.1, the station-
ary counterpart of 7.54. The latter can be readily expressed as the following
inequality:

G ATQA+ ATQBI L. BQBINBTQA + CTC 4+ DTQD
LFTQF <0, (o0

Applying Schur’s complements formula to (7.61) we obtain:
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[—Q 0 AT DT FT (T ]
« —2L,,. BT 0 0 0
=N —Q R T (7.62)
* * * 7Q71 0 0
* * * * —Qfl 0
B * * * * =1 ]

Multiplying the latter inequality by diag{Iznxon, Ip+=, Q, Q, Q, I,} and

A~
carrying out the various multiplications and denoting Y = QK, where K is
the stationary observer gain, the LMIs of (7.60) are obtained.

O

7.7 Stochastic Output-feedback

The solution of the output-feedback problem is obtained below by transform-
ing the problem to one of filtering which has been solved in the last section.
We can not use the results of Section 7.4, for this transformation, since we
need the optimal strategies of both {wy} and {ug}. These are obtained below
by completing to squares for both strategies.

Substituting from (7.1) in (7.16) we obtain:

Jx =2 (Ap+Dyog) Hul (Bo s +Grrr) T Qrs [(Ak+Drvp) g +(Bo o +Grr ) ug
2[z} (Ap+Dror) " +uf (B + Grri) T |Qu1 By wwi+wi B Qry1B1 pwy,
—2F Qe — V2wl wi + V2wl wy + ul Rpuy, + o} OF Cray, — 2E 2
= —wj, [V*I = B 4 Q1B x]wy + 2[ai (Ax + Dyog)” + uj (Bag + Gyre)']
Qurr1Brrwi + uf [Ri, + (Bae + Grri) " Qres1 (Bak + Grri)Juk
+227 (A + Do) T Qi1 (Bag + Grry)ug
+a2L [(Ag + Dpvp) T Quy1 (A + Drvr) + CECl — Qilxr — 28 21 + V2wl wy.

Taking the expectation with respect to r, and v, we obtain:

,ﬁ{jk}ZE{—wg[721—B1T,kQk+1Bl,k]wk+2[$£A£Qk+1Bl,kﬂfBzT,kaHBl,k]wk

+uy, u%k+ngka+lBQ,k +GT Qi1 Grlup+22" [A] Qpi1 Ba gt DE Qpey1 GiJuy,
+2 T AT Qi1 Ay + DEQri1 Di 4+ CL Cr — Qrlar — 2F 2 + 7wl wy } + 1{5; {¥.}

where
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Wy = 23} D} vk Qi1 B pwy + 2uf Gr Q1 B pwr, + 2ui GE 11 Qpeq1 B gy,

+22] D vk Q1 Ba wuy + 221 AL Qry1 Grreug + 227 D vpQry1 Apy,

and where
UE;{Q;C}:O, k=0,1,....,N — 1.

Completing to squares, first for wy and then for wuy, we get:
E {jk:} = E{-(w.— wi)? Ry (wy, — wi) + (w — uj)T Pr(up — uj)
—z] [A 1By AT — AT Q1 Bur Ry BT Quyr Axla,
+a ] [Af Qry1 Ak + D Quy1 Dy, + CfL Cr, — Q.
—zF 2 + V2wl w} + UE; {@.}

where Ry, @ and Ap are defined in (7.31), (7.32), (7.33) and where we
define:

= Ky,
A
wi = Kopxp + Kupug,
JA——
Ky = Rk By 1 Qr+1 A4k,

A
JA
Kur = Ry, "By ,Qr+1Bak

where Kj, is defined in (7.35).
Rearranging the last equation we obtain:

. {Jk} = UEJ_{—(wk - w,’g)TRk(wk —wyf) + (ug — uZ)T@k(uk —uj)
+af R(Qr)zr — 2 2 + 2wfwy + E {0}

v,

i} (7.63)
where R(Qy) is defined in (7.33) and @4, is defined in (7.32). Taking the sum
of both sides of (7.16), from zero to N — 1, we obtain using (7.63):

N-1
B i} = E{skQnan} -5 Qoo

k=0
N-1
Z UE;{ (wrp — wy) Rk(?ﬂk7w2)+(uk7uZ)T@k(ukfu2)}
k=0
N-1 N-1
Z E{Ik (Qr l’k}+z E{ zkszr’y wkwk}Jr E{Wk}

k=0

Hence
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N-1
Jy = Z ﬁ —(wy, — wi)T Ry (wy, — w}) + (ugp — ul) T By (up — up)}
= (7.64)
+Z UET {zf R(Qr)zi} + 28 (Qo — ¥*Qo)zo + 1{5;{%}-
k=0
Clearly, the optimal strategy for uy is given by uy = up where @y that is
obtained by R(Qr) = 0 namely, Q) satisfies:
Qr = AT Qi1 Ax — A1 1@ " AT + DEQpy1 Dy + LT, Lk
—i—A;;FQkHBLkR;ZlekaHAk, Qn = Qn,

Ri > 0 and Qp < v2Qo, where Ry, is defined in (7.31)

(7.65)

Remark 7.3. The recursion we obtained in (7.65) together with the feasibility
condition of @, > 0 is identical to the necessary and sufficient condition we
obtained in Theorem 7.3. We did not apply the proof of this section to derive
the BRL in Section 7.3 since we could not prove the necessary condition of
Theorem 7.3 using the arguments of the present proof.

We are now ready to use the results of the state-feedback to derive a

A
solution to the output-feedback problem. Denoting rp = wy — wj, and using
up = Ky, where 2y, is yet to be found, we obtain from (7.9) that

i1 = (Ag + Drv + B1 g Kyk)xr + B1 gk + (B, Kuk + Ba g + Grvg) Ki @,
xo =0, Yk = (Cr+ Frne)Tr + nu.

Substituting in (7.64) we look for & for which

>

J= B AS ell3, — el + 72 lnkll3 + @} — 25 Szo
is less then zero for all nonzero ({wy}, {nk}, xo) , where
2p = Kp(z — &), and S =~2Qo — Qo. (7.66)
We consider the following state estimator
Tr1 = (Ak + BixKok) Tk + (B g Kuk + Bag)ur + Kok (yr — Cr@r). (7.67)
Using the definition of (7.7) for e, we obtain:

Tpt1 = [Ak + B1x Kok + B1 g Ky Ky + B, Kiok + Dyxgv + GrKpagvy

+B1 k7% — (B k Kuk + Ba k) Krer — GpEKregvy
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and
Ep1= [AitB1 Ko+ (B, k+ Bk Kuk ) Ki |21+ Kok [(Crot-Fieng )z +ng—Cr @k
Therefore,
ek+1 = [Ax + Doy + B1 p Kok + (B1,p Kuk + Bo i + Grvg) Ky lxg
—(B1,xKuk + Ba g + Grvi) Key, — (Ag + B1 g Kok) @k — (B2k + B1 g Kuk ) Kk
—Ko x[(Cr + Frni)xr +ni, — Crdog] + By gy = [Ag + B Ko — Ko 1.Ciley,
+B1 ki — Ko pne + Dixrvr + GeKpapvy, — Ko g Frxpne — GrKgervy.

Defining
& = col{xy, e} and Wy = col{ry, ni}

we obtain the following system, which is equivalent to the one in (7.50):

~ ~ ~ ~ ~ Zo
Ehp1 = AR + Dy p&pvr + Fr&one + Do p&pvy + Bravy, &o =
€n (768)
2z, = C1 k&
where

A + (B xKuk + By, ) Ky + B1 x Ky —[B1 1k Kuk + Bo k| Kk
0 Ay + By, Kk — Ko 1:Ck

By O - D; 0 . 0 0
, Dip = , =
Bii — Kok Dy 0 —Ko 1 F 0

Gr Ky —Grp Ky,
GrKi —GrKy,
Using the above notation we arrive at the following theorem:

Theorem 7.7.  Consider the system (7.9) and Js of (7.10) where uj =
Ky, Ky is given in (7.35) and where Iy, is defined above. Given a scalar
v > 0, there exists a controller that achieves J3 < 0 if there exists a solution
(Py, Kox) to the following difference linear matriz inequality (DLMI)[44]:

k=

By =

Doy, = and Cyj=[0K;].

[P, BAT 0 B.DT, P.DL, BET PCT,]
* —Pe1y'Big 0 0 0 0
* * —Ipys 0 0 0 0
* * * _pk+1 0 0 0 <0, (7.69)
* * * * —Pk+1 0 0
* * % % £ —P1 0
| x * * * * * -1 |
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with a forward iteration, starting from the following initial condition:

L,

s ] (v*Qo — Qo) [In 1] - (7.70)

By -

n

Proof: Applying the result of the discrete-time stochastic BRL of Section 7.3
(see also [43]) to the system (7.68), the following Riccati-type inequality is
obtained:

—Qr + Al Qrar Ax + Ag@kﬂék@gléngﬂfik
+kaQk+1D1,k + Dg’kaHDg,k + FT Q1 Fy + C’fkél,k >0, (7.71)
Oy =721 — Bf Qi41By, 6, > 0.

By simple manipulations, including the matrix inversion Lemma, on the latter
the following inequality is obtained:

—Qk+1‘~1£[@;§+11—W_QBkBg]_lfiﬁéﬂél,k
+D1T,ka+1D1,k + Dg:ka+1D2,k + F;CTQkHFk > 0.

Denoting P, = Q,;l and using Schur’s complements the result of (7.69) is
obtained.

(7.72)

a

Remark 7.4. We note that the solution of the latter DLMI proceeds the so-
lution of the finite-horizon state-feedback of Section 7.4 starting from @y in
(7.34), for a given attenuation level of v. Once a solution to the latter prob-
lem is achieved, the DLMI of (7.69) is solved for the same ~y starting from the
above initial condition.

Remark 7.5. We note that Py = E{goxg} where Py = v2Qo — Qo). The latter
suggests that the initial condition Py of (7.70) is

Py Py
Py Py

Zo

Py = E{ ,

B
€o

since ep = g, hence justifying the structure of (7.70).

7.8 Stationary Stochastic Output-feedback Control

We consider the mean square stable system (7.11), where for simplicity, we
take G = 0. Introducing the following Lyapunov function:
- [ea
Vie = L Q& with Q = [~ N
aQ Q
where &, is the state vector of (7.68), @ and Q are n X n matrices and & is a
tuning scalar, we obtain the following result:

(7.73)
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Theorem 7.8.
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Consider the mean square-stable system (7.11) and Jy of

(7.12) where the matrices A, By, Ba, D,Co, F,C1 and D15 are all constant,
G =0, up, = K & and where Iy, is defined in (7.67). Given v > 0, there
exists a controller that achieves Jy < 0 if there exist Q = QT € R™*™, Q=
QT € R™" Y € R" = aqnd a tuning scalar parameter & that satisfy the

following LMIs:

[—Q aQ 1(1,3) T(1,4)
x —Q7T(2,3)T(2,4)
x o« —-Q a0
* * *

* * * *
k% *
* * * *
* * * *
* * * *
* * * *
L * * * *
0 0
0 0
0 0
0 0
0 0
-Q  aQ
. p
* *
* *
* *
and

-1, 0
* —1,
* *
% %
* *
* *
* *

o o o o o o o

oooooooof}go

|
=

<0,

(7.74)
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where
r(1,3) 2 [KT BT + KT (BY + KT, BT) + AT)Q,
T(1,4) 2 aQr(1,3)Q L,

(1,3)
(1,4)
(2,3) = —aC"y" — KT(B] + K, B1Q + a[K],Bf + AT)Q,
7(2,4)2a[KT, BT+ KT(BY + KT, BT )+ AT|Q+[KT, BT + AT|Q-CTYT
(3,5) =771 [QBy + aQB),

(4,5)

“Ha+1)QB,
Kop=R" 1B{P—1A,
K,,=R'BIP~'B,

and where P is the solution (7.48) of Section 7.4.2.

Proof: The proof outline for the above stationary case resembles the one
of the finite-horizon case. Considering the system (7.11) we first solve the
stationary state-feedback problem to obtain the optimal stationary strategies
of both wy ; and u ; and the stationary controller gain K. These are given
in Section 7.4.2 in (7 45).

Using the optimal strategies we transform the problem to an estimation
one, thus arriving to the stationary counterpart of the augmented system
(7.68). Applying the stationary discrete BRL for the stationary case of Sec-
tion 7.3.1 (see also [10]) to the latter system the algebraic counterpart of
(7.71) is obtained [10] which, similarly to the finite horizon case, becomes the
stationary version of (7.69). Multlplymg the statlonary versmn of (7.69) from
the left and the rlght by dzag{P Pl T +Z,P ,P~1 P~ L'I;}, denoting
Q = P!, Y = QK, where K, is the observer gain and carrying out the
various multiplications the LMI of Theorem 7.8 obtained.

7.9 Examples

In this section we solve two examples of stationary systems with stochastic pa-
rameter uncertainties. We first solve a stochastic state-feedback problem and
we compare our results with those obtained using the method of [109] which
is not specially developed for white noise uncertainty. In the second example
we solve a stochastic H.-filtering problem, again using both methods.

7.9.1 Example 1: The State-feedback Case

We consider the system (7.1)



0.04 + by,
0.05
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0.1 0.6+ ay
xk-i—l - U,

—0.225
Ty + Wk +
—1.0 -0.5 0.45

20 0
2 = T + Uk
00 0.1

where {ar} and {by} are zero-mean independent white noise Gaussian se-
quences with standard deviation of 0.63 and 0.04 respectively. Using the theory
of Section 2.4 we have D =[I  0]T[0 0.63] and G = [0.04 0]. Considering
(7.34) for a large N and Qu that tends to zero, we obtain that v = 1.74 is
close to the minimal possible level of attenuation and that a convergence of
Q. of (7.34) is obtained, up to a tolerance of 107, after 80 steps. We notice
that here (A, L) is observable. The resulting feedback gain is found by (7.35)
to be K =[9.73 1.45]. In order to compare our results with those obtained
by the method of [109] we choose the uncertainty interval in [109] to be one
that provides an attenuation level similar to our result. For the latter compar-
ison we choose, for example a; € [—-0.63 0.63] and b, € [-0.01 0.01]. We
note that this choice allows for 32% of the values of a; and 80% of b, of our
stochastic case to lie outside the above intervals. Using the method of [109]
we search for one free parameter ¢ and we obtain a near minimum value of
~v = 1.67 for e = 4. The resulting K is then [11.12 0.152].

The two designs are compared first for the uncertainty intervals on which
the design method of [109] was based. We find that while the latter design sat-
isfies the attenuation level of 1.67, our design achieves, at one extreme point,
an attenuation level of 2.29. On the other hand, our method allows for high
probabilities for the parameters a; and by to lie outside the latter intervals.
Checking, therefore, the two designs for uncertain intervals that correspond
to one standard deviation in our stochastic parameters, we achieve a worst
attenuation level of 103 in the design of [109] compared with a level of 2.29
that is achieved by our method. In both methods the minimal achievable ~
for the nominal system (with no uncertainties) is 0.6.

7.9.2 Example 2: The Output-feedback Case

We consider the mean square stable system (7.11) and the objective function
of (7.12) with the following matrices:

0 1 0 0 1
A= [—0.8 1.6} D= [0.08 0.16]’ Bi= {—1]’

0 0 —-0.50.4
322[1]71)12:{.1],01:[ 0 0}

and C'= [0 1} where F' = 0.
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We apply the result of Remark 7.2 and Theorem 7.8 where we solve first
for (7.48) and then for the LMIs of (7.74) and obtain for a near minimum of
v ="7.18 and & = 0.15 the following results:

0= 0.5950 —0.2184 O= 8.2663 —3.1948
~|—0.2184 1.0805 |’ ¥ |—3.1948 2.7360 |’

K, = [0.7790 —0.9454] , KI' = [1.2273 2.0104} . The resulting closed-loop
transfer function, from wy to 2, is G, = (—0.94462 + 0.9646) (2% — 0.53502 —
0.3589) 1. We note that for the state-feedback solution of this problem (see
Remark 7.2) (where we assume that there is an access to the states of the
system) one obtains a near minimum attenuation level of v = 1.02. We note
also that for the deterministic counterpart of this example (where D = 0) we
obtain for the output-feedback case, a near minimum ~ of 4.88.

7.10 Conclusions

The problem of H.,-optimal control and filtering of discrete time linear sys-
tems with multiplicative stochastic uncertainties has been solved. The main
contribution of this chapter is the method it introduces to solve the problems
in the time-varying finite-horizon case where the stochastic uncertainties ap-
pear in the input and the output matrices of the state-space description of
the system, as well as in the dynamic matrix. The theory developed offers a
necessary and sufficient condition for solving the state-feedback problem.

Comparing our stochastic approach to the deterministic approach of [102],
[109], where the uncertainties are modelled as exogenous signals, it is shown in
the state-feedback control of example 1 that the stochastic approach achieves
an improved level of attenuation and estimation namely, lower values of ~,
where we take the uncertainty interval in [102] to be within a one standard
deviation of the distribution of our parameters. It should be pointed out that
in the approach of [102] the prescribed bound on the index of performance is
guaranteed for all the parameters in the uncertainty interval. In our approach,
on the other hand, there is a finite nonzero probability of violating the index
of performance. There is a trade-off here between a better attenuation and
estimation level and certainty in achieving these levels. In many practical
problems the designer may prefer achieving better performance on the average,
knowing that in a small proportions of the cases, the design may not achieve
its goals. Another approach for the analysis of this trade-off is presented in
[112] and [11] where the uncertainty in the system parameters was assumed
to be uniformly distributed over a prescribed convex region.

Another reason for the better performance of the stochastic approach is
the inherent over design entailed in the method of [102] that is notably accen-
tuated, in the discrete-time case, when the system poles are close to the unit
circle. In the latter case, the solution is not readily found and one gets con-
siderably higher values of the performance bound, especially when multiple
uncertain parameters are involved.
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Finally, we note that the solution of the filtering problem of Section 7.5 can
be partially applied to the solution of the state-multiplicative H., prediction
problem. In the latter problem, for a given measurement interval say, [0 k] k =
1,..., N, a state prediction is sought for the time instant k& + h, where h is the
given prediction length. A special case of the latter problem is one where h = 1.
This problem is called one step ahead prediction (see [9] for the deterministic
case). The case where h > 1 but reasonably small enough can be possibly
solved by augmenting the system states to include delayed states and by
applying the BRL of Section 7.3. However, for large values of h this solution
may prove to be inefficient and time-consuming. Therefore, one can easily find
the prediction by applying the autonomous open loop dynamics of the filtered
estimate and then obtain the corresponding H,,—norm of the prediction error
by applying the stochastic BRL (one may expect to obtain larger attenuation
levels as h is increased).



8

Discrete-time Systems: General Filtering

8.1 Introduction

In Chapter 7 we introduced the solution to the output-feedback control prob-
lem for the time-varying, discrete-time systems with state-multiplicative noise,
for both the finite and the infinite time cases [43],[39]. This solution is based
on solving the filtering part using a Luenberger-type observer and applying
the stochastic BRL. In this chapter, similarly to Chapter 3, we apply a general
type filter for the solution of both: the H, and the mixed Hy/H,, stationary
filtering cases. We also allow for a deterministic polytopic-type uncertainties
in the system matrices.

LMIs for uncertainties that lie in a convex-bounded domain (polytopic
type) have been studied by [36]- [38],[37]. In [38], applying the standard BRL
[102] on the uncertain system, a Riccati inequality is obtained whose solution,
over the whole uncertainty polytope, guarantees the existence of a single filter
that achieves the prescribed estimation accuracy. This Riccati inequality is
expressed in terms of an LMI that is affine in the uncertain parameters. A
single solution to the latter, for all the vertices of the uncertainty polytope,
produces the required result [35]. The mixed Hs/H,, problem has also been
solved in [36].

In this chapter we treat the stationary case where the stochastic uncer-
tainty appears in the dynamic, input and measurement matrices, and where we
allow for correlations between the uncertain parameters[46], [40]. In our treat-
ment, we considered the case that commonly appears in practice, namely the
one where the stochastic uncertainties appear in A, By and C. This treatment
can also be readily extended to the more general case where the stochastic
uncertainties appear in all the system matrices. The results one achieves in the
latter case are, however, too cumbersome and the insight that could have been
gained would be lost. Unlike the solution of the filtering problem of Chapter
7, we do not require a Luenberger-type structure for the filter[43]. This prob-
lem has been partially treated in [26], however, the solution there does not
allow for uncertainty in the measurement matrix and for correlations between

E. Gershon et al.: Hoo Contr. and Est. of State-multipl. Lin. Sys., LNCIS 318, pp. 125-136, 2005.
© Springer-Verlag London Limited 2005
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the parameters, and it does not treat the mixed Hy/H, estimation problem.
We use the techniques of [74], as applied in the solution of the determinis-
tic polytopic problem [36]. Necessary and sufficient conditions are derived for
the existence of a solution in terms of LMIs. Our solution is based on the
stationary stochastic BRL of Chapter 7 and [10] and it is extended to cases
where also the deterministic part of the system matrices is unknown and as-
sumed to lie in a convex bounded domain of a polytopic-type. Our theory
is also applicable to the case where the covariance matrices of the stochastic
parameters are not perfectly known and lie in a polytope.

We also solve the mixed Hs/H, problem where, of all the filters that solve
the stochastic H, filtering problem, the one that minimizes an upper-bound
on the estimation error variance is found. The applicability of our method
is demonstrated in a gain-scheduled estimation example which is brought is
the Application part. In this example we treat a guidance motivated tracking
problem and compare the results with those obtained by the Kalman-filter.

8.2 Problem Formulation

We consider the following mean square stable system:

The1 = (A+ DB)xg + (By + GBy)wy, x0=0
yr = (C + F()xy + Dawy (8.1)

Zk = ka

where x; € R™ is the system states, yr € R" is the measurement, wy €
I5(]0, 00); RY) is the exogenous disturbance signal, z;, € R™ is the state com-
bination to be estimated and where A, By, C, D, Dy, F, G and L are constant
matrices with the appropriate dimensions. The variables {8y}, {8} and {¢x}
are standard random scalar sequences with zero mean that satisfy:

E{BcB;} = kjs  E{BkBj} = 0kj,  E{G(} = 0k E{GBj} = awdiy,

lap| <1, Vk,j >0.

and where {3} is uncorrelated with {3} and {(y}. The system model of
(8.1) represents practical situations of systems with multiplicative noise. It
could be readily generalized to cases with vector valued multiplicative noise
at the expense of more complicated expressions.

We consider the following asymptotically stable filter for the estimation of zj:

Tp41 = AfZr + Bryg, 2T0=20 (8.2)
2 = Cyiy. '

Denoting
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e = T — fik, fg = COl{l’k, ik} and ék =2k — ék, (83)

we define, for a given scalar v > 0, the following performance index

A2 2
Js = [|2|[7, = 7*[|wsl]3, - (8.4)

The problems addressed in this chapter are :

i) Stochastic H,, filtering problem : Given v > 0, find an asymptoti-
cally stable linear filter of the form (8.2) that leads to an estimation error
for which Jg of (8.4) is negative for all nonzero wy, € l2([0, 00); R?).

ii) Stochastic mixed H,/H., filtering problem : Of all the asymptot-
ically stable filters that solve problem (i), find the one that minimizes an
upper-bound on the estimation error variance:

i w,gq,,é {23},

where {wy} is assumed to be a zero-mean, standard, white-noise sequence.

8.3 A BRL for Systems with Stochastic Uncertainty

We first bring, for convenience, the lemma that is proven in Section 7.3.1
(which is similar to the one derived in [10]) for the following mean square
stable system:

Tpy1 = (A4 D18y + DaGr)wi + (B + GBr)wi,

8.5
Zk = ka ( )

where the scalar sequences {8}, {8k}, {¢x} and the exogenous disturbance
{wy} are defined above. Considering the cost function

- 2 2 2

J = lzellg, = 7 Mwellg,
and applying the arguments of [10] the following holds:
Lemma 8.1. [43], [10]  For any v > 0 the following statements are equiva-
lent:
i) The system of (8.5) is mean square stable and J is negative for all nonzero
wy, € 13(]0,00); RY).
1) There exists Q > 0 that satisfies the following inequality

—Q+ATQA+ATQBO'BTQA+LTL+DIQD,+DIQD,

+a[DTQDy+DY QD] <0 (86)

and also satisfies © > 0, where © 2 ’szq - BTQB - GTQG.
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8.4 Stochastic H., Filtering

Problem (i) is solved by applying Lemma 8.1. Considering the system of (8.1)
and the definitions of (8.3) we obtain:

r1 = [A+ DBk + DaCilér + [B + GBrJwy
2, = C¢&,

S [4 0] 5 [B - [G] ~ [Do
i=[ned) 2= mo.) o[ 2= [0)

~ 0 O ~
Dg:[BfFO],C:[LC’f].

(8.7)

where

We arrive at the following result:

Theorem 8.1.  Consider the system of (8.7). Given v > 0, the following
hold:

i) A necessary and sufficient condition for Js of (8.4) to be negative for all
nonzero wy € l3([0,00); RY), is that there exist R = RT € R™" W =
WT eRW ™ ZeR™", SeR™ and T € R™™, such that

X(R,W,Z,8,T,~*) <0 (8.9)
where ~

-R 0 0 O
-W 0 0
*x —R 0

* x —W
x % x
X(R,W, Z,8,T,v%) 2 * ok %
x % x
E
x ox x
x ok ok
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0O 0 O —RA 0 —RBy 0
0 0 0 -WA-ZC-S S —-WBy—ZDy 0
0 0 O —RD 0 0 0
0 0 0 —-WD-aZF 0 0 0
-W 0 0 —aZF 0 0 0
* —R 0 0 0 —RG 0 (8.10)
x % =W 0 0 -WaG 0
% % -R 0 0 T — LT
¥ ok % * W 0 -7
x % % * * —’yQIq 0
¥ ok % * * * I |
and where

$(8,2) 2 —ATW —CT2ZT - ST and ¥(8,4) = —DTW — oFTZ7.

i) If (8.10) is satisfied, a mean square stabilizing filter in the form of (8.2)
that achieves the negative Jg is given by:

Ap=-W™S, By=-W'Z and C;=T. (8.11)

~ Proof: i) The assertion that Jg is negative for all nonzero wy €
15([0,00); RY) is equivalent, by Lemma 8.1, to the solvability of the follow-
ing Riccati inequality

—Q+ATQA+ ATQBO'BTQA+ CTC + DTQD, + DIQD,

+05[D5QD1 + D,{QDQ] <0,
and where (8.12)
62421, - BTQB - GTQG > 0. '

Lemma 8.1 can be applied to the system of (8.7) since it is composed of

the mean square system of (8.1) and the asymptotically stable filter of (8.2).
Denoting @ = (1—a?)%5, the inequality of (8.12) is equivalent to the following.
—Q+ ATQA+ ATQBO'BTQA+ CTC + (D1 4 aD3)"Q(Dy + aDy)
+5[2D5QD2 <0,

(8.13)

since ~ N ~ B ~ B ~ ~
DlTQDl + D2TQD2 + aD2TQD1 + aDlTQDg

= ([)1 + QDQ)TQ(D1 + OéDQ) + dQDgQﬁQ.
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Applying Schur’s complements, (8.13) can be readily rearranged into the fol-
lowing LMI:

[—Q-' o 0 0 A B 0
x —Q71 0 0 (Dy+aDy) 0 0
* « —Q71 0 aDsy 0 0
rQ=| « * * -1 0 G 0 | <0, (8.14)
* * * * —Q 0 C7T
* * * * * -2, 0
| * * * * * * —Im_

and the negativity of Jg is thus guaranteed iff there exists @@ > 0 that satisfies
the (8.14). Following [38], we partition @ and Q! as follows:

X M Y N
Q = and Q! = ,
MT U NTV
where we require that
X>y L (8.15)
I2n

IZn
to X > Y L. Requiring, however, the filter of (8.2) to be of order n , a strict
inequality is required in (8.15) (see [35], page 428 for the discrete-time case).
We also note that I — XY = M N7 is of rank n.

Defining;:

A [Y In

The latter inequality stems from the fact that [ ] > 0, which leads

N
= and J=diag |QJ, QJ, QJ, QJ, J, I I|,
] | |
we pre- and post-multiply (8.14) by J7 and J, respectively. Substituting for
the matrices of (8.8a-f) in (8.14) and carrying out the various multiplications
in (8.14) we obtain:
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r—Y —1I, 0 0
x —X 0 0 O
* x =Y -I, 0 O
* * *+ =X 0 0

0 0 AY A B 0
0 0 XAY+ZCY +Z XA+ZC XBi+ZDy 0
0 0 DY D 0
0 0 XDY+aZFY XD+ aZF 0 0
0 0 0 0 0 0
0 0 aZFY aZF 0 0
-Y —I, 0 G 0 <0
x —X 0 XG 0
x % -Y ~I, 0 YLT - 27
* % * -X 0 Lr
x % * * -2, 0
* ok * * * I ]
X>Y~1>0, (8.16)
where
Z2MBy, Z2C;NT and Z = MANT, (8.17)
Pre- and post-multiplying (8.16) by 7" and 7T, respectively, where
12 diag! R 0 , R 0 ’ R 0 7 R 0 , R 0 L),
-R I, -R I, -R I, -R I, —-R 1,

N
and where we denote R =Y ™!, we obtain, defining
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A 4 A =
S=Z7ZR and T =ZR (8.18)

the requirement of (8.9), where we replace X — R by W and multiply the
resulting inequality by -1.
ii) If a solution to (8.9) exists it follows from (8.17) that

Ap=M"'ZNT By=M"1'Z and C;=2ZN"T. (8.19)

These results require the derivation of M, Z ., N and Z. We show next that a
filter with the same transference as the one achieved by (8.2) and (8.19), can

be obtained using (8.11). Denoting the transfer function matrix of the filter
of (8.2) by H;, we find that :

H:y(p) = ZN~T(pI — M 'ZN-T)"*M~'Z,
where p is the Z-transform variable. The latter equation is similar to :
Hsy(p) = Z(pMN" = 2)7'Z = Z]p(I - XY) - 2)7' Z,

and (8.11) follows using (8.18).

The fact that the filter of (8.2) stabilizes the filtering error (namely,
{A, Dy, Dy, a} defines a mean square stable evolution) is readily implied by
Lemma 8.1.

O

8.4.1 The Polytopic Case

Due to the affinity of X of (8.9) in A, By, C and Day, the result of Theorem 8.1
can be easily extended to the case where these matrices lie in convex bounded
domain. In this case, it is required that (8.9) holds for all the vertices of the
uncertain polytope for a single quintuple (R, S, Z,T,W). We note that the
system should be quadratically stable over the polytope [38].

Assuming that A, By, C,and Ds; lie in the following uncertainty polytope

Q {(A3B1707D21)|(A,Blacv D21)
= Zizl 7i(Ai, B1i, Ci, Doy i) 15 > 05 Zli:1 T, =1}

1>

(8.20)

and denoting the set of the [ vertices of this polytope by ¥ we obtain the
following result:

Corollary 8.1. Consider the system of (8.1) and (8.2) and a given v > 0.
The performance index of (8.4) is negative for any nonzero wy, € lo([0,00); RY)
and for any (A, By,C, Dyy) € Q2 if (8.9) is satisfied for all the vertices in ¥
by a single (R, Z,S,T,W). In the latter case, the filter matrices are given by

(8.11)
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Remark 8.1.  In the above, the same matrix solution is considered (i.e Q in
(8.14)). This is done in order to keep the convexity of the resulting LMI. How-
ever, taking the same matrix solution for all the vertices leads to an overdesign
in the sense that in cases where the system of (8.1) is not quadratically stable,
no solution can be reached. Also, in the case where a solution is obtained using
the same matrix, a higher minimum ~ is obtained. An improved result for the
above polytopic filter may be achieved by using a less conservative stochas-
tic version of the BRL of [89], where for each vertex a solution is obtained
on a basis of a separate Lyapunov function, rather than applying the known
conservative BRL where the solution is based on a single Lyapunov function
[39].

8.5 Robust Mixed Stochastic Hy/H, Filtering

The mixed stochastic Ho/H filter design is achieved by considering the filters
that satisfy the H., requirement and finding the one that minimizes an upper-
bound on the estimation error variance when it is assumed that the sequence
{wy} is zero mean, standard white noise that is uncorrelated with £, 3, and
C. The latter is described by the following Hs objective function :

T FE ~T ~
Jo= i 5 {712} -

_ A .
Denoting P = klim ngag{fkfg}’ we readily find that J, = Tr{CPC"}

where P = limy_ o, P, and

—Pk+1 +APkAT+D1PkD{+D2PkDg +OL(D1P]€DE+D2P]€D{)+BBT =0.
(8.21)
The latter equation is readily achieved substituting for Zx41 in Jo, using
(8.7) and taking the expectation with respect to the stochastic parameters.
We are interested in deriving the corresponding dual observability-type result
[116], taking into account the stochastic nature of {3}, {Cx}, {8k }. Consider-
ing the following recursion

Qk = AT Qi1 A+ DY Qi1 D1+ DF Q1 Do+ DI Qg1 Do+ D3 Qi1 Dy)
+CTC,
we obtain :
Tr{Py41Qrs1 — PeQy} = Tr{[AP, AT + D, P.D{ + D,P, D}

+a(DyPyD3 + Dy PpD] ) + BBT|Qps}
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—Tr{Py[AT Qu11A+ DY Qu11D1+ D3 Qpr1 Da+a(DY Quy1Da+ D3 Qpy1 D)
+CTC)}.

Since

Jim Tr{Pes1Qrs1 — PeQr} =0

and Tr{af} = Tr{Ba} it follows that Tr{CPCT} = Tr{BTQB}, where
Q = limp o0 Q-
Defining;:

IQ)=-Q+ATQA+DTQD,+DTQDy+a(DTQDy+DYQD,)+CTC,
(8.22)
we denote the following set

SELQINQ) <0 ; Q >0}

A A A N
We also consider I'(Q, ) = I'(Q)) + X' for some 0 < X' € R"*". The
monotonicity, with respect to X, of the solution @ to the equation

1Q,%) =0, (8.23)

implies, as in Lemma 3.2, that the solution @ for (8.22) which is also the
solution for (8.23) for X' = 0, if it exists, is less than or equal, in the matrix
inequality sense, to all other solutions of (8.23). We obtain

Jp =Tr{BTQB} > Tr{BTQB}, vYQ e &. (8.24)

To solve the stochastic mixed Hy/Ho, problem we assume that (8.13) has
a solution. We define the set of all the solutions to (8.13) by @¢, and we seek
to minimize Jp over @ N ®g. Namely, we consider the following LMI:

H —-BTQ

QB Q

Ao, H) 2

I'(Q,H >0, Qedndg (8.25)

and we want to find @ and H that minimize
J, =Tr{H}. (8.26)

It follows from (8.13) that I'(Q) < —ATQBO~'BTQA and thus &g C &.
We are, therefore, looking for Q and H that satisfy (8.14) and I'(Q, H) > 0
so that Tr(H) is minimized.

Notice that the matrix built from the first and sixth column and row blocks
in (8.14) resembles I'. Hence Q of (8.13) satisfies also (8.25) for H = ~2I,.
This is in accordance with the well known fact that the solution to the Ho,
problem is an upper-bound to the solution of the corresponding Hs problem
[6]. We are clearly looking for a tighter bound on Jp.
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The minimization of (8.26) can be put in an LMI form that is affine in
By, by pre- and post-multiplying (8.25) by diag{I, J*} and diag{I, J}, re-
spectively, substituting for B (using (8.8) and (8.19)) and pre- and post-
multiplying the result by A and AT, respectively, where :

is diag{I, }.

—-R 1,

We obtain the following result :

Theorem 8.2.  Consider the system of (8.7) and (8.4) and v > 0. A filter
that yields Js < 0 for all nonzero wy, € Iy([0,00); RY) and minimizes (8.24)
is obtained if there exists a solution (R, S, Z,T,W,H) to (8.9). The Hy-norm
minimizing filter is obtained by simultaneously solving for (8.9) and

it _BTR —BTW — DL 77T
72 —RB, R 0 >0
“WB, — ZDy 0 W

and minimizing (8.26). The filter matrices are then given by (8.11)

Remark 8.2.  We note that the requirement for a simultaneous solution of
(8.9) and 7 does not impose any special difficulty since both LMIs are affine
with respect to the matrix variables. Their simultaneous solution can be easily
obtained using any standard LMI solver.

8.6 Conclusions

In this chapter we solve the problem of stationary stochastic H..-filtering of
discrete-time linear systems using LMI techniques [46], [40]. This problem was
treated before in [43],[39] by restricting the filter to be of the Luenberger type.
Using a Riccati recursion, the solution was obtained there only if in addition
to the H., requirement, an upper-bound on the covariance of the estimation
error is minimized in each instant. The solution of the present chapter does not
depend on the latter minimization and is not restricted to a specific structure
of the filter.

Using the LMI approach, the conditions for the existence of a solution to
the problem are obtained in term of LMIs that are affine in the system and the
filter parameters. This affinity allows also the consideration of deterministic
uncertainty in the system, when the deterministic part of the system matrices
lie in a given polytopic type domain. Our solution entails an over-design that
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stems from the quadratic stability nature of the solution. Under the require-
ment for this type of stability, the conditions we obtained for the existence of
a solution to the problem are both necessary and sufficient.

It may be argued that the solution of the estimation problem is a spe-
cial case of the solution of the general output-feedback problem with state-
multiplicative noise [10]. The latter, however, is confined to the case where the
measurement is free of multiplicative noise . The theory we developed in this
chapter allows for multiplicative uncertainties in the measurement matrix.
As such it enables the design of gain scheduled filters for estimation prob-
lems with noisy measurement matrices. This possibility is illustrated via the
guidance-motivated tracking example in which, unlike the standard Kalman
filter, the multiplicative noise affects the filter gains. Moreover, these gains
are scheduled according to the range measurements. Using the Kalman fil-
ter one can either ignore the multiplicative noise, or introduce an additional
measurement corresponding to the range. In the latter case, a non-linear filter-
ing scheme (e.g. extended kalman filter) can be applied. Our solution, which
avoids this nonlinearity by gain scheduling, may be useful also in other similar
applications where the nonlinear terms in the measurement can be used for
gain-scheduling at the cost of introducing multiplicative noise.



9

Discrete-time Systems: Tracking Control

9.1 Introduction

A method for solving the deterministic discrete-time tracking problems with
preview has been introduced in [17]. Similarly to the deterministic continuous-
time tracking control of [98], this method processes the information that is
gathered on the reference during the system operation and by applying the
game-theory approach it derives the optimal tracking strategy.

An important extension of the above mentioned works on H,, tracking
with preview is to allow for uncertainties in the plant parameters. Using the
method of [17], the tracking problem was solved for discrete-time systems
with norm-bounded uncertainties in [18]. The latter solution entails a signifi-
cant overdesign, even in the case where the uncertain parameters in the plant
state-space model are uniformly distributed in the assumed interval of uncer-
tainty. It cannot, therefore, cope successfully with plant parameters that are
non-uniformly distributed around given average values. One such example is
encountered when the plant parameters are subject to white noise uncertain-
ties resulting in state multiplicative noise.

In this chapter, we extend the work of [17] to systems with state-multiplicative
noise [53], [42]. We treat the case where correlated parameter uncertainties
appear in both the system dynamics and the input matrices. An optimal
state-feedback tracking strategy is derived, in Section 9.3, which minimizes
the expected value of the standard H,, performance index with respect to
the unknown parameters, for three tracking patterns of the reference signal.
In the finite horizon case, a game theory approach is applied where, given a
specific preview pattern, the controller plays against nature which chooses the
initial condition and the energy-bounded disturbance. In this case the optimal
strategies of both nature and the designer are found by a achieving a saddle-
point equilibrium. In the stationary case, however, a state-feedback control
strategy is obtained in Section 9.3.2 for which the index of performance is
less than or equal to a certain cost. In this case, the problem is solved by two

E. Gershon et al.: Hoo Contr. and Est. of State-multipl. Lin. Sys., LNCIS 318, pp. 137-162, 2005.
© Springer-Verlag London Limited 2005
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easily implementable linear matrix inequalities. For both, the finite and the
infinite horizon cases, necessary and sufficient conditions are obtained.

In Section 9.4 we solve the output-feedback control problem where we
allow for a state-multiplicative noise in the measurement matrix. We first
introduce an auxiliary stochastic BRL for systems that contain, in addition
to the standard BRL, a reference signal in the system dynamics. The BRL is
solved as a max-min problem and results in a modified Riccati equation.

The output-feedback tracking control problem is solved via a max-min
strategy arguments in Section 9.4.2, rather than a game theory approach (
applied to the solution of the finite-horizon state-feedback control). Using the
solution of the finite-horizon state-feedback, we re-formulate the problem to
a filtering problem which we solve with the above auxiliary BRL.

The theory developed in this chapter [53], [42] is applied to two examples.
The first is a stochastic version of the example in [17] and in the second ex-
ample, which is brought in Chapter 11 of the Application part, we synthesize
an optimal guidance law for the case of noisy measurement in the time to go
of a guidance system. It is shown, in the latter example, that the effect of the
noise in the measurements can be modeled as a multiplicative white noise.
The theory of the present chapter is, therefore, applied to derive a guidance
law with a very low sensitivity to this noise.

9.2 Problem Formulation

Given the following linear discrete time-varying system:

Try1 = (Ap + Frop)zg + (Bog + Geni)ur + By gwy + Ba g

(9.1)
yr = (Cok + DiCr)xr + Dar gng

where z;, € R" is the state vector, wy, € 12([0, N — 1]; RP) is an exogenous
disturbance, yp € R* is the measurement, 1, € R" is a measured reference
signal, uy, € [?([0, N —1]; R!) is the control input signal and x¢ is an unknown
initial state and where {vi} and {n;} are standard random scalar white noise
sequences with zero mean that satisfy:

E{vev;} = 0kj,  E{meni} =0k E{vens} = awbij, o] <1, (9.2)

where {(i} satisfies E{(x(;} = 0x; and is uncorrelated with {vi} and {ns}.
We denote

2z = Crxyp + Dg’kuk + Dgykrk, zr € R, ke [07 N] (93)
We assume, for simplicity, that:

cT DI, DI, Dsr=1[0 0 Ry, Rj>0.
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Remark 9.1. We note that the formulation of (9.3) is most general. It reduces
to an objective that includes the tracking error and a penalty on the control

effort. For example, taking C; = [8 (1)] , D3y = [01] and Dy ) = [_OJ
implies that we minimize the sum of squares of e, = yx — rx and wug, where
yx = [0 1]zy. We also note that the orthogonality between [C)  DJ,] and
D5}, leads to quadratic costs in both the error defined by Cixy + Ds 7k
and the control effort. The assumption on Ry > 0 is required to simplify the

derivations contained in this chapter. This assumption can be readily relaxed
[57].

Our objective is to find a control law {uy} that minimizes the mean energy
of {2z} with respect to v and 7, for any given energy of {wy}, by using the
available knowledge on the reference signal, for the worst-case of the process
disturbance and measurement noise {wg}, {ni} and the initial condition zg.
We, therefore, consider, for a given scalar v > 0 the following two problems:

9.2.1 State-feedback Tracking

We consider the system of (9.1) and (9.3) where we define the following per-
formance index:

A
Ip (i, i, wi, w0) = B {|Cnan +Ds v |*+ |23 = [l wi | 13]}

—?2d R 29, R™'>0. (9.4)

Similarly to [17] we consider three different tracking problems differing on
the information pattern over {ry} :
1) Stochastic H..-Tracking with full preview of {r;}: The tracking
signal is perfectly known for the interval k € [0, N].

2) Stochastic H.-Tracking with no preview of {r;}: The tracking
signal measured at time k is known for i < k.

3) Stochastic H.-Tracking with fixed-finite preview of {r;}: At
time k, r; is known for ¢ < min(N,k + h) where h is the preview length.
In all three cases we seek a control law {uy} of the form

up = Hyxp, + Hyrp, (9.5)

where H, is a causal operation on {zy}, ¢ < k and where the causality of
H, depends on the information pattern of the reference signal. The design
objective is to minimize

maxJg (7, up,wi,xo) V{wy} €l~2([07 N—1]; RP), {uy} €l~2([07 N—-1]; RY), z,€ R*

where for all of the three tracking problems we consider a related linear
quadratic game in which the controller plays against nature by choosing xg
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and {wy}. We, thus, consider the following game:

Find {w}} € I*([0, N —1}; RP), {u}} € I>([0, N —1]; R}), and z}, € R™ that
satisfies, given {ry} € I3]0, N], the following inequalities:

JE(T‘;@,UZ,U}]C,J}()) < JE<’I"]€,U;;,’U)Z,J)6> < JE(T]C,’U/]{,,U);;,.’L'S).

9.2.2 Output-feedback Control Tracking

We consider the system of (9.1) and (9.3) with the following index of perfor-
mance:

T (i, ey Wy ng, ) = o {||CN$N+D3 vrl’} (9.6)

E {llzsll3=72[llwel 3 + llngl 3]} — 7v*2§ R~ w0, R7'20.

Similarly to the state-feedback problem of Section 9.2.1, we consider the
above three tracking problems differing on the information pattern over {r}.
We seek a controller of the form (9.5) where our design objective is to minimize

max jE(T]w Ul Wiy Ty SUO) v{wk‘} € ZQ([Ov N — 1]7 RP)’
{ny} € P([0, N — 1]; R?), {ug} € I2([0, N — 1];RY), z, € R,

where for all of the three tracking problems we derive a controller {uy} which
plays against it’s adversaries {wyg}, {ni} and xo.

9.3 The State-feedback Control Tracking

We consider the following Riccati difference equation:

Qr=AF My 1 A+ CL o+ FF Qi1 F — (FF Quy Gro, + AL Myys Bo 1) 07!
(GY QryrFrow + BY My 1 Ay),
Q(N) = C{Cxn

(9.7)
where

M1 = Qk+1[I v BlkBlek+1]
and

Py, = By  Miy1Boy + Gl Qi1 G + Ry.

The solution of the state-feedback tracking problem is obtained by the
following :
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Theorem 9.1. Consider the system of (9.1) and Jg of (9.4). Given v > 0,
the state-feedback tracking game possesses a saddle-point equilibrium solution
iff there exists Q; > 0,Vi € [0, N] that solves (9.7) and satisfies
Rpi1 >0, ke[0 N—1], ¥R !'—Qy>0, (9.8)
where we define
Ris1 =421 = BY,Qri1 Bu.

When a solution exists, the saddle-point strategies are given by:

x5 = (YR~ = Qo) "0

wj, = Ry} BY 1 0k41 + Qri1 (Axzy + Ba gug + Bs i)

wp = =0 N (BL ) My [Axzy, + Bsiry + Qi 105 41] + 0k GL Quyr Frar)

(9.9)
where
Or1 = [Ok41]+ (9.10)
and where By satisfies
0, = A{Q[H_l + Bk’l"k, On = CJJ\;D37N7’N, (9.11)

with
Ap = Qi (Ml + Bop T B ) ™ (Ar — agBay T3 G Qi Fi)
By, = ATQr41Bs  + CF D3 .

where A
Tii1 = Ry + GF Qri1Gh.

The game value is then given by:
Jg(ry, uf, wi, x8) = H[Q;ilJng’kT,;_lleT’kf772B17kB1T’k]*%
_1
(Qit1Onr1t B wri) |3 —1Q1 21 Oki 1 |3+ Da o3+ | D v |2 (9-12)

+05 (YR~ =Qo) 0o

Proof: In order to provide a full proof to Theorem 9.1, we need a preliminary
result which deals with the causality issue that is essential for the structure
of the control sequence:

We consider the following cost function:

N—-1
Jo =Y llux — sl
k=0

where puy is the output of a linear time-varying system with input wy € Yy
where Yy, = {y;.j <k, r;,j <min(k+h, N—1)} and where we note that for
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h =0, {u} is obtained using the zero preview on {r;}. A finite h corresponds
to finite preview and an infinite i (or h larger than N —1) corresponds to a full
preview of {ry}. We further note that in our case y, = z;, (full state-feedback
control). In order to obtain {uy}, using the above description, we consider the
following:

k N—1
e =Yooyt Y By
j=0 j=0

where o, (; are matrices of the appropriate dimensions. Consider the follow-
ing realization of {uy}:

k kp
uk =y azy; + Y Biry,
=0 =0

A
where k, = min(k 4+ h, N —1). We arrive at the following lemma:
Lerqma A1: Consider the above J,, pp and ug. The matriz parameters
aj, B; that minimize J, are given by

a; =aj, B =0
Proof: We define

i1 < kp 011<ky
il+ = , il— = . . 9.13
Iril+ {Oz‘>kh} i {riz>kh} ( )

Subtracting uy from pj we obtain:

k kn N—1
pe—up =Y (o5 —ay)y; + Y (B = Bi)ri+ > Bir
=0 =0 j=kn+1
By padding by zeros «;, @; for k41 < j < kj, we obtain:
kn N—1
e —up =y {(a; —a)y; + (B = Bk + Y Bire
j=0 J=kn+1
We further define
A A _ . A
Py =lyy il g =l —a; B =Bl v =[0 B
and consider [p;]+ and [p;]— similarly to (9.13). We have:
kn N—1 N-1 N-1
pe—uk =) ot Y vipi= Y &lple + Y vilpil-
J=0 Jj=kn+1 Jj=0 =0
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The result of the lemma readily follows by calculating (g, —ug )T (jux —ug) and
using the orthogonality of [px]+ and [pxr]—. We note that this lemma implies
that the minimization of J, = Yo" |[ur, — px||? by {us} is accomplished by
just up = [ug]+, namely the optimal control {uy} is just the causal part of

{n}-

The remaining part of the proof follows the standard line of applying a
Lyapunov-type quadratic function in order to comply with the index of per-
formance. This is usually done by using two completing to squares operations
however, since the reference signal of 7y, is introduced in the dynamics of (9.1),
we apply a third completion to squares operation with the aid of the signal
0r+1. This latter signal finally affects the controller design through it’s causal
part [0x41]+. Defining

Je = ||Chxr + D3 pril|* + || Do g |* — 7 [Jwil |,

we consider (9.4) and obtain:

N-1
Jp(ru,w, x0) = =yl Ry + E {lICNvan + D3 nrn |} + Z E{Jk}
k=0

Denoting
br = Tt Qrr1Ths1 — Tp Qry,
and substituting (9.1) in the latter, we find that
br = [2F (Ag + Frop)T +ul (Bag + Gremp) ™ + TEB;),TJC]
Qr+1[(Ax + Frog)zk + (Bak + Grni)ugk + Bs i7k)
+2[2 (A + Frvr) " + uf (Bae + Grmi)™ + 7} B3 k] Qrr1 B1gwy,
er{Bkak—o—lBl,kwk - ||l’k||ék + |Crxr, + D3 gri|?
—7 2wl wy, + 2wl wg + HukH%k — 22
= —wj, [v*I — B{ , Q1 Bri]wi + 2[x) (Ax + Frop)" +uf (Bok + Grni) "
+r B3 1)Qri1 B1 pwy + ul [Ry + || Bai + Gknk)HggHJUlc
+2x (A + Fror)" + ri B3 p]Qr+1(Bak + Geni)us

+2F [(Ax + Frvr) ' Qrg1 (A + Fyvg) + CECy — Qilar — 2F 21 + 2wl wy,

+r (D3 kD3 + B3 Qi1 Bsi)re + 21 (B3 1. Quy1(Ak + Fyvr) + D3 . Cr) .

Taking the expectation with respect to 1, and v we obtain:

1}%'7 {or} = E’{—wkT[’YQI — B{ xQr+1B1 k|wi + 2[f Af Qus1B1 k
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+(U£BQT,k+Tng:k)Qk+1Bl,k}wk + UE[RkJFBg:ka-&-lBQ,k + GE Qry1Grlus
+2(2" [AL Qi1 Bo ke + B Qi1 G| + 7 B3 Q1 Ba g ) uk
+21 [AL Qrs1 Ak + FLQuy1 Fr + O O — Qi)
+r¢ (D3 . D3 34-B3 . Qrs1Bs 1)+ 21 (B3 1, Qra1Ak+ D3  Cr )y} — ﬂ{']k}

Note that first order terms in both 7y or v have vanished as a result of the
expectation operation. Completing to squares for wy we get:

E {o1)=

ﬂ{*(wk — 40p) Ry 1 (wy, — y,) + uk [Ry, + Bg:kMkHBz,k + G Qi1 Grlug

+2(z" [A] Mys1Ba i, + o FL Qus1Gr] + 1 Ba M1 Ba s,
+a} [AF My 11 Ay + FE Qi1 Fi + CF Oy — Qi
+7 (D5 Ds,k+ B3 j M1 B i +2ri, (B j My A+ D35, Cr)aw = B {Ji}.

Completing next to squares for u; we obtain:
E{ory= E{~(wi—wr)" Risr(wr— )+ (ur —ar) " P (up—ax)} = B {Ji}
+ E{at AL Mis1 A — (A M1 Baw+ o Fyf Qi Gr) @ (B M1 A

+aGE Qi1 Fi) + FE Qry1 i+ CF Cr— Qi
+ri [D3 D3 i+ B3 (Ml + Bo k Ty B ) ™ Ba plre+2r (B p (M
+B2 1T By ) Ak + D3, Cr — o B ;Migy1 Bo 1 PG Qus1 Fio) . }

where:

Uy = Uy,
Wy, = wy, (9.14)
Op+1 =051, =0
and where wj, uj are given in (9.9).
Note that following the above two completion to square operations, the

mixed terms in ry and zy still remain. Similarly to [17], in order to get rid of
these latter terms in r; and z; we first define the following:

oA . LA _

W = Wy — Wk, Uk = up — Uk
Considering the above definition of wy and 4 we readily re formulate the
state equation of (9.1) in the following way:

1 = Ay + Bopug + By gy + By Wy + B3 gy + Fropey + Genrug
= Apxy + By ik + B1,kR;ileka+1(Ak$k + Bs pui + B3 ry)
+Bs puy, + B3 pri + Fropxy, + Genpug
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= [ + B1x Ry} Bl Qus1] Ay + [I + By iRy Ly BY Qg ] Ba g
+[I+ Bl,kR]:_;,l_lBi’:kaJrl]BS,k?"k + By, + Fropzr + Grnrug.
Now, considering the definition of Ry in Theorem 9.1 and using the identity
all —pa] ™! =1 —-apf] o
we obtain the following.
I+ By kR B Quir = T+ 2Bii[l — v 2Bl . Qri1 Buk] ' Bi xQrsa

=1+~ 2B1xBf Qra[l =7 2B1 kBl Qria] ™' = [[ + 7 2B B Qry1]
= Q};lek:-‘rla

where the definition of My follows (9.7). Considering the latter and u, =
U + Uy, where @y, is given in (9.14), we obtain the following.

—1 —1 N . —1
Tpt1 = Qi M1 Akrr + Q) Mi11 B2yl + B gr + Qpyy Mi+1Bs k7

—Qp i1 Mys1Ba @5 By My1 (Arak + Bsirk) + aiGY Qua1 Fray]
+EopTr + Geneur = [QﬁleH(I - Bz,k‘f;lBgT,kMkH)Ak
—Qit1 Mi1 B k@5 G Qi Frlow + Frvrar + Grnpuk
+Q;;1_1Mk+1(1 - Bz,k@ZlBgT,kMkH)Tk + Q;;,l_leJrlekﬁk + B pWg.
Noting that:

Mk+1B2,k¢;1B,21:kMk+1
= Myi1Boi[I + T, B My Bo | M T B My

)

= [I + Myy1Bo p Ty BY ()7 M1 Bo i Ty BY My

= Myy1 — (M}, + Boy T, By )

where we use the identity
I+L'L=I-[I+L]"!
and where @y, is given right after (9.7), we obtain:

Qi1 Miy1Ba i@y GT Qroy1
= —Qp 1 Myy1 Bo [ + T, Y BY, M1 By k] T G Qi P
—Q;;ileH[I + B2,kT1;+11B2T,kMk+1]7132,kT1;r110‘kG£Qk+1Fk

Qi1 My + Bop Ty BY 7 Bo Ty Gl Qpy F

Considering the above derivations, the new state equation of (9.1) in terms
of 1, and w; and the stochastic terms becomes:
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T = Apxg + Q;;ileHBz,k’&k + By gy + Q;;ileH

(I — Bg’k@EIBg’kMkJrl)B&ka + Fpopxy + Gknkuk,
where
Ak = Qk+1[ k+1 + By ka+1BQ k] I(Ak - B2,kT;;r11akG£Qk+1Fk)~

The next step which is taken in order to get rid of the mixed terms in 7,
and z in UF;]{gbk} is the addition of the auxiliary term of 2(9£+1:ck+1 - ngk)

to ¢y, before calculating UEn{qSk}.
In terms of the above new state equation we obtain:

E {ekTkaH}
= E {0k+1[14kxk + Qi1 Miy1Ba iy, + By pthy + Qpt Myt
(I — By, ®), Bgkak:Jrl)BS,ka + Fropz + Grnpug).}

Defining :
Or = Ok +2(07 11 Trp1 — O T1),
we thus add the following quantity to ¢y
E {2(9%+1xk+1 - anck)} = vl% {2(9£+1Ak — Gf)xk}

+ E {29k+1 [Q i1 Myt1 Bo iy, + By by,

+Qu i1 My (I — Bo @y, ' BY My s1) Bs krie + Fropar, + Gropu] }-
We obtain, after completing to squares for 0, the following expression.

E{oi} = ~llin — By B skl + |l + D7 B3 M1 Qicl1 O[3,
= E{J} + 1B, k0k+1H ||BzT,kMk+1QE+119k+1H§5;1

wg[Dg:kD3,k+Bg:k(Mk+1 +Bo ik Ty B3 )~ Bagri+
o AR Myoa Ax— (AfMioa Bo g+ 0 FL Qe G) @3, (B o My Ajt- oG Qroa Fr)
+FkTQk+1Fk+CkTCk—Qk]$
+29k+1Qk+1( k+1 + Bs kaHBz k) BT
The performance index becomes:

N-1

T (P, wi, w0) = > =l — Rty BY 0kl + (1)
k=0
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N—1¢~ _ _
+ Ek:o {Huk + st 1Bg,kMk+1Qk4110k+1||92Pk} - ’72H$0

(9.15)
—(VR7 = Qo) MO0l 2,
where
N-1
J(r) = i {BLe R By — Quty My Ba k@ ' By My 1 Qi }0k 1
k=0

+Zk o 7 (D3 D3k + B3 k(Mk_Jrl1+B2 ka+1B k) Ba k)T

+2 ZN 191::+1Qk+1( k+1 + Bs ka+1B W) ' Bagrk 4+ 05 (VPR — Qo)

+||D3 N7 ||
The result of (9.12) readily follows from (9.15) and Lemma A1, and the
saddle-point strategies are obtained by taking:
W* =Ry BY 1041,
i = =@, ' B My 1Qp 110541, (9.16)

5= (V*R™ — Qo) 0.
O

Remark 9.2. For un_1 to be defined, it is required that C% Cy is of full rank.
This may not comply sometimes with actual requirements. In this case CLCy
may be replaced by CLCy + elwhere 0 < e < 1.

Remark 9.3. We note that 6, is the causal part of 641 which depends on
the specific patterns of the three reference signals (1) - (3) of Section 9.2.1.
Note also that only the saddle- point strategy of the controller uj of (9.9)
depends on the causality of the reference signal of the latter three problems.

9.3.1 Preview Control Tracking Patterns

Applying the result of Theorem 9.1 on the specific pattern of the reference
signal we obtain:

Lemma 9.1. H..-Tracking with full preview of {ry}: In this case

9k+1 = ¢k+19N + ZN ol Wk+1,jBN—jTN—j (917)
where
b 2 AT AT, AT
A1 A AN J<N -k -1 (9.18)
g/k—&-l,] - .
j=N-k-1
The control law is given by (9.9) with 0F_, given by (9.17).
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Proof: Considering (9.11) and taking k + 1 = N we obtain:
On_1=A%_10n + Bn_1rNn_1,
where 0y is given in (9.11). Similarly we obtain for N — 2
On_2 =A% _,0n_1+ By_arn_o =A% _,[AL_,0N + Bn_17n_1]
+Bn_orn—2 = AN AL 0y + AN _oBy_17N_1 + By_2rn_o.

The above procedure is thus easily iterated to yield (9.18). Taking, for
example N = 3 one obtains from (9.11) the following equation for 6;:

01 = A{Agag + A{BQTQ + BlTl.

The same result is recovered by taking k& = 0 in (9.18) where j = 1,2. We
note that in this case of full preview of {ry}, 0, = [Ox11]+-
O

Lemma 9.2. H.,-Tracking with zero preview of {r}: We obtain the following
control law:

Ut = —@gl[Bg:kMk_H(Akxk + BgJJ’k) + Oék-Gng-_;_lea?k}.

Proof : In this case 012+1 = 0 since at time k, r; is known only for ¢ < k.
We obtain from (9.9) the above control law.

Lemma 9.3. Ho.-Tracking with fized-finite preview of {ri}: We obtain the
control law of (9.9) where 05, satisfies :

2?21 Wiyt Bryhy1—jThrnt1—; k+h<N-—1

Gpp1On + 30~ U1 ;By_jrn—; k+h=N

c —
0k+1 -

where Wy, ; is obtained from (9.18) by replacing N by k + h + 1.

The above results is obtained since r; is known at time k for ¢ <
min(N, k+ h). We note that the proof of Lemma 9.3 follows the same line as
the proof of Lemma 9.1.

Remark 9.4. The case of multiple stochastic uncertainties in both the dy-
namic and the input matrices can be readily considered. For simplicity we
bring here a case where two white noise uncertainties appear in the latter ma-
trices (namely Fyv, and Gy in (9.1) are replaced by Fiy xv1 i + Fb xva
and Gqgm g + Go ek respectively). We consider the special case where
{vi e}, {va i}, {m x}, {2k} are uncorrelated standard random scalar white
noise sequences with zero mean. For the latter case, we set a = 0 in (9.7),
(9.9) and in A and replace FEQk+1Fk by FfkakHFLk + Fg:ka+1F2’k and

GLQr1Gr by G ,Qr1Grk + GL Qi1 Ga .
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Remark 9.5. We note that since
Op = AL Ok 1 + Brry, uk = go itk + 9o.10%,

in the case where 7y, is scalar and slowly varies with respect to the dynamics
of 0, one may solve ~ - -

Op = AL Op1 + By,
and approximate ug by

U = Go, kT + 90,60k Tk-

In such cases the controller applies both causal state-feedback and distur-
bance/reference feedforward, whereas without this approximation the distur-
bance feedforward path is not causal. Of course, the error in such approxi-
mation is nulled when 7} is actually constant. This idea is widely applied in
many guidance laws based on optimal control [115] where the target maneu-
vers are assumed to be constant for synthesis purposes, resulting in guidance
laws which are applicable for slowly varying maneuvers.

9.3.2 State-feedback: The Infinite-horizon Case

We treat the case where the matrices of the system in (9.1) and (9.3) are all
time-invariant and N tends to infinity. Since (9.7) and the condition of (9.8)
are identical to those encountered in the corresponding state-multiplicative
state-feedback regulator problem (where r, = 0) [87], the solution Q) of (9.7)
and (9.8), if it exists, will tend to the mean square stabilizing solution (see
[12], page 134) of the following equation:

—Q-f—ATJ\ZfA + CTC+FTQF—(FTQG04+ATMBQ)@_1 (GTQFOnLBQT]\Z/A) =0
(9.19)
where

2

MEQ—~2BBTQ] " and ¢ £ BINIB, + GTOG+ R (9.20)

and where B
721, — BIQB; > 0. (9.21)

The latter will guarantee that
Jg(re, ul, wi, 20) < J(r),
where
J(r) = Q™ + BoT'Bf =4 2BiBl|72(Q 0141 + Bsri) |3
—1Q72 01113 + | Darell3 + | Darnl|? + 05 (4R~ = Q)60

In the latter, 6y is given by the time-invariant version of (9.11), 05 is defined
in (9.10) and
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T2 R+G7QG. (9.22)

A strict inequality is achieved, for ({wg},x,) that is not identically zero,
iff the left side of (9.19) is strictly less than zero. The latter inequality can be
expressed in a LMI form in the case where a = 0, as follows:

Theorem 9.2. Consider the system of (9.1) and (9.3) with constant matrices
and o = 0. Then, for a given v > 0,

Jg (e, ur, w, xo) < j(r)

for all {wy.} € 1?([0,00); RP) and xo € R™ iff there exists a matriz P = PT €
R™ ™ that satisfies the following LMIs:

[—P PAT 0 PFT pcT 0 ]
* —P—ByR'BI' By,R'GT 0 0 B
Al * * —P-GR'GT 0 0 0
Fl - < 0
* * * -P 0 0
* * * x =1 0
| * * * * * —'yQIp_
(9.23)
and ) -
v“I, B
l v (9.24)
*
If such a solution exists then the optimal control strategy is given by:
uj =~ BY M(Axy, + Byry + P05, 1) (9.25)

where

M= (P—~72BB)7", and 6f,, = [Ok11]+

and 0y, satisfies

0, = AT[P — v 2B BT + By(R+ GTP~'G) ' BY| " (P81 + Bsry).

Proof: The inequality that is obtained from (9.19) for a = 0 is
—Q+ ATM|[I — Byd 'BIMJA + CTC + FTQF <0
with the condition of (9.21). Since
M — MBy® *BIM = (M~ + BT 'BI)™!

we obtain, using the definition of M in (9.20), the condition:
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—Q+ATIQ7' =4 ?ByBY + B.T'BI 7' A+ CTC + FTQF <0 (9.26)
Applying the inversion lemma on T of (9.22) we obtain
T '=R'-R'GTQ'+GR'GT)'GR™ .
Substituting the latter in (9.26) and defining P = Q~! we obtain:
P~'— AT[P —~472B,BY + BR'BY — BR'G"(P +GR'GT)"'GR !
BI)'A - CTC — FTP-'F > .

Using Schur’s complements the latter inequality is equivalent to

[—p—1 AT 0 FT.cT o0 ]
* —P—-DByR'BI BR'GT 0 0 B
* * ~P-GR'GT 0 0 0
<0 (9.27)
* * * —P 0 0
* * * * —I, 0
| * * * % —nyIp_

The LMI of (9.23) is then obtained by multiplying (9.27), from both sides,
by diag{P, I, I, I., I;, I,}. Using Schur’s complements the condition of
(9.21) is readily given by (9.24).

O

Remark 9.6. The case of D3 = 0 characterizes a situation where a part of the
disturbance is measured with preview. Substituting for D3 in the equations
of Theorem 9.1 we obtain, by (9.12), the following game value.

Ti(rk, uf, wi, 25) =[P + BoT ' Bf—y~2B1 BY |~ % (P 1+ Bsry ) |I3

—||P26,[13+(1P2 6o +6] (Y*R~' = P~1) =16,

= [P+ BoT~'Bf—y~2B, B>y |13 — || P= ATy |13 + || P2 6|2

+5 (Y R™1 =P =) 100 = [|Onk][3 +[ P> 60> +65 (2R~ —P~1) =16,
where R

nk = [P+ BoT 'BI—~=2B, BT |71 (PO 1+ Bsry)

and where N
O =P+ BT 'BI—~+2B,B} — APAT,

is the matrix block that is obtained by deleting the forth and fifth matrix rows
and columns in I of (9.23) and using the Schur’s complements formula with
respect to the (2,2) block in the resulting inequality. The fact that I > 0
readily implies that the game value is positive. The latter also stems from



152 9 Discrete-time Systems: Tracking Control

the fact that in the case where D3 = 0, 7, is a disturbance (measurable one)
that does not appear in the performance index. If nature could choose also
rk, it would certainly win the game by choosing r; of unbounded magnitude
without being penalized. To include nature in the game and let it choose 7y
one should add to the cost function of (9.4) a penalized term of {rj}, namely
—~2||rg||3. In such case, however, the maximizing future values of r, = r}
depend on z;, which in turn depends on r} via uy, resulting in an infinite
dimensionality of the problem [65].

The optimal strategy for the control input uy is obtained from the results of
Theorem 9.2 according to the specific information we have on {r;}. Assuming
that the conditions of the latter theorem are satisfied we obtain the following.

Lemma 9.4. Stationary Hu.-Tracking with zero preview of {ry}: In this case
051 =0 and
ut = —QileQT]\Z(A:v;c + Bsrg).

Lemma 9.5. Stationary Ho, Fized-finite Preview Tracking: The control law
is given by (9.25) when 0 | is given by:

h
Oky1 = Z(AT)hfj([lTple:s + C " Ds)risnii—j.
=1

Proof: We note that in this case r; is known at time k for ¢ < k + h. The
above expression is easily recovered from Lemma 9.3 by considering the case
of k+h < N —1 (since N tends to infinity) and noting that B is time invariant.
Replacing for By, of (9.11) where we note that P~ = @ and noting that the
summation over ¥ of Lemma 9.3 is done from k +1 to k+ 1+ h — j (since in
this case N is replaced by k+ h+1), we obtain the above expression for 6§ ;.
Note also that in the stationary case A is time-invariant.

O

9.4 The Output-feedback Control Tracking

The solution of the deterministic counterpart of this problem (i.e with no
white noise components) with different preview patterns was obtained, using
a game theoretic approach, in [17]. Similarly to the standard dynamic output-
feedback control problem solution [57], the solution in [17] involves two steps.
The second step of this solution is a filtering problem of order n. A second
Riccati equation is thus achieved by applying the bounded real lemma [57]
to the dynamic equation of the estimation error. In our case we follow the
same approach, however, it will be shown that the estimation error contains a
state-multiplicative white noise component. The latter imposes augmentation
of the system to order 2n. The augmented system contains also a tracking
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signal component and one needs, therefore, to apply a special BRL for state
multiplicative system with tracking signal. We thus bring first the following
auxiliary BRL:

9.4.1 BRL for Stochastic State-multiplicative Systems with
Tracking Signal

We consider the following system:

Tpt1 = (Ak + Fyvg)zs, + By pwi + Bs i

(9.28)
2z = Crxyp + Dgykrk, zr € R1, k€ [07N]

which is obtained from (9.1) and (9.3) by setting By = 0 and Ds j, = 0. We
consider the following index of performance:

A
Ip(re, wr, 0)= E{||ICyan+Ds nrull+z:l13} — B H2(llwil3]}

2R 12y, R1>0. (9.29)

We arrive at the following theorem:

Theorem 9.3. Consider the system of (9.28) and Jp of (9.29). Given v > 0,
Jp of (9.29) satisfies Jp < J(r,e), V{wr} € I*([0,N — 1];RP), =z, € R",
where

N-—1 N-—1
ri (D3 Dsi)re + [ Danrwl|® + Y 05 {Br xR B Ykt
k=0 k=0

+2 Z 9k+1Qk+1 k+1) "By k1 + 00 ¢ o,

if there exists Q) that solves the following Riccati-type equation
Qu=AT My AL +CFCLAFT Qe Fr,  Q(0) = 42R™! — eI, (9.30)
for some € > 0, where
0, = ATOp 1 + Byry, On = CLDsnrw,

R - R U (9.31)

Ay = Q1 Mis1Ay, Bi= AL Qui1Bsy + Cl Dy
Proof: Unlike the state-feedback tracking control, the solution of the BRL
does not invoke saddle-point strategies (since the input signal wuy, is no longer
an adversary). The sufficiency part of the proof can, however, be readily de-
rived based on the first part of the sufficiency proof of Theorem 9.1, up to
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equation (9.15), where we set By = 0 and Dy, = 0, and where we take
Py = 0. Analogously to (9.15) we obtain the following:

N—1
JIB(rk, ug, Wi, To) = Z ||, — Ry}, BY k9k+1||%:¢k+1
k=0
=70 — (R = Qo) MollF-s 2, (9.32)
where we replace 641, Qr by §k+1 and Qg, respectively, and where
P, = R 72Q 71’
0= v o] (9.33)

0="7"2Pbo = [v*R~" — Qo] by

The necessity follows from the fact that for 7, = 0, one gets .J(r,€) = 0 (noting
that in this case 6 = 0 in (9.31) and therefore the last 3 terms in the above
J(r,€) are set to zero) and Jp < 0. Thus the existence of Q > 0 that solves
(9.30) is the necessary condition in the stochastic BRL [87], [10].

O

Remark 9.7. The choice of € > 0 in Q(0) of (9.30) reflects on both, the cost
value (i.e J(r,€)) of (9.30) and the minimum achievable ~. If one chooses
0 < € << 1 then, the cost of J(r,e) increases while the solution of (9.30) is
easier to achieve, which results in a smaller . The choice of large €, on the
other hand, causes the reverse effect, which leads to a larger ~.

9.4.2 The Output-feedback Solution
We consider the following system:

Tpt1 = (Ar + Fpv)zr + Bo gur + Bigwy + Bs gry

(9.34)
yr = (Cox + DiCr)xr + Dot i,

where y; € R* and where we note that the measurement matrix is contam-
inated with a white noise component of D and where, for simplicity, the
stochastic uncertainty is removed from the input matrix. Like in the state-
feedback case we seek a control law {uy}, based on the information of the
reference signal {r;} that minimizes the tracking error between the the sys-
tem output and the tracking trajectory, for the worst case of the initial con-
dition xg, the process disturbances {wy}, and the measurement noise {ny}.
We, therefore, consider the following performance index:

T B (71 W T, T0) = E{||CN$N+D3N7"NH 23 =7 [lwell3 + [1nel3]}

i R+ F{afQnan}, R7'20, Qu >0,
(9.35)
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We assume that (9.7) has a solution Q11 > 0 over [0, N — 1] where (9.8)
are satisfied. We introduce the following difference linear matrix inequality
(DLMI) [99],[44]:

[—p; Y AT 0 Df  FI Cl,]
* —Peay 'Big O 0 0
N * * -1 0 0 0 . A1
= R <0, P,=0Q,, (9.36)
* * * —PFPeyr O 0
* * * * _I:)k-H 0
L * * * * -1 |

where Ay, Bu«, Ci and Dy, Fy, are defined in (9.47) and Q. Py are given
in (9.48) and (9.49), respectively.

The solution of the output-feedback problem is stated in the following theo-
rem, for the a priori case, where uy, can use the information on {y;, 0 <i < k} :

Theorem 9.4. Consider the system of (9.34) and Jg of (9.35). Given v > 0,
the output-feedback tracking control problem, where {ry} is known a priori for
all k < N (the full preview case) possesses a solution if there exists B, €
RV > 0, Ap € R™™, By € R™*, Cpr € R™*! Vk € [0,N] that
solves the DLMI of (9.36) with a forward iteration, starting from the initial
condition:

R R
R R+el,

14

Py=Qyt =772 , 0<e<<l1. (9.37)

where R is defined in (9.4).

Proof: Using the expression achieved for Jg(rk,ur,wy,xo) in the state-
feedback case of Section 9.3, the index of performance is now given by:

Ty (T Wi, Wiy e, 0) = J(riy Uiy wi, 20) — 72wl [3 = =2 w3

o — 28Iy + S Nk + CoalPH — 22 llnkl B + Tr).
(9.38)
We note that in the full preview case [0g+1]+ = Opy1.
Using the following definitions:

U = @,t/fluk + ng{QBikMk+1(Bs,krk + Q;;ilekﬂ)

Wy, = 7_1311421“’1@ — ’y_lR;_il_fok[QkJrl (Akxk + By jpuy, + Bg,krk) + 6k+1],
(9.39)
we note that
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_ —1p1/2
WE = le{l,-l( wlt:)a
where w; is defined in (9.9). We also note that
_ 1/2
= B/ (un — uf).

where ) is derived from (9.9) by excluding from u; the terms that are not
accessed by the controller (i.e the terms with xj). Considering the above wy,
and uy we seek a controller of the form

Up = _Cl,kfi'lw

We, therefore, re-formulate the state equation of (9.34) in terms of } and wj;
rather than u;, and wy.
Considering the above, we obtain the following state equation.

21 = (Ay, + Fyog)zg + By g g + Bogiy + Bsry, + Bagbryr,  (9.40)

where
A = Qi My Ay,
By =B, kRk_H ;
By = Q{1 My 11 B, k@k_;,l_{2, (9.41)

= —1/2
By = B3+ By kRkH 1’ka+1B3,k - B2,k@k+{ B%:kMk+1B3,ka
- —1/2 _
B4 k= Bl kRkJrlBl k BQ,k¢k+{ Bg:kMk+1Qk+11'
Replacing for wy, and uy we obtain:

Tt = (Qppy M1 Ak + Frop)zy, + B1,k(771311¢f1 (w, — wy)) (0.42)
+Bs k(dsk-f-l(uk u})). + Bs pri + By g

Replacing for wj; and uj, we obtain:

Tpp1= (Q;;thﬂAk-i—Fkvk)xk +731,kRk+1{2’7_1R11cf1( Rk+1Bl ()
+Qr+1(Arzy + Ba pug + Bs pry)]) + Q;+1Mk+132,kdjki{2(@11€f1(Uk

+¢]:_,1_132T,kMk+1(B3,krk + Qpt19k+41))) + B3 kri + By i1,
(9.43)
or obtain:

T =[(I—77%B kBT,kQ;;ll)_lAk - By kR;le{kaﬁ-lAk]fk + Frxpug
1/2 _ 1/2 1/2 _ 1/2

+vB1 kRk-i-{ 0l Rk{i-lwk (vBu, kRk-i-{ leile-',—lBl i[Okt

+Qr+1(Agzi + Ba pur + B3 pri)]) + Qk+1Mk+lB2 /@ki{z

(@llc/fl(uk + ¢;ilB§kMk+1(B3,krk + Qi t10k+1))) + Bsiri + Babiin
(9.44)
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where we note that:
Ap = Ay — B1,kR;;ilB1T,ka+1Ak
= (I =7 BB Qity) " A — BirRi B Quear Aw,
Biw =7"'BiaR/],
By g = —Bi xRy} BY Q1 Bak + Boy®y)
Bs. = — BBy BY ,Qus1 Bs i + B2,k@/§i{2B2T,kMk+1B3vk + B,

D —1/2 o1 -1 _ -1 -1 pT -1
B2,k¢k+1 BQ,kMk+1Qk+1 - Qk+1Mk+1BQ7k¢k+1B2,kMk+1Qk+1'

We consider next the following a priori-type state observer:

Tpt1 = A @k + Brryr +dg, o =0, (0.45)
Zp = Cp iy,

where - - -
dy = Ba Uk + B3 Tk + By r0k11-

Denoting e, = x) — & and using the latter we obtain:
Ch+1= (Ak_Bf’k;Cz’k;_Af’k)xk + Af,krek + Frxpvg — Bf’ka.%‘kgk + Bl)kUA}k,
where we define

A . -

Wy = col{wy, ni}, Big=[Bix — BprDa1 k-

Defining also
A A
&k = col{xy, ex}, Tr = col{ry, Ori1},

we obtain

Ers1 = (Ak + Frop + DiCr)éx + B gty + Bs iy, &0 = col{xg, eo},

- (9.46)
Zr = C1,5€k,
where
- Ay — BopClhi BskC . B 0
A= | . , Bir=1 _ ,
Ak — Bf,kc2,k — Af7k Aﬁ]C Bl,k _Bf,ch21,k
B Bs i, B4,k P Fi 0 - 0 0

3,k — y L'k = ) = )

0 0 Fk 0 —Bf’ka 0 (9_47)

Cip = @;i{QngMk+1Ak, Crp=[Crk — Cri Crrl-
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Applying the results of Theorem 9.3 to the system of (9.46) we obtain the
following Riccati-type equation:

QAk:Ag[Q/;L - 77231&3516]71Ak'i‘cgck'f'FgQAkJrle"‘DngﬁLle,
(9.48)
where Q is given in (9.37).
Denoting
Py =Q;" (9.49)

and using Schur complement we obtain the DLMI of (9.36). The latter DLMI
is initiated with the initial condition of (9.37) which corresponds to the case
where a weighting v2e¢ =11, is applied to £ in order to force nature to select
%o = 0 in the corresponding differential game [99], [57].

O

In the case where {r;} is measured on line, or with a preview h > 0, we
note that nature’s strategy, which is not restricted to causality constrains, will
be the same as in the case of full preview of {ry}, meaning that, in contrast to
@y, which depends on the preview length h, wy of (9.39) remains unchanged.
We obtain the following.

Lemma 9.6. H., Output-feedback Tracking with full preview of {ry}: In this
case L L
u = stéd“k + Qsl;rg B3 My 11 (Bs k7 + Q1 O41)-

Solving (9.11) we obtain:
Op1 = PryaOn + 355 W By e

where
N A _ _
207 T T
D1 =Ap 1 Apyo AN

A AL AT o A <N —k—1 (9.50)
P15 = :
j=N-k-1

Proof: We note that in this case [fi41]+ = 6k+1. Considering (9.11) and
taking k 4+ 1 = N we obtain:

On-1 =A% _0n +Bn_1rNn-1,
where Oy is given in (9.11). Similarly we obtain for N — 2

On—2=A%_s0n_1+ Bn_arn_2 = AL _,[AL_,0n

+Bn_17N-1] + By_2"N—2 = By_ory_2 + AL AL 0+ A% ,Byn_1rn-1.

The above procedure is thus easily iterated to yield (9.50). Taking, for
example N = 3 one obtains from (9.11) the following equation for 6¢; :
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01 = A{Agag + A?BQTQ + Blrl.

The same result is recovered by taking k = 0 in (9.50) where j = 1,2.
O

Lemma 9.7. Ho, Output-feedback Tracking with no preview of {ry}: In this
case

_ 1/2 —1/2 T
U = @k+1uk + st-i-l BQ7kMk+1Bg7kT’k.

The proof follows from the fact that in this case [f;+1]+ = 0 since at time
k, r; is known only for ¢ < k.

Lemma 9.8. H., Output-feedback tracking with fized-finite preview of {ry}:
In this case:

ay = 02w + Dy P BY Micia (Bswri + Qi1 O] +)
and

d, = BQJCT_I/ + Bgvak + B47k[0k+1]+-

where [Oxy1]+ satisfies :

o] Z?zl @k+1,j3k+h+1—jrk+h+l—j k+h<N-1
kt1l+ =<4 . L _
¢k+10N+Z";:11 Ury1,;By—jrn—; k+h=N

and where Wy 11 ; is obtained from (9.50) by replacing N by k + h + 1.

9.5 Example: A Stochastic Finite Preview Tracking

We consider the system of (9.1) with the following objective function:
J = 55 Ep, {l|Can — rill* + 0.01fur |2} — > 7 [l

where there is an access to the states of the system, where

0 1 0 0 1
A= [0.8 1.6] = [0.12 0.24}’ Br= [1}

,Bzm, Bg[g] and C=[~0.50.4].

and where G = 0. The case of h = 0 can be solved using the standard H,
model where 7, is considered as a disturbance [21]. The disturbance vector

A
wy, becomes the augmented disturbance vector wy = col{wy, r1}. Using the
notation of the standard problem, we define:
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1 2 0-1 0
B1: |:_10:|7D11: |:0 O:| andDu: |:1:|

Applying the theory of [12] we get that the minimum possible value of v
is near 5 = 2.031 . The obtained control law for this v is uy = Kz, , Ks =
[0.472 —2.359 ] and the resulting closed-loop transfer function, from r; to
Cxy, is Gy = —(z + 1.021) (22 + 0.7592 + 0.327) L.

We apply the results obtained in Section 9.3.2 with preview of h = 0. We
find that for v = 1.016, a value very close to the lowest achievable value of

. . 6.1846 3.1776
7, the solution of (9.23) is P= {3.1776 49601

transfer function, from ry to Cxy, is G5 = —(0.36452)(22 — 0.7942) 1. We
note that one should not draw a conclusion from the fact that the minimal
~ achieved by the two methods is significantly different. Unlike our solution,
in [21] the energy of 7 is also taken into account in the performance index.
The comparison between the two methods should, therefore, be based on time
simulation. The resulting control law of (9.25) becomes:

] , and the resulting closed-loop

ip = [0.7944  — 1.0][Azy + Bsry).

We compare the results of [12] with our result in Figure 9.1 where the average
tracking error (Cxy — ry), with respect to the statistics of the multiplicative
noise, is depicted as a function of time for rp = sin(k). The improvement
achieved by our new method, in this frequency, is clearly visible.

The latter controller is extended to the case of h > 0 using the result of
Theorem 9.2. The only addition to the control law of iy is the term Kgfj
where Ky = —¢~'BIMP = [1.7354 —1.7358]. The results that are obtained
for the case of h > 0 are described in Figure 9.2, where the average power of
the tracking error, with respect to the statistics of the multiplicative noise, is
depicted as a function of the preview length.
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Average tracking error

i i L 1 1 L
[¢] 5 10 15 20 25 30 35 40 45 50
Time in seconds

Fig. 9.1. Comparison between the tracking errors obtained in the standard solution
(dashed lines) and the new method (solid lines) for r, = sin(k), measured on line

0.6

0.55- N

0.5} : : . . -

0.45 * -

0.35 N

average power of the tracking error

0.25 i i i i i i i i i
(o] 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

preview length in seconds

Fig. 9.2. The power of the tracking error as a function of the preview length
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9.6 Conclusions

In this chapter we solve the problem of both, the state-feedback and output-
feedback control tracking with preview in the presence of white noise parame-
ter uncertainties in the system state-space model. Applying the game theory
approach, a saddle-point tracking strategy is obtained for the finite-horizon
state-feedback case which is based on the measurement of the system state
and the previewed reference signal. The performance index that corresponds
to the tracking game includes averaging over the statistics of the white noise
parameters in the system state-space model. The game value depends on the
reference signal sequence and is usually greater than zero.

For the finite-horizon time varying state-feedback case, a nonzero correla-
tion between the unknown parameters in the input and the dynamic matrices
was allowed. The latter result has been extended to the time invariant case
with an infinite horizon. The problem of determining whether there exists a
solution that guarantees a pre chosen attenuation level became one of solving
a set of two LMI’s, in the case where the latter correlation is zero. The fact
that we could not formulate the solution to the problem in a LMI form, in
the case where this correlation in not zero, may indicate that the problem is
not convex.

The problem is probably nonconvex in the case where this correlation is
nonzero.

Extension of the results of the state-feedback solution to the case where
there is no access to the system states and the controller has to rely on noisy
measurements of the output is not immediate. Unlike the treatment in the
deterministic uncertain case where the uncertainties are norm-bounded, the
stochastic uncertainties of the plant in our case lead to an error in the estimate
of the system state that depends not only on the past values of the error but
also on the value of the state multiplied by the stochastic uncertainty. To solve
the output-feedback tracking control we needed, therefore, to formulate and
solve an auxiliary BRL which also contains an additional tracking signal in
the system dynamics. Thus, using an a priori-type state-observer the latter
problem can be formulated as an estimation problem, to which we apply
the auxiliary BRL. Applying the latter we arrive at a linear matrix inequality
over a finite-horizon (i.e DLMI) which can be solved with the aid of the DLMI
technique [99], [44] presented in the introduction and in Appendices B and C.
This technique was accurately shown to mimic the standard Riccati recursions
of various H, control and estimation problems. It was also shown to converge
to the stationary solution of the latter problems in the case where the system
is LTT and the horizon length tends to infinity [99], [44]. Alternatively the
latter DLMI can be also solved using homotopy algorithm.
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Discrete-time Systems: Static Output-feedback

10.1 Introduction

In this chapter we bring the solution of the discrete-time counterpart of Chap-
ter 5 where we solve both the Hy and the H,, static output-feedback control
problems. In both cases we treat systems where that contain stochastic white-
noise parameter uncertainties in the matrices of the state-space model, includ-
ing the measurement matrix, that describes the system.

Similarly to Chapter 5 we apply the simple design method of [100] for
deriving the static output-feedback gain that satisfies prescribed Hy and
Hperformance criteria. A parameter dependent Lyapunov (LPD) function
is applied and a sufficient condition is obtained by adopting a stochastic coun-
terpart of a recent LPD stabilization method that has been introduced in [36].
The theory we develop is demonstrated by an example of a two- output one-
input system where we design a static controller for a nominal and uncertain
system.

10.2 Problem Formulation

We consider the following linear system:

Tyl = (A + DVk)l‘k + Biwg, + (BQ =+ GCk)uk, x9g =0 (10 1)
yr = Coxp + Daring -

with the objective vector
2z, = Chog + Disuy, (102)

where {zp} € R" is the system state vector, {wy} € 12(]0,00); RY) is the
exogenous disturbance signal, {ny} € I?([0,00); R?) is the the measurement
noise sequence, {ux} € (2([0,00); RY) is the control input, {yx} € R™ is the

E. Gershon et al.: Hoo Contr. and Est. of State-multipl. Lin. Sys., LNCIS 318, pp. 163-172, 2005.
© Springer-Verlag London Limited 2005
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measured output and {zp} € R" C R" is the state combination (objective
function signal) to be regulated. The variables {(;} and {v} are zero-mean
real scalar white-noise sequences that satisfy:

E{Vij} = 51@]’7 E{Ck(]} = 6kj E{Ckuj} = 0, th] Z 0.

The matrices in (10.1), (10.2) are assumed to be constant matrices of appro-
priate dimensions.
We seek a constant output-feedback controller

that achieves a certain performance requirement. We treat the following two
different performance criteria.

e The stochastic H, control problem: Assuming that {wy}, {n;} are
realizations of a unit variance, stationary, white noise sequences that are
uncorrelated with {v}, {{x}, rather than adversaries in I3, the following
performance index should be minimized:

A
Jo = B {llzl]7 ) (10.4)

e The stochastic H.control problem: Assuming that the exogenous
disturbance signal is in [z, a static control gain is sought which, for a

prescribed scalar v > 0 and for all nonzero {wy} € 1%([0,00); R?) and
{ni} € 12(]0,00); RP), guarantees that J,, < 0 where

A
Too 21120]2 = 10l + il 2] (10.5)

Augmenting system (10.1) and (10.2) to include the measured output y we
define the augmented state vector &, = col{xy, yi} and obtain the following
representation to the closed-loop system.

Er1 = A&y, + By, + D&y, + GExCr, & =0

~ (10.6)
2z =C&
where: N
A | wg T A By K ~a |l D 0
Wk = [nk+1:|’ 4= [CQA CQBQK:|’ D= |:02D O]’
~ A |0 GK ~A| By 0 = A
¢= [o CQGK} y B= {0231 D21] €= [61 Dk (10.7)
We consider the following Lyapunov function
~ ~ P —a~tpcT ~
_ T : _ R
Vp =¢"P¢ with P = [—alCQP P } , P>0, (10.8)

where P € R™ ™ and P € R™*™_ The parameter « is a positive scalar tuning
parameter.
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10.2.1 The Stochastic H, Control Problem

Applying (10.8) to the derivation of the stochastic Hy control results [105] it
is obtained that Jo < 62 for a prescribed ¢ if there exist a positive definite
solution Q = P~', where P is of the structure (10.8), and H € R(a+r)x(a+p)
that solve the followmg Linear Matrix Inequalities (LMIs) :

[—QAQ 0 0 0
x —Q QCT QDT QGT

H BT )
x x —I. 0 0 <0, - | >0, and Tr{H} <.
- *
x % x  —Q 0 @
BEREE «  —Q |
) (10.9)
Applying [100] it is found that @ possesses the following structure:
. CcTQ
@ Ga (10.10)
QC> aQ

where Q € R ", Q € Rmx;m_ o
Substituting for A, B, C' and D, G into the latter LMIs we obtain the
following:

Theorem 10.1. Consider the system (10.1),(10.2). The output-feedback con-
trol law (10.3) achieves a prescribed Ho-norm bound 0 < 0, if there exist
Qe RV, Q € R™™M, Y € R qnd H € RUTPI*@HP) that, for some
tuning scalar 0 < «, satisfy the following LMIs:

—Q —CTQ I'(1,3) I'(1,4) 0 0 0 0 0
x —aQ I(2,3) I'(24) 0 0 0 0 0
« % —Q —-CTQTI35) QDT I'(3,7) CIYTGT I'(3,9)
* * * —aQ T'(4,5) QC,DT I'(4,7) oYTGT I'(4,9)

FA |« * * * -1, 0 0 0 0 |<o,

* * * * * —-Q fC'QTQ 0 0
* * * * * * —on 0 0
* * * * * * * —Q fCQTQ
* * * * * * * * —aQ

(10.11)
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Hy, Hy, BY BT o}
x* Hyp 0 DI

.« O CTO >0, Tr{H} <, (10.11)
* * * OzQ
where
a | Hu Hiz
| Hx HQJ
I'(1,3) = AQ+ByY Oy,
I(1,4) = aBY+ACT Q,
['(2,3) = [C2AQ + C2BY Cy — QCa] + QCs,
I'(2,4) = [CLACTQ + aCyByY — Q] + aQ,
1?(3, 5)=QCT+CIYTDT,, (10.12)
I'(3,7) = QDTCT,
(3,9 =cfyrgrcef,
I'(4,5) = aYTDL+QC,CT,
I'(4,7) = QCy,DTCY,

4,9 =aYTGTct.

If a solution to the latter LMIs exists, the gain matriz K that stabilizes
the system and achieves the required performance is given by

K=YQ " (10.13)

10.2.2 The Stochastic H,, Problem

The LMIs of Theorem 10.1 provide a sufficient condition for the existence of a
static output-feedback gain that achieves a prescribed Hso-norm for the system
(10.6). A similar result can be obtained if the Ho-norm of the latter system
is considered. Given a prescribed desired bound 0 < v on the H,,-norm of the
system, the inequalities in (10.9) are replaced by the following Bounded Real
Lemma (BRL) condition (see 7.3.1).

—-QAQ B 0 0 0
% —Q 0 CT QDT QGT
2
*  ox =y, O 0 0
ok N I 0 0 < 0. (10.14)
* % * * Q 0
* % * * * —Q
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Using the definition of (10.10), and substituting for A, B, C' and D, G in the
latter LMI we obtain the following.

Theorem 10.2. Consider the system of (10.1), (10.2) . The control law
C]O. 3) achieves a prescribed Hoo-norm bound 0 < vy, if there exist Q € R™ ™,
Q € R™™ and Y € RY™™ that, for some scalar 0 < a, satisfy the following
LMI:

[ B 0
I' | CyBy Doy

L] <o (10.15)
* =72 Irp

where I is defined in (10.11).
If a solution to the latter LMI exists, the gain matriz K that stabilizes the
system and achieves the required performance is given by (10.13).

10.3 The Robust Stochastic H, Static Output-feedback
Controller

The system considered in Section 10.2 assumes that all the parameters of the
system are known, including the matrices D and G. In the present section
we consider the system (10.1),(10.2) whose matrices are not exactly known.
Denoting

2= [ABl BQCl D12D21DG],

we assume that 2 € Co{f2;, j =1,..N}, namely,

N N
n= ijﬂj for some 0< f; <1, ij =1 (10.16)
j=1

j=1

where the vertices of the polytope are described by
0 = {A@ BY BY) ¢ pd) pi pl) G(j)], j=1,2.,N.

The solution of the robust problem in this section is based on the deriva-
tion of a specially devised BRL for polytopic-type uncertainties [36] with a
simple straightforward adaptation to the stochastic case. Considering (10.9),
multiplying it by diag{I,im, Q@ , Iy, Inim, Inim}, from the left and the
right and using the method of [36] we obtain that a sufficient condition for
achieving the Hs-norm bound of § for the system at the i-th vertex of (2 is
that there exists a solution Qi, Z, H to the following LMIs:
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Q. Az 0 0 0
x Qi—2zZ-2z"zZ'Cl zTDI ZTGT
* * —1I, 0 0 <0,
* * * —Qi 0
* * * * —Q;
H BT )
. | >0, and Tr{H} <~ (10.17)
* Qi
for i =1,2,...N, where H € R(4+P)*(a+P)  Denoting
A Zl
7 = 10.18
[Zz Cy ﬂfm]} (10.18)

where 8 > 0 is a tuning scalar parameter, we arrive at the following result:

Theorem 10.3. Consider the uncertain system of (10.1), (10.2). The con-
trol law (10.3) guarantees a prescribed Ha-norm bound 0 < § over the en-
tire uncertainty polytope 2 if there exist Z, € R**(ntm) 7, ¢ Rmxm
Q; € Rintm)x(ntm) j — 1 9 N and Y € RY™ that, for some positive
scalar B, satisfy the following LMIs:

[—Qi11 Qi Y(1,3) T(1,4) 0 0 0 0 0
—Qize (2,3) T(2,4) 0 0 0 0 0
* x  1(3,3) Y (3,4) Y3,5) ZLD! zLDFcl cIy™GT 1(3,9)

* * x  T(4,4) Y(4,5) zLDT zLDICT pYTGT 1(4,9)
T2« o« «  —I. 0 0 0 0 |<o,
* * * * *  —Qim1 —Qir2 0 0
* * * * * * —Qigz 0 0
* * * * * * * 7Q¢11 *Qi12
* * * * * * * * —Qigg_

Hi1 Hi» BlTi BlTiCzT
k H22 0 Dgll
* 0k Qill @1‘12

* * * Qo2

>0,i=1,2,..N, and Tr{H}<é&* (10.19)

where

Qi = NQTT, Qia =T1QY, Qina = Q. TS, Zu=Z2\0F, Z19= 2,77,
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I 2L, 0, T2 [0 L, (10.20)
Y(1,3) = A; Z11 + B, YOy, T(1,4) = A; Z12 + BBy;Y,
Y (2,3) = [CoA;Z11 + CoByY Oy — ZyCy) + Z5Cs,
1(2,4) = [BC2BY + CoA; Z12 — 23] + B2,
1(3,3) = Qi1 — Z11 — Z15, Y(3,4) = Q1o — Z1o — CT ZT (10.21)
Y(3,5) = ZLCL + CTYTDL,,, 1(3,9) = CTYTGTCT,
T(4,4) = Qizz — Bl Z2 + Z3 ],

Y(4,5) = Z{0f + BY T Diy;, T(4,9) = BYTGT CF
If a solution to the latter set of LMIs exists, the gain matriz K that stabilizes
the system and achieves the required performance is given by

K=YZ;". (10.22)

Remark 10.1. We note that the existence of Z5 T'in (10.22) is guaranteed since
T(4,4) = Qiza — B[Z2 + ZL] in (10.19) must be negative definite in order to
satisfy the inequality of (10.19), and Q22 > 0, 5 > 0.

10.4 The Robust Stochastic H,, Static Output-feedback
Controller

Similarly to the previous section, at each point in (2, say the one that is
obtained by Zjvzl f382; for some 0 < f; <1, Z;\;l f; =1 we assign a special

matrix solution Q. For each vertex of {2, say the i-th, the inequality of (10.14)
can be written, following a modified result of [36] as the following set of LMIs:

[—Q, A7 B; 0 0 0
x Q—2Z-z' o Z'CT z'DI z'GT
. * ey 000 (10.23)
* * * -1, 0 0
* * * * —Q; 0
| * * * * * *Qi_

where Z is defined in (10.18). We therefore arrive at the following result:

Theorem 10.4. Consider the uncertain system (10.1), (10.2). The control
law (10.3) guarantees a prescribed Hoo-norm v > 0 over the entire uncer-
tainty polytope 2, if there exist Z, € R m+tm) 7, ¢ Rmxm Q. €
Rntm)x(ntm) j — 192 N and Y € R™™ that, for some positive scalar
B, satisfy the following LMI:
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By, 0

T |CoBy; Dais <0, i=1,2..N (10.24)
0 0
* —’YQIq-Hv

where T is defined in (10.19).
If a solution to the latter set of LMIs exists, the gain matrixz K that stabi-
lizes the system and achieves the required performance is given by (10.22).

10.5 Example

To demonstrate the solvability of the various LMIs in this chapter we bring a
3rd-order, two-output, one-input example where we seek static-output feed-
back controllers in 3 cases: the stochastic Hy control, the stochastic H., con-
trol and the robust stochastic H., control problems. We consider the system
of (10.1), (10.2) where:

0.9813 0.3420 1.3986 0.0198 0.0034 0.0156
A= {0.0052 0.9840 —0.1656 | , B; = | 0.0001 0.0198 —0.0018 | ,
0 0  0.5488 0 0  0.0150
—1.47 Lo 100
By = | —0.0604 | , Cy = [010},1)21:0, =010/,
0.4512 000
000
D=1000|,G=0. (10.25)
000.4

We obtain the following results:

e The stochastic H> controller: Applying the result of Theorem 10.1 and
solving (10.11) a minimum Hs-norm bound of § = 0.0449 is obtained for
a = 2.4. The corresponding static output-feedback controller of (10.13) is:

K = [0.3469 0.6216 ] .

The corresponding closed-loop poles are: 0.0695, 0.9486+40.10597, 0.9486—
0.10597. These poles reside in the Open Unit Circle (OUC).

e The stochastic H., controller: Using Theorem 10.2 and solving (10.15)
a minimum value of v = 0.8916 is obtained for & = 2.4 . The corresponding
static output-feedback controller of (10.13) is:

K = [0.3567 1.2622 ],
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and the corresponding closed-loop poles are 0.0961, 0.9087 + 0.0882¢, and
0.9087 — 0.0882i. Also these poles are all in the OUC. For the nominal
case, where D = 0 (i.e with no state-multiplicative noise), we obtain for
the above value of o an attenuation level of v = 0.6572.

e The robust stochastic H,, controller: We consider the system of
(10.1), (10.2) where the system matrices A, By and Bs of (10.1) reside
in a polytope of 4 vertices. The system matrices include the matrices of
(10.25a-1) and the following 3 sets of A7, B{ and B3 for j = 2,3, 4:

[0.9872 0.3575 1.2273 [0.0199 0.0036 0.0137 |
A% = | 0.0016 0.9872 —0.1603 | , BZ = | 0.0000 0.0199 —0.0018
0 0  0.5488 | |0 0  0.0150 |
[0.9687 0.9840 3.6304 | [0.0197 0.0099 0.0412 T
A® = | 0.0043 0.9742 —0.4647 | , B} = | 0.0000 0.0197 —0.0052
0 0  0.5488 | 0 0  0.0150 |
0.9857 0.5881 2.5226 ] [ 0.0199 0.0059 0.0284
A* = | —0.0135 0.9717 —0.4702 | , Bf = | —0.0001 0.0197 —0.0051 | ,
0 0  0.5488 | |0 0  0.0150
—4.9990 —0.4376 —1.4700
B2 = |-0.0576 | , BS = | —0.1589 | , By = | —0.0604
0.4512 0.4512 0.4512

Applying the result of Theorem 10.4 and solving (10.24) a minimum value
of v = 5.39 is obtained for § = 1.02. The corresponding static output-
feedback controller of (10.22) is:

K =[0.2007 1.9022 ] .

10.6 Conclusions

In this chapter we present a convex optimization method that provides an
efficient design of robust static output-feedback controllers for linear systems
with state multiplicative noise. Our treatment is similar to the one of Chapter
5 with the clear advantage that in the present chapter the results are obtained
without adding the low-pass component that was required in Chapter 5 in
order to achieve convexity. We also consider linear systems with polytopic
type uncertainties in which case and based on a linear parameter dependent
Lyapunov function, sufficient conditions are derived for the existence of a con-
stant output-feedback gain that stabilizes the system and achieves a prescribed
bound on its performance over the entire uncertainty polytope.
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Both stochastic Hy and H.,performance criteria have been considered.
For both, conditions for quadratic stabilizing solution have been obtained.
The conservatism entailed in these conditions are reduced either by using a
recent method that enables the use of parameter dependent Lyapunov based
optimization (adopted for the stochastic case), or by treating the vertices of
the uncertainty polytope as distinct plants. The latter solution cannot guar-
antee the stability and performance within the polytope whereas the former
optimization method achieves the required bound over the entire polytope.

To the best of our knowledge, no other solution has been published in
the literature that concerns the discrete-time static output-feedback for state-
multiplicative noise system. Due to the latter fact we can not compare our
results, in the example, to any existing solution. However, it is shown, in the
deterministic counterpart of this work (for the continuous-time case [100]),
that the results obtained in [100] are less conservative than any other result
obtained by other existing method.

In the example we demonstrate the tractable solvability of the various
LMIs obtained in our study. We also note that the proposed method can
be used also to solve the mixed stochastic Hs/H, problem where a robust
static output-feedback controller is sought that achieves, say, a prescribed
attenuation level while minimizing a bound on Hs-norm of the closed-loop.
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Systems with State-multiplicative Noise:
Applications

11.1 Altitude Estimation

In order to demonstrate the application of the theory developed in Chapter
3, we consider the problem of altitude estimation with measurements from
a RADAR altimeter and a baro altimeter. The barometric altitude measure-
ment is based on a static pressure measurement. As a result of various sources
of error, (e.g. initial reference error, static pressure measurement bias, or tem-
perature measurement errors) the baro altimeter is corrupted with a bias error
(see page 32 [75]) up to 1000 ft together with a small white noise component.
Denoting the true altitude above ground by h, we have the following approx-
imate model for the altitude hold loop which is commanded by the altitude
command w(t) :

dh = —1/7(h —w)dt, hparo=h+b+( (11.1)
where T is the time constant of the command response, b represents the baro
altitude measurement bias and (; is a standard zero-mean white noise with
intensity Ry, that is: E{(1(¢)(1(7)} = R1d(t — 7).

The RADAR altimeter measures the height above ground level without
bias, however, its output is corrupted by a broad band measurement noise,
the intensity of which increases with height due to a lower SNR (signal to
noise ratio) effect at higher altitude (see [73], page 196 for various models
depending on the SNR levels).

A reasonable model for this effect is:

hradar - h(l + 77) + C27
E{¢(t)Ca(T)} = Rad(t — ), (11.2)
E{n(t)n(r)} = Rsd(t — 7).

In this model, n represents the altitude-dependent broad-band measurement
noise and (o represents the altitude-independent white noise. The overall
model is completed by:

E. Gershon et al.: Hoo Contr. and Est. of State-multipl. Lin. Sys., LNCIS 318, pp. 175-204, 2005.
© Springer-Verlag London Limited 2005
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b= 2w
where w is a standard white noise signal which interferes with the measure-
ment of the bias. The later signal is not correlated with the other white noise
signals in the system.
To obtain a state-space description we denote:

T é COI{h, b}, Yy é COZ{[hbarov hradar}

where x is the state vector and y is the measurement vector. Using the mea-
A
surements Y (t) = {y(7), 7 <t}, we want to estimate z(t) = [h(t) b(¢)]T.

Combining the dynamical descriptions in (11.1), (11.2) and that of b, we
obtain:

dx = (Az + Byw)dt, dy = (Cx + Dsyyw)dt + Fadn, z= Lx

where
w
w -1/70 1/70 00 11
w = A= ) Blz ) C= )
G 0 0 0 V200 10
G2

0o 0] 00 VR0 L [ro
Vol TP  looo vl T ool

In our problem, the altitude hold-loop dynamics is characterized by a time-
constant of T = 30sec . We consider a step maneuver in w at a time 5.6sec
from an initial condition of w = h(0) = 500t to the value of w = 5000ft. We
also take an initial bias of b = 0 ft and we solved the case where Ry = Ry = 0.4
and R3 = 0.0016.

We consider 3 filters:

1) Kalman filter: This filter ignores the multiplicative noise n(t). For the
design of the filter we assume that w is an unbiased white-noise signal with:
E{w(t)w(r)} = Q(t — 7) where Q should be determined to achieve the best
result for the filter (a tuned Q).

2) H, filter: The multiplicative noise 7(t) is neglected and a standard H,
design is used. In order to compare the results with those obtained by the
Kalman filter we multiply B by +/Q. The measurement equation is changed
to

y=Cx+ VRC

where ¢ = [¢1 (2T and where R = diag{R,, R»}.
3) Stochastic H,, filter: The term F7 is taken into consideration using
the results of 3.1 In our case (A, B) is not detectable. We therefore add a
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very small perturbation term to the second diagonal element in A (we used
—2-1079).

Since the best Q-tuned Kalman filter is obtained for () = 1000, we designed

the three filters for this value of Q. We obtain the following:

The Kalman filter: The following transfer function matrix for the tuned
Kalman filter relates the two measurements of h,qqqr and hpero to the
estimate of the height h:

[0.64s 1.505 + 3.65]
52 4+4.24s + 3.72

GKalman =

The behaviour of the resulting Ly estimate is depicted in Fig. 11.1b, where
the true trajectory of h is described in Fig. 11.1a. In these figures, and the
figures below, we depict the time behaviour for 50 seconds into the future,
in order to accentuate the difference between the various filter designs.
The Kalman estimate is poor with a mean square error of 34890 ft2.

The nominal H,, design: We designed this filter with v = 1.12. We choose
this value for « in spite of the fact that the minimum possible value is 0.632.
This is because we want to compare this design with the one achieved by
the stochastic H, filter which achieves a minimum value of 7o = 1.10.
For the value of v = 1.12, we obtain the following transfer function matrix
which predicts h from h,qdq- and hpero:

0.99s 2.61s +9.10]
(2 + 6.465+9.07)

Gnom =

The time behaviour of the resulting estimate is given in Fig. 11.1c. It is
seen in this case that the estimate is even worse than the Kalman filter
given above. The corresponding mean square estimation error is 50277 f¢2.
The stochastic H filter : This filter is calculated for the same value of
~v = 1.12, where the minimal achievable value in this case is v = 1.10 . The
corresponding transfer function matrix is given by

[1.52s 1.03s +4.12]

Gito = .
o (2 4+ 5.06s + 4.12)

The time behavior of the estimate that is achieved by this filter is given in
Fig. 11.1d. This is, by far, the best of all the three filters considered. Its
estimate is closest to the actual trajectory of h and its mean squares error
is only 19106 ft2.

11.2 Altitude Control

In this section an altitude control example is presented to illustrate the design
of static-feedback controller in presence of multiplicative noise, as considered
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1a: The height xstate(1)=h
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Fig. 11.1. Comparison between the stochastic Hs, the Hs, and the Kalman filters:

in Chapter 5. Our example is adapted from (McLean 1990,[80]) where a non-
causal control system was designed, based on complete a prior: information
about the altitude level. A causal version of this altitude control problem
is considered in the sequel where the effect of the height on the RADAR
altimeter Signal to Noise Ratio (SNR) is considered.

We consider the system of (5.1) where
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-1 0 0 00 0 0 O
1 0 0 00 0 0 O
0 1 0 00 0 0 0
_ 0 0 0 e O 0 0 0
A= 0 0 0O 1-1 0 0 O (11.3)
—.088.0345 0 0O 1 —.00320 O
0 0 ® 00 0 0 O
|0 0 1/7q 0 0 0 O—I/Td_
and
T
T 100 0 0000
Blz[OOOOOOf@O] , By = 0000090000 ° (11.4)
0010000 O 000.150000 O
0000001 O 00 0 0000 O
C2= 1000000 0O , F= 00 0 0000 O ’ (11.5)
0010000 -1 000.150000 —0.15

where 74 is a time constant of an approximate differentiator, © = 0.025[rad/sec]
corresponds to the required closed-loop time-constant and where, rather than
zero, € = —0.01 is chosen, in order to obtain finite gain at low frequencies
of the thrust control loop. The state vector, measurements vectors and the
exogenous signals, are given by the following table:

|Variable| Physical Variable
1 Vertical acceleration
X Height rate
x3 Height
Xy Thrust Command
Ts Thrust
T Airspeed
X7 Height error integral
xs Filtered Height
y1  |RADAR altimeter height meausurement
Yo Integrator Output
Y3 Vertical acceleration meausurement
ys  |Height rate of RADAR altimeter output
Ug Vertical acceleration command
U9 Thrust rate command
w Height command
v |Height measurement multiplicative noise
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The fact that the height measurement errors become larger with the height
(Levanon 1988, [73]) due to SNR decrease is reflected by Fj 3. Note that
the estimate of the height rate is obtained by feeding the RADAR altimeter
output to the approximate differentiator s/(1 + s74) = [(1 — 1/(1 + s74)]/7a-
Since we have taken 74 = 1sec, the nonzero terms in Fjy 3 and Fj g reflect the
multiplicative noise which is produced by the approximate differentiation of
the RADAR altimeter output.

The control problem definition is then completed by (5.2) where

00000 O 10

0000022300

0
0
Cl = and D12 = \/g
0

0
0
0 (11.6)

V0.3

Notice that Cy reflects the goals of controlling the closed-loop bandwidth
to be © (namely, a rise-time of about 40 seconds) and minimizing the airspeed
changes.

Notice also that the above selection of z and the fact that the exogenous
disturbance signal is the height command, imply that

00000 0 00
00000 0 00O

HQTe,w/S”oo <7,

where T, ,, is the transference between the height command w and the height
tracking error e = x3 — w. Therefore, the time constant 7 of the transference
that describes the attenuation of the height command effect is approximately
given by 7 = 7O, The exact time constant is affected by the control weight-
ing D19 which, in turn, affects v and 7.

We next design a static output-feedback type controller using the result of
Theorem 5.2. To this end we first relocate the double integrator poles, which
correspond to the transfer function between acceleration and position, to a
stable complex pair. This is achieved by the static output-feedback controller

u=1u-+ Kaua:y
where
—0.0200 —0.2
Kous = 0.002 00 —0.02 | - (11.7)

This auxiliary control signal u, which is needed in order to avoid numerical
problems with the LMI solver, includes, however, the multiplicative noise in y.
We, therefore, have both nonzero F' and D with a unit correlation coefficient
(0 = 1) between §(t) and v(t) in (5.1), namely
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[00—=3300000300]
00 0 0000 O
00 0 0000 O
D = ByK oy, F =107% 88 02 8888 3 (11.8)
00 0 0000 O
00 0 0000 O
(00 0 0000 0O |

The design was performed using the result of Theorem 5.2 and using the
MATLABT™ TMI Toolbox [35] to solve the relevant matrix inequalities. We
obtained vy = 0.6625 (actual closed-loop norm is 0.6495) and

_ | —0.00124 —0.06018 —0.05012 0.00759
~ 1 0.000321 0.00650 1.32 x 1075 0.00134 | -

The simulations results are depicted in Fig. 11.2-11.3. In Fig. 11.2 the al-
titude as a function of time is depicted where the smooth line in Fig. 11.2
show the altitude command. The acceleration command a,, (acceleration, z-
axis, command) and thrust-rate command (usually denoted as drp, (thrust,
command) are respectively depicted in Figs. 11.3-11.4. The effect of the mul-
tiplicative noise in these measurements is clearly observed as the noise mag-
nitude increases with the altitude. Notice that the time-response of Fig. 11.2
can be made faster by applying an anti-causal feed-forward in the style sug-
gested in (McLean 1990, [80]) but the latter strategy is out of the scope of
the this example.

K (11.9)

11.3 Guidance-motivated Tracking Filter

We illustrate the use of the theory of Chapter 8 in a guidance motivated
tracking problem. In this problem, a scheduled estimation is obtained in spite
of a significant noise intensity that is encountered in the measurement of the
scheduling parameter.
Consider the system

.’i‘l = T2, 1‘2 = Ww
where x7 is the relative separation between an interceptor and an evader,
normal to a collision course, x5 is its derivative, with respect to time, and w
represents the relative interceptor-evader maneuvers. The state x5 has to be
estimated via the following measurements :

y=xz1/R+v R, =R(1+() (11.10)

where v and ( are additive and multiplicative white noise zero-mean signals
in the bearing measurement and the measurement R,, of the range R, re-
spectively. These noise signals stem from the characteristics of the measuring
devices. Substituting (11.10) in (11.10) we have
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Fig. 11.2. - Height and Height Command (smooth line)

Given the variances of v and (, it is desired to obtain an estimate that is
scheduled by the measurement of R,, and achieves a given H., estimation
level. We solve the problem in discrete-time where we sample the continuous
system with a sampling period T. The resulting discrete-time system is the
one described in (8.1) with D =0, G =0,

1T
01

T?/20
r ol Doy =[0p] and L=[01].

A:

)

The range measurement of Ry, satisfies the discrete-time version of (11.10)
and is given by

Rk = Ri(1+ (), (11.11)
where {(;} is a zero-mean white-noise sequence which is a reasonable modeling
of the sampled version of ¢. The corresponding time-varying matrix Cy, in (8.1)
is Cy = [ﬁnk 0] , and the corresponding time-varying version of F in (8.1)
becomes Fj, = [ 75 0], where o is the standard deviation of {(x}. In our
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Fig. 11.3. - Acceleration Command a,

example, we take T = 0.025sec., p = 0.001, and ¢ = 0.3. The matrix R in
(11.11) is taken as

Ry, = V(50 — k/40), k€ [0,N], where V. = 300m/sec

and where N = 1880 is taken to match a time range of [0,47] sec. Since Cj
varies significantly during the system operation in & € [0 N], it cannot be
possibly represented by an average value. We therefore take C to be affinely
dependent on R;le of (11.11) and consider it to be uncertain, varying in the
interval described by the two vertices [g; 0] and [go 0] where

g1 2 1/R, =1/15,000, and g2 = 1/Ry = 1/900.

The matrix Fj that corresponds to k = 0 and k = N is similarly considered as
an uncertain matrix lying between [0.391 0] and [0.392 O]. The attempt
to design a robust filter over the whole range of R,, ;, by using the results of
[38], without taking into account the state multiplicative noise, would clearly
cause a significant over-design since it leads to a single H filter that satisfies
the required estimation level over the whole interval of uncertainty. Instead,
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Fig. 11.4. - Thrust Rate Command 07,

since we measure R, ,, we may use this noisy measurement of Ry, to schedule
the filter at time k. This scheduling is based on the fact that the LMI of

(8.9) is affine in the products ZC and ZF. We thus define ¥ 2 7,.C), and

Up 2 Z Fy, bearing in mind that Y = oWq. Keeping Yo constant for all
k we want to solve for (W, S, Z, T, R) in (8.9) for k in [1, N]. This is done
by first solving the LMI for £ = 1, namely for Cj and Fj, that correspond to
R;, we obtain the matrix Z;. The resulting ¥ and ¥ are easily calculated.
Since the last two matrices are fixed for all k& € [1 N|, we obtain Zy from
either WC = ZNCN or Q’F = ZNFN.

For any k € [1 N|, R, x can be expressed as a convex combination of
Ry and Ry, say Rk = apR1 + (1 —ax)Ry, « € [0, 1], The matrix Z; that
satisfies Z,Cy, = W and Zp Fy, = ¥r is obtained by Zp, = apZ; + (1 — ax) ZN.
The corresponding By; in (8.2) is then given, at any instant ¢ € [1, N], by
By = a;By1 + (1 — ;) By, where By and Byy are obtained from Z; and
Zn by (8.11). The matrices Ay and C in (8.2) are constant. They are obtained
by (8.11).
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We solved the problem for v = 30 where we also added the require-
ment for a minimum upper-bound on the Hs-norm of the estimation er-
ror. We obtained Z{ = [—0.1153 —20.088], B}Fl = [1.895 0.088]7 zZh =
[—1.9231 —333.8954], and Bfy = [31.653 1.474]. The pair (Ay, Cy) is

0.9978  0.025
771 Z0.0001 0.9999

] . Cr=[01].
The resulting scheduled estimate is given by 2, = Cy2, where

Zp1 = Asir + [ax B + (1 — ag)Byn)yk, 2o = 0.

Fig 11.5 describes the ensemble average of the estimation error and the plus
and minus standard deviation (sd) plots for ten randomly selected white noise
sequences {(;}. We compare the latter results to those obtained by apply-
ing the standard time-varying aposteriori Kalman filter. It is seen that al-
though our filter is based on a priori measurements, we achieve better results
than those obtained by the aposteriori Kalman filter. It is also seen that our
method, where we use 1/R,, i to schedule the gain instead of computing the
gain on-line (as with the Kalman filter), is more robust at small ranges, where
the effect of the additive noise in the range measurement on the bearing is
more significant.
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The Stochastic H-infinity filter
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Fig. 11.5. Comparison between the Ho and the Kalman filters. In both parts: the
solid line describes error mean and the dashed lines describe the + /- sd as indicated.



11.4 Terrain Following 187

11.4 Terrain Following

In this section we bring a second example to illustrate the design of static
output-feedback controllers in presence of multiplicative noise, as considered
in Chapter 5 and Section 11.2. We present a terrain following example which
is adapted from [80] where a non-causal control system is designed, based on
complete a priori information about the terrain level. A causal version of this
terrain following problem is considered in the sequel where the effect of the
height on the RADAR altimeter Signal to Noise Ratio (SNR) is modeled as
a state-multiplicative noise.
We consider the system of (5.1) where

[ —1 0 000 0 0]
1 0 000 0 0
0 1 000 0 0
A= 0 0 000 0 o0 (11.12)
0 0O 01-1 O 0
—.088.0345 0 0 1 —.0032 0
0 0 600 0 e
and .
~1T 100 0 000
B;=[000000-6] ,BQ_[OOOO'OQOOO} , (11.13)
0010000 000.040000
Co=1(0100000[,F=1]00 0 0000 (11.14)
0000001 00 0 00O0O
where © = 1/20[rad/sec] and e; = —107°. Note that in comparison with

Section 11.2, here the height rate is assumed to be directly measured. Also
the multiplicative noise level reflected in F is somewhat smaller in order to
allow comparison to other methods. The state vector, measurements vector,
and the exogenous signals and control inputs, are given in the table of the
next page.

The fact that errors in height measurement are larger with the height [73]
due to a decrease in SNR is reflected by the none zero entry of Fi 3.

The control problem definition is then completed by (5.2) where

00000 0 1 0 0
000002230 0 0

“=100000 0 o' P2=]v3 0 (11.15)
00000 0 0 0 V03
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‘ State Variable ‘ Physical Variable
] Vertical acceleration
To Height rate
T3 Height
T4 Thrust Command
5 Thrust
T Airspeed
T7 Height error integral
Measured Variable Physical Variable
Y1 RADAR altimeter height meausurement
Y RADAR altimeter height rate meausurement
Y3 Integrator Output
Disturbance Variable Physical Variable
w Height command
v Height measurement multiplicative noise
Control Variable Physical Variable
Uy Acceleration command
Uo Thrust rate command
‘ Minimized Variable ‘ Physical Variable ‘
21 Integral of tracking error
22 Weighted true air speed
23 Weighted acceleration command
24 Weighted thrust rate command

Notice that Cy reflects the goals of controlling the closed-loop bandwidth
to be © (namely a rise-time of about 20 seconds) and minimizing the airspeed
changes. Notice, also, that the above selection of z; and the fact that the
exogenous disturbance signal is the height command, imply ( as in Section
11.2 that

HTZ1,w||oo <7

in the sense of (5.5) where
~1
T, w= @g(l‘g —w)

is the transference between the height command w and the weighted integral
height tracking error, and where s is the differentiation operator. Therefore,
the time constant 7 of the transference that describes the attenuation of the
height command effect is approximately given by 7 = y©~!. The exact time
constant is affected by the control weighting D15 which, in turn, affects v and
7. We note that the approach of modeling the reference signal (the height
command in our case) in tracking problems as an exogenous finite energy
signal is rather standard in the H., literature (see [32], pp. 18-19). The latter
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approach is useful when no future information is available on the reference
signal. Otherwise, an anti-causal feed-forward can be used (e.g. [98]).

We compare a couple of controller designs, both of the static output-
feedback type characterized in Theorem 5.2. The first one (Design 1), ignores
F of (11.14) (namely assumes F = 0) for design purposes but the effect of
the nonzero F is tested by simulations. The second one (Design 2), takes F'
of (11.14) into account, both in design and simulations. Both designs were
performed using the result of Theorem 5.2 and using the MATLAB’s LMI
Toolbox [34] to solve the relevant matrix inequalities.

For Design 1, a minimum attenuation level of v = 1.0944 is obtained,
using p = 1000 and o = 7442.7, (the actual closed-loop norm is 0.985) and
the corresponding K is :

" {—0.0280 —0.2164 —0.0286} ' (11.16)

0.0001 0.0000 0.0001

For Design 2 we obtained, using again p = 1000 and o = 7442.7, that v =
2.7138 (the actual closed-loop norm is 1.55) and

(11.17)

K— {—0.0170 —0.1593 —0.0111} .

0.0000 —0.0001 0.0000

Notice that the gains in Design 2 on the measured altitude are of smaller
magnitude. A simulation was performed using the static gains obtained above,
without the dynamic augmentation including p/(s+ p). Namely, the dynamic
augmentation is used for design purposes only. The simulations results that
compare the performance of these two designs are depicted in Fig. 11.6- 11.9.
In Fig. 11.6 the altitude as a function of time is depicted, where the dash-
dotted lines correspond to Design 1 and the solid lines to Design 2. The dotted
lines in Fig. 11.6 show the altitude command. The magnitude of the steady-
state (i.e. t > 400 sec.) oscillations estimated by their standard deviation
(that are the result of the state-multiplicative noise corrupting the altitude
measurements) is somewhat smaller by about 8 percent at the cost ,however,
of a somewhat more sluggish response. The merit of Design 2 is better seen in
Figs. 11.7- 11.9 where the true-air-speed, acceleration command and thrust-
rate command are respectively depicted with dash-dotted lines corresponding
to Design 1 and solid lines corresponding to Design 2. The improvement in
these variables, in terms of standard deviation of the steady-state oscillations,
as a result of taking F' of (11.14) into account is 30, 40 and 40 percent re-
spectively. Namely, the oscillations in the height rate and control variables
is significantly reduced at the cost of somewhat slower time-response. No-
tice that this time-response can be made faster by applying an anti-causal
feed-forward in the style suggested in [80].
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o, = 7.437c, = 6.8721
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Fig. 11.6. Height and Height Command (dash-dotted lines Design 1, solid lines
Design 2, dotted lines altitude command )
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Fig. 11.7. Height Rate (dash-dotted lines Design 1, solid lines Design 2)
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11.5 Stochastic Passivity: Adaptive Motion Control

This example applies the theory of Chapter 6 to adaptive motion control. We
consider the following system

dxy
dt

% = a(—x2 + u),

= T2,

ddif =oa(r —x3) + 0.5210 + 01,

% = 5(x2 — x4) + D2,

Z=x3+ X4

where the range x; and the range rate xs of a velocity controlled air vehicle,
are measured by their low-pass filtered versions x3 and x4 respectively. The
low-pass filtered version x3 of the target range is assumed to be corrupted
with Bml , namely the measurement noise increases with the measured range,
where ( is a standard Wiener process. Both x3 and x4 are also driven by white
noise processes ©; and ¥ of intensity 10~* (namely E{dv?} = 107%dt,i = 1,2)
mutually independent and also independent of 3. The bandwidth « € [5,10]
of the velocity control loop is assumed to vary due to changes in the flight
conditions. It is desired to achieve a regulation of z(¢) using the measurements
x3 and x4 in the presence of variations of the bandwidth « and the various
source of measurement noise, including also the state multiplicative noise. A
simplified adaptive control is suggested for this control task. Note that while
the transference relating u and z; is not passive, the one relating u and z
is passive (see [113] for a similar idea where the actual controlled variable is
chosen as close as possible to the desired control variable under a passivity
constraint). We suggest the following stochastic controller :

u(t) = —Ky(t)

where

y(t) = 2(b),
z = Cz and x = col{z1, x2 x3 x4}, and where C' = [O 01 1] and where K
obeys the simplified adaptation law of (6.21).

By the results of Section 6.3, the closed-loop stability is ensured if & =
Ax — BK.y + Bu,y = Cx is passive where K, may possibly depend on «.
This passivity condition can be verified by K. € [1000,500] corresponding to
«a € [5,10] by solving (6.29) which results in the following positive definite
solution :

28.1441 0.0061 —10.1908 —28.1443
0.0061 0.0020 0.0039  0.0007
—10.1908 0.0039 21.0051 20.8977

—28.1443 0.0007 20.8977 38.8519
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A simulation of the above system was run where « linearly varied between
5 and 10 and where the initial range was 500 meters . The simulation results
are depicted in Fig. 11.10-11.13 whereas the variation of « is seen in Fig.
11.14: The position z; and velocity x5 are depicted in Fig. 11.10 and Fig.
11.11, respectively, whereas the control signal is depicted in Fig. 11.12. The
adaptive gain K is depicted in Fig. 11.13. The results in Fig. 11.10-11.11 show
a satisfactory regulation quality of x; in spite of the multiplicative noise with
a rather smooth behavior of the adaptive gain (see Fig. 11.13). Note also the
gradual decrease in the noise component observed in the control signal u in
Fig. 11.12 as the range decreases and consequently the effect of multiplicative
noise diminishes.

i i i i I i L i
o 5 10 15 20 25 30 35 40 45 50

Fig. 11.10. Position
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Fig. 11.12. Adaptive Gain
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Fig. 11.13. Velocity Command
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Fig. 11.14. Velocity Loop Bandwidth
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11.6 Finite-horizon Disturbance Attenuation: Guidance

This example utilizes the theory of Chapter 9 and is taken from the field of
guidance. It is well known ,[115], that modern guidance laws strongly depend
on the time-to-go. When the time-to-go is not exactly known, a severe per-
formance degradation can occur. In [4], the effect of bias errors was shown
to be significantly reduced, by an optimal rendezvous guidance, where be-
sides the miss-distance (i.e. the relative pursuer-evader position at intercept)
the relative velocity and pursuer acceleration at intercept were minimized
as well. The rational behind the fact that rendezvous guidance is less sensi-
tive to time-to-go errors stems from the fact that in the last moments before
the rendezvous instant, the pursuer is already heading the evader and timing
errors can not significantly affect the miss distance. For the same reasons,
rendezvous guidance should cope well also with noise effects in the time-to-go
measurements, although it is not specifically tuned to deal with such noise
. In this example we offer a systematic development of an optimal guidance
law which explicitly considers the time-to-go measurements noise effect and
compare the performance of the resulting guidance law (which we denote in
the sequel by TRK) to the Minimum Effort guidance Law (MEL) of [115] and
the Reduced Sensitivity guidance Law (RSL) of [4]. We also refer to the Aug-
mented Proportional navigation (APN) guidance law (see e.g. [115]) which is
very popular in missile guidance. Our motivation for analyzing the effect of
time-to-go noise is the guidance of missiles equipped with a RADAR seeker.
Few applications regarding such missiles are mentioned in [115] from which
we adopt some of the data we use for realistic evaluation of the effects of
time-to-go measurements noise on various guidance laws.
We consider the following system :

& = Acx + Ba,u+ Bs,r

where
01 0 0 0
A.= |00 1 , Bs, = 0 , Bs, =1
00-1/T 1/T 0

The first two components of the state vector = are the pursuer-evader relative
position and velocity, respectively, whereas the third component is the actual
pursuer’s acceleration. The control u represents the pursuer’s acceleration
command and the disturbance r is the evader’s maneuver. Due to preference
of discrete-time realization, we take a discrete-time model of the above system,
where we assume for simplicity that both r and u are the outputs of a zero
order hold device with a sampling time of h. The equivalent discrete-time
system becomes then [55] the one of (9.1) where :

0h —T2+Th+T?e "7 h?/2 = Th+T?(1 — e~ h/T)

Ap=101 T —eMT) , Bg, = h—T(1—eMT)
00 e M/ 1—e T
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h?/2
Blk =0 and ng = h
0

For design purposes we assume, following [115] and [4], that the evader’s
maneuver r is constant throughout the interception conflict. Since we also
assume that r is measured online by the pursuer, the apparently anti-causal
feed-forward part of the control 6 of (9.11) can be interpreted as a time-
varying gain (obtained by setting r = 1), multiplying the measured constant
disturbance. Although it may seem at first glance that the assumption of
constant r is limiting, the resulting guidance law is quite powerful dealing
also with slowly time-varying maneuvers [115]. Indeed, we show in the sequel
that the guidance law that we obtain is very effective in the presence of a
weave maneuver which is typical to tactical ballistic missiles ([115] , page
433).

We assume that the true time-to-go ¢4o,,,., = ty — kh is noisily measured.
Namely,

tgomensy, = tgorracy + U

where adopting the RADAR noise model of [115], page 379, we assume that
vy is a standard N(0,0.0225) white noise sequence (derived from a variance
of about 500ft? and a closing velocity of V, = 300m/sec) with a sample time
of h = 0.05sec, and where ¢; is the interception conflict duration and ¢ the
time from conflict start.

We take the MEL law of [115] as a starting point and try to improve its
performance in the presence of the noise vy in the time-to-go measurements.
To this end, we consider the cost function of (9.4) where we take there

10400
Ci=0,Vi<N, Cy=1] 0 €0 and Djy, = 1.
0 Oe

Besides the € = 1 terms which make our problem well posed, taking Ds xy = 0
and v which tends to infinity, the guidance law which results from Theorem
9.1 nearly recovers the MEL gains. The gains obtained do not exactly match
the MEL gains only due the finite sampling time h and the € terms. We denote
the resulting gains matrix by Ky gr(t40) and compute the first two terms in
the Taylor series of these gains. Namely,

KME‘L(tgo) = KO(tgo) + Kl (tgo)v + O(UZ)'

If we take the discrete-time version of this Taylor development and substi-
tute in (9.1) we readily obtain a first order approximation to the time-to-go
noise effect by setting:

Fk = B2CK1(kj)h and Hk = Dlngl(k’)
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We denote the gains obtained then from Theorem 9.1 by Krrx(t,,). The
RSL gains of [4] obtained by taking

10 0 0
C;=0,YVi<N, Cy=1| 0 10> 0 and v = 12,
0 0 103

are denoted by Krsr(,,), whereas the APN gains are taken from [115], page
145, and are computed using the noise corrupted time-to-go.

The gains of the MEL, RSL and APN divided by those of the TRK are
depicted in Fig. 11.15-11.18. We see already there that the MEL relative ve-
locity gain is lower than the one of the TRK, indicating that the former is
less suitable to be a rendezvous type law and is likely to be more sensitive to
time-to-go noise. On the other hand, the relative RSL velocity gain is higher
(especially at small time-to-go) than the corresponding TRK gain, indicating
that it is a rendezvous type law. Apparently, as it seems from the simulation
results in the sequel, the RSL gains are too high and lead,therefore, to higher
amplification of the time-to-go noise than those of the TRK (at small time-
to-go the RSL gain is also higher than those of the MEL) . The relative TRK
velocity gain which was especially tailored, by using our multiplicative noise
theory, to deal with the time to go noise is just as high as needed. We note
that the APN evader acceleration gain is too small to achieve a small miss
distance for short conflict durations. We also note that the APN law is the
only one of the four guidance laws considered here that is derived by ignoring
the pursuer’s time-constant. Both its relative insensitivity to time-to-go noise
(since it is not "aware” of the need of compensating for this time constant)
and its poor performance for maneuvering target in short duration (in terms of
pursuer time-constants) are the results of ignoring the pursuer’s time constant.

We next simulate the four guidance laws to illustrate the performance
under time-to-go noise effects. We use an integration step of At = 0.0005 and
take an initial heading error of 10deg. (corresponding to x2(0) = 107wV, /180
where V., = 300m/sec is the closing velocity and the evader maneuvers with
6gcos(3t) (namely r = 6 x 9.81cos(3t) m/sec?. The latter maneuver model is
taken from [115], page 435, and is typical for tactical ballistic missiles weaving
into resonance. The resulting performance of the MEL, TRK , RSL and APN
laws is depicted in Fig. 11.19 a-d, Fig. 11.20 a-d, Fig. 11.21 a-d and Fig. 11.22
a-d respectively (a-relative separation, b-relative velocity, c-commanded and
actual acceleration and d-control effort). Obviously both our new TRK law
and the RSL efficiently attenuate the noise effect while MEL fails to do so.
The TRK which is especially tailored to deal with the noise performs better.
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Fig. 11.15. Guidance Position Gains of MEL, APN and RSL as a function of the
normalized time to go in seconds
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APN = 0 gain
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Fig. 11.17. Guidance Pursuer Acceleration Gains of MEL, APN and RSL as a
function of the normalized time to go in seconds
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Fig. 11.18. Guidance Evader Gains of MEL, RSL and APN divided by those of
TRK as a function of the normalized time to go
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Fig. 11.19. Simulations results for MEL: a)-relative separation, b)-relative velocity,
c¢)-commanded and actual acceleration and d)-control effort. The miss-distance is -
0.299 m, the interception angle is -7.302 degrees and 15/?19_2 fotf u?dr = 261.786.
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Fig. 11.20. Simulations results for TRK: a)-relative separation, b)-relative velocity,
c¢)-commanded and actual acceleration and d)-control effort. The miss-distance is -
0.851 m, the interception angle is -2.185 degrees and ¢, 'g~> f(ff u?dr = 176.530.
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Fig. 11.21. Simulations results for RSL: a)-relative separation, b)-relative velocity,
c)-commanded and actual acceleration and d)-control effort. The miss-distance is

0.031 m, the interception angle is -0.514 degrees and t;lg*2 fotf u?dr = 363.516.
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Fig. 11.22. Simulations results for APN: a)-relative separation, b)-relative velocity,
c)-commanded and actual acceleration and d)-control effort. The miss-distance is
about 3 m.
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Appendix: Introduction to Stochastic
Differential Equations

A.1 Introduction

In this appendix we bring some basic results concerning stochastic differen-
tial equations of the Ito type which systems with state-multiplicative noise
constitute a special case of. Stochastic differential equations received a com-
prehensive treatment in [63], mainly aimed at providing a rigorous framework
for optimal state estimation of nonlinear stochastic processes. In the present
Appendix, we provide only the main facts that are required to assimilate the
main concepts and results which are useful in deriving optimal estimators
and controllers for linear systems with state-multiplicative white noise. While
the expert reader may skip this appendix, graduate students or practicing
engineers may find it to be a useful summary of basic facts and concepts,
before they read the text of [63]. Comprehensive treatment of stochastic dif-
ferential equations in a form accessible to graduate students and practicing
engineers is given also in [97] where the close connections between Ito type
stochastic differential equations and statistical physics are explored and where
a few additional topics such as stochastic stability are covered. Also in [97]
many communications oriented examples of nonlinear estimation theory can
be found.

A.2 Stochastic Processes

Stochastic processes are a family of random variables parameterized by time
t € 7. Namely, at each instant ¢, z(¢) is a random variable. When ¢ is con-
tinuous (namely 7 = R), we say that x(¢) is a continuous-time stochastic
process, and if ¢ is discrete (namely 7 = {1,2,....}), we say that z(¢) is a
discrete-time variable. For any finite set of {t1,t2,...t,} € 7 we can define the
joint distribution F(x(t1), z(t2), ..., #(t,)) and the corresponding joint density
p(a(ts), 2(ts), .oy 2(tn)).

E. Gershon et al.: Hoo Contr. and Est. of State-multipl. Lin. Sys., LNCIS 318, pp. 205-216, 2005.
© Springer-Verlag London Limited 2005
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The first and the second order distribution functions, p(x(t)) and p(z(t),
x(7)), respectively, play an important role in our discussion. Also the mean
my (1) = E{z(t)} and the autocorrelation ~, (¢, 7) = E{x(t)z(7)} are use-
ful characteristics of the stochastic process z(t). When x(¢) is vector valued,
the autocorrelation is generalized to be I, (t,7) = E{z(t)z(7)T}. The co-

variance matrix of a vector valued stochastic process x(t) is a measure of

its perturbations with respect to its mean value and is defined by P,(t) 2

E{(x(t) — ma (1) (x(t) — ma (1)}

A process z(t) is said to be stationary if
p(z(ty), z(ta), ....x(tn)) = plx(ty + 7),2(ta + 7), oo, 2(tn, + 7))

for all n and 7. If the latter is true only for n = 1, then the process z(t)
is said to be stationary of order 1 and then p(z(t)) does not depend on t.
Consequently, the mean m,(t) is constant and p(x(t),z(7)) depends only on
t — 7. Also in such a case, the autocorrelation function of two time instants
depends only on the time difference, namely ~, (t,t —7) = v,(7).

An important class of stochastic processes is one of Markov processes. A
stochastic process x(t) is called a Markov process if for any finite set of time
instants t; < t3 < ... <t,_1 <t, and for any real \ it satisfies

Pri{xz(t,) < Mz(t1),z(t2), ..., x(tn-1), x(tn)} = Pri{z(t,)|x(tn-1}.

Stochastic processes convergence properties of a process z(t) to a limit
x can be analyzed using different definitions. The common definitions are
almost sure or with probability 1 convergence (namely z(t) — x almost surely,
meaning that this is satisfied except for an event with a zero probability),
convergence in probability (namely for all € > 0, the probability of |z(t) — x| >
€ goes to zero), and mean square convergence, where given that E{z(t)?} and
E{x?} are both finite, E{(z(t)—z)?} — 0. In general, almost sure convergence
neither implies nor it is implied by mean square convergence, but both imply
convergence in probability. In the present book we adopt the notion of mean
square convergence and the corresponding measure of stability, namely mean
square stability.

A.3 Mean Square Calculus

Dealing with continuous-time stochastic processes in terms of differentiation,
integration, etc. is similar to the analysis of deterministic functions, but it
requires some extra care in evaluation of limits. One of the most useful ap-
proaches to calculus of stochastic processes is the so called mean square cal-
culus where mean square convergence is used when evaluating limits.

The full scope of mean square calculus is covered in [63] and [97] but we
bring here only a few results that are useful to our discussion.
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The notions of mean square continuity and differentiability are key issues
in our discussion. A process z(t) is said to be mean square continuous if
limp—ox(t + h) = z(t). It is easy to see that if ~,(¢,7) is continuous at (¢,t)
then also x(t) is mean square continuous. Since the converse is also true,
then mean square continuity of z(t) is equivalent to continuity of (¢, 7) in
(t,t). Defining mean square derivative by the mean square limit as h — 0
of (z(t + h) — x(t))/h, then it is similarly obtained that x(t) is mean square
differentiable (i.e. its derivative exists in the mean square sense) if and only if
~z(t, 7) is differentiable at (¢,t). A stochastic process is said to be mean square
integrable, whenever Z?;OI x(7;)(ti+1 — ti) is mean square convergent where
a=ty <t <..<t,=">0, where 7; € [t;,t;11] and where |t;11 — ti| — 0. In
such a case, the resulting limit is denoted by fa x(t)dt. Tt is important to know
that x(t) is mean square integrable on [a, b] if and only if 7, (¢, 7) is integrable
on [a, b] X [a, b]. The fundamental theorem of mean square calculus then states
that if #(¢) is mean square integrable on [a, b], then for any ¢ € [a, b], we have

2(t) — z(a) = / tj;(T)dT.

The reader is referred to [63] for a more comprehensive coverage of mean
square calculus.

A.4 Wiener Process

A process [(t) is said to be a Wiener Process (also referred to as Wiener-
Levy process or Brownian motion) if it has the initial value of 5(0) = 0
with probability 1, has stationary independent increments and is normally
distributed with zero mean for all £ > 0. The Wiener process has then the
following properties : 5(t) — 8(7) is normally distributed with zero mean and
variance o%(t—7) for t > 7 where o2 is an empirical positive constant. Consider
now for ¢ > 7 the autocorrelation

V(t,7) = E{f:B-)} = E{(B(t) — B(7) + B(7))B(7)}
= E{(B(t) — B(r))B(7)} + E{B*(7)}-

Since the first term is zero, due to the independent increments property of
the Wiener process, it is readily obtained that y3(¢,7) = o*7. Since we have
assumed that ¢ > 7 we have in fact that v5(t,7) = o?min(t, 7). Since the
latter is obviously continuous at (¢,t), it follows that 3(¢) is mean square con-
tinuous. However, a direct calculation (see [63]) of the second order derivative
of va(t, ), with respect to ¢ and 7 at (¢,t), shows that

min(t + h,t + h') — min(t,t)

¥ = 1/maz(h,h')
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which is clearly unbounded as h and b’ tend to zero. Therefore, vg(t,7) is
not differentiable at any (¢,¢) and consequently ((t) is not mean square dif-
ferentiable anywhere. It is, therefore, concluded that the Wiener process is
continuous but not differentiable in the mean square sense. In fact, it can
be shown that the latter conclusion holds also in the sense of almost sure
convergence.

A.5 White Noise

We begin this section by considering discrete-time white noise type stochas-
tic processes. A discrete-time process is said to be white if it is a Markov
process and if all z(k) are mutually independent. Such a process is said to
be a white Gaussian noise if, additionally, its samples are normally distrib-
uted. The mutual independence property leads, in the vector valued case, to
E{z(n)z”(m)} = Qn6y.m where 0, ,, is the Kronecker delta function (1 for
equal arguments and zero otherwise) and where @,, > 0. The discrete-time
white noise is a useful approximation of measurement noise in many practical
cases. Its continuous-time analog also appears to be useful. Consider a sta-
tionary process x(t) whose samples are mutually independent, taken at large
enough intervals. Namely,

A7) = Efa(t+n)e(t)} = o*Le "

where p >> 1. As p tends to infinity v(7) rapidly decays as a function of 7, and
therefore the samples of z(t) become virtually independent and the process
becomes white. Noting that for p that tends to infinity, ge_p‘f — (1) where §
is the Dirac delta function [63], a vector valued white process z(t) is formally
considered to have the autocorrelation of v(7) = Q(t)6(7) where Q(t) > 0.
Namely, E{z(t)z(7)} = Q(¢t)d(t — 7). Defining the spectral density of x(¢) by
the Fourier transform of its autocorrelation, namely by

o2

o > —iTWw 2p —plT _
f(w)f/iooe ot 5e ol ‘dTiil—i—wQ/pQ

we see that this spectral density is constant and has the value of o2 up to
about the frequency p where it starts dropping to zero. Namely, the spectrum
of x(t) is nearly flat independently of the frequency, which is the source of
the name ”"white” noise, in analogy to white light including all frequencies
or wavelengths. We note that for finite p >> 1, z(¢) is said to be a wide-
band noise (where 1 may represent the measured process bandwidth and p the
measurement noise bandwidth). In such a case, modelling (¢) as a white noise
is a reasonable approximation. We note, however, that constant f(w) or white
spectrum corresponds to infinite energy by Parseval’s theorem . Alternatively,
looking at the autocorrelation at 7 = 0, we see that
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1 o0
10) = Bla(t)} = 5= [ flw)dw — ox.
27 J_ o

Therefore, white noise is not physically realizable but is an approximation
to wide band noise. To allow mathematical manipulations of white noise, we
relate it to Wiener processes which are well defined. To this end we recall that
the autocorrelation of a Wiener process ((t) is given by

y(t, 1) = E{z(t)z(t)} = o*min(t, 7).
Since expectation and derivatives can be interchanged, namely

dB(t) dﬁ(T)}_ &?
dt dr ' did

By ~E{B,6:},

it follows that the autocorrelation of 3(t) is given by 02%[%min(t, 7)]. How-
ever, min(t,7) is 7 for 7 < t and ¢ otherwise; therefore, its partial derivative
with respect to ¢ is a step function of 7 rising from 0 to 1 at 7 = ¢. Con-
sequently, the partial derivative of this step function is just o25(t — 7). The
autocorrelation of 3(t) is thus o2§(¢ — 7), just as the autocorrelation of white
noise, and we may, therefore, formally conclude that white noise is the deriv-

ative, with respect to time, of a Wiener process.

A.6 Stochastic Differential Equations

Many stochastic processes are formally described (see [63] and [97]) by the
Langevin’s equation:

dx :

0 Falr), 1) + glal) 0A(0)

where ﬁ(t) is a white noise process. For example, in this monograph, the
so called state-multiplicative process is obtained when f(z(t),t) = Az and
g(z(t),t) = Dz leading to

dx .
—=A D )
o x4+ Dx(t)

When we write the latter in terms of differentials rather than in terms of
derivatives, we obtain the following equation

dx = Azxdt + Dzdp

where the physically unrealizable 5(t) no longer appears but instead the dif-
ferential df of §(t) drives the equation. Note that

dB(t) 2 B(t) — B(t — dt)
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is normally distributed with zero mean and o%(t — (t — dt)) = o?dt. When
0% = 1 we say that the Wiener process (3(t) and the corresponding white noise
process ﬂ(t) are standard. Back to Langevin’s equation, we may realize that
it can also be written in terms of differentials as

da(t) = f(z(t),t)dt + g(x(t), t)dB(t).

This equation is, in fact, interpreted by

¢ ¢
z(t) — x(ty) = flx(r,7)dr —|—/ g(z(r,7)dp(T),
to tO
where the first term is a Lebesgue-Stieltges integral and the second term is
an Ito integral with respect to the Wiener process 3(t). Namely, this integral
is defined via approximation by the sum:

n—1
thi [B(tiv1) — B(t;)], where a =ty <t; <..<t, =0,
i=0

where g;, is a random variable at the fixed time ¢; which is F;, measurable
(see Section 1.4.1). It is assumed that g, is independent on future increments
B(tr)—p(t) for t; <t <t <bof B(t). The stochastic integral is then defined
by choosing a series g™of piecewise step functions which converge to g, in the
sense that the mean square of the integral of g — g tends to zero as n tends to
infinity. Whenever g; is mean square integrable and is independent of future
increments of (3(t), the stochastic Ito sense integral exists. Furthermore, it
satisfies two useful identities:

B [ 9uds(0)) =0, and E{ [ guds(e) [ 450} = o* [ Eloufi)at.

In fact, we have defined in the above the first order stochastic integral.
The second order stochastic integral in the Ito sense, fg g1dB%(t), is similarly

defined by taking the limit of n to infinity in ZZL:_OI 91, [B(tis1) — B(t:)]. Tt can
be shown [63] that the latter converges, in mean square, to just f; o2 g dt.
We consider next

dat) = w(1)d5(1) + 5()d5*(1)

where 2(0) = 1 almost surely. Integrating the latter yields

2(t) 1= /0 x(t)dﬁ(t)—k% / 2(t)dB(t) = / r()a5() + % /0 2(b)dt.

0 0
The latter is simply the integral form in the Ito sense of:

dz(t) = z(t)dp(t) + %Qx(t)dt,

meaning that in stochastic differential equations, d3%(t) can be replaced in
the mean square sense by o2dt.



A Appendix: Introduction to Stochastic Differential Equations 211

A.7 Ito Lemma

Ito lemma is a key lemma which is widely used in the present monograph to
evaluate differentials of nonlinear scalar valued functions ¢(z(¢)) of solutions
x(t) of Tto type stochastic differential equations. Consider a scalar process x(t)
which satisfies J

xr .
5 = J@®),) + g(z(2),1)5(t).
Then, using Taylor expansion, we have

1 1
dp = @udt + @udz + ésomde + écpxmdxg’ + ..

Discarding terms of the order o(dt), recalling that d3?(t) is of the order of dt,
and substituting for dz in the above Taylor expansion, it is found that [63]:

1
do = @idt + @ dx + 5<pmg2d52(t).

Substituting o2dt for d3*(t) we obtain
0'2 2
do = pudt + pdx + Egomg dt.
For vector valued x(t), where Qdt = E{d3dS3"}, the latter result reads:

1
dp = pidt + ppdx + éTr{gQngom}dt

where @, is the Hessian of ¢ with respect to x.

A.8 Application of Ito Lemma

Ito lemma is useful in evaluating the covariance of state multiplicative
processes considered in the present monograph. Consider

dx = Azxdt + Dxd§ + Bdg

where ¢ is a scalar valued standard Wiener process and where ( is also a
scalar Wiener process independent of ¢ so that E{d3d3"} = Qdt. We define

Q O}. We also define

w = col{B, ¢}. The intensity of w is given by Q 2 [0 1

G= [B Dx]
Defining p(x(t)) = ;(t)z,;(t), where z; is the i-th component of x, we get
(see [63]), using Ito lemma, that

do = z;(t)dx;(t) + x;(t)dx;(t) + %TT{CNJQC:'TE},
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where the only non zero entries in X' are at locations ¢, j and j, i. Consequently,
we have that o

d(zz’) = (zdz” + dea™ + GQGT)dt.
Taking the expectation of both sides in the latter, and defining:
P(t)=FE{z(t)zT(t)}, the following result is obtained.

P = AP + PAT + BQBT + DPD".

A.9 Simulation of Stochastic Differential Equations

Consider again
dr = Axdt + Dxdé + Bdp.

Consider now the discrete-time stochastic process

x(k+1) — z(k)

; = Ax(k) + Dx(K)E(k)/Vh + DB(k)/Vh,

where £(k) is a normally distributed random sequence of zero mean and unit
variance and (k) is a random vector sequence of zero mean and covariance
Q. Notice that x(k), in fact, satisfies

z(k+1) = Fx(k) + Guw(k),

where F=I+Ah and G=vh [B Dz(k)] and where w(k)=col{3(K), £(K)}.
Defining S(k)= E{xz(k)zT (k)} we see, by the independence of z(k) on w(k),
that

P(k+1) = FP(k)FT + E{GQG"} = FP(k)F' + hBQB"* + hDP(k)D".

Substituting for F', neglecting terms of the order of h? and dividing both sides
of the resulting equation by h we get

P(k+1) — P(k)

- = AP(k) + P(k)A" + BQB” + DP(k)D",

meaning that the discrete-time process (k) correctly represents the continuous-
time process z(t), in the sense that the first two moments are identical in the
limit where the integration step h tends to zero. Furthermore, we note that
the increments £((k+ 1)h) — £(kh) are represented in the discrete-time model
by &(k)Vh, which is zero mean and of variance h thus approximating the
property of Wiener process increments E{d&2(t)} = dt.
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A.10 The Kalman Filter for Systems with
State-multiplicative Noise

The present monograph deals with H., or mixed Hs/H,, estimators and
controllers for systems with state-multiplicative noise. It is appropriate, for
the sake of completeness, to derive also the pure Ho-optimal estimator for this
case which is a variant of the celebrated Kalman filter.

We consider the system

dr = Axdt + Dxdé + Bdp,
where E{d¢2(t)} = dt, E{dBdBT} = Qdt, and E{xozl} = Py, measured by
dy = Czdt + dn,

where E{dndnT} = Rdt and where the Wiener processes ¢, 3,7 are assumed
to be mutually independent. Considering the observer

di = Az + K (dy — Cédt)

and defining the estimation error e = x — &, we readily obtain that the aug-
mented state vector p = col{e, x}, satisfies the following equation:

dp = Fudt + Gdw + Apdg,
where

A-KC O B -K DO
P= 1] o= B ] maa= | D0

where w = col{f3, n} and where

E{dwduw™} = [%2 ]OJ ait20.

The covariance S of the augmented state vector obviously satisfies then

P Po}

S =FS+SFT + ASAT + GQGT, S(0) = [P P
040

Partitioning the covariance matrix S in conformity with the dimensions of e

and x so that
g é S11 S12
ST, Soo |

it is readily obtained that
Si1=(A-KC)Sy1 + S11(A— KC)T + BQBT + KRK™ + DSy, DT

Sl = (A — KC)S1o + S12AT + BQBT + KRK™ + DS, DT
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and
Syo = ASgs + Sos AT + BQBT + DS, DT.

Fortunately, the equation for S7; can be solved independently of the other

two. Denoting P 2 S11 and completing to squares we obtain that

P = AP+ PAT + BQBT — PCTR"'CP + DPDT
+(K — PCTR YR(K — PCTR™HT, P(0) = P,.

In order to minimize P, the last term should be nulled and therefore the
Kalman filter for our case turns out to be:

di = Azdt + PCTR™(dy — Cidt)
where
P = AP+ PAT + BQBT — PCTR™'CP + DPD”, P(0) =P,

Note that the last term is the only contribution of the state multiplicative
noise. In fact, the Kalman filter for linear systems with state multiplicative
noise, is one of the very few examples for which finite dimensional minimum
mean square optimal estimators are obtained for nonlinear systems.

A.11 Stochastic Stability

It is appropriate to conclude the present appendix with few words about
stochastic stability. Consider the following stochastic system

dx = f(x(t),t)dt + g(z(t), t)dO(t) (A1)

for x € R™ and the corresponding Ito formula:

1
dp = prdt + pydx + §TT{gQgT§0xac}

1
= @udt + . (f + gdpB) + §TT{9Q9T¢M}

1
= @udt + o f + éTr{gQgTwm} + 029dB = Lo + ¢,9dp

where
82

i ———
J 8.%‘1‘8])]‘

a0 00 1 T
L=_— — 4+ =27
ot + f ox + 2 1,]-1(99 )

is referred to as the infinitesimal generator of the system (A.1). Since

do = Lo + Mdp
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where M 2 g, then if p(x) = V(x) > 0 for all  and LV < 0, then V is
said to be Lyapunov function.
From the above we have:

V(z(t)) = V(zo) + /0 LV (a(t))dt + /0 MdB < V(o) + /0 Mdj.  (A.2)

Using results about Martingales, which are beyond the scope of the present
monograph, it is shown in [97] that (A.2) implies that all trajectories with
xo sufficiently close to the origin remain, at all times, in the origin’s neigh-
borhood, except for a set of trajectories with arbitrarily small probability.
The latter result, which corresponds to almost sure stability, can be under-
stood also intuitively: if V(z) is reduced so that x(t) gets closer to the origin,
then its gradient V, becomes small and consequently M = Vg tends to zero.
Therefore, V() is reduced in a manner which is similar to the deterministic
case. In fact, when g(z,¢) = 0 the above discussion reduces to the stability
analysis of the deterministic system

&= fa(t),t).

In this case, LV < 0 reduces to %/ < 0. Furthermore, if g(z,t) = x, then the
term
M=V,g="V,x

tends to zero if z(t) — 0, thus allowing the effect of §(t) to vanish, ensuring
the convergence of x(t) to zero. If in addition, lim;_ .z (t) = 0 with probabil-
ity 1, then the origin is stochastically asymptotically stable. Furthermore, if
the above results hold for all x( rather than those that are in a small neighbor-
hood, then the origin is globally asymptotically stable. It turns out that when
LV (z) < 0 holds for all nonzero x then the origin is asymptotically stable in
probability. If also LV (x) < —kV (x) for all nonzero z, for some k > 0, then
also mean square global stability is obtained.

Consider the class of linear systems with state-multiplicative noise that is
treated in the present monograph where

f(z) = Az, and g(x) = Dz,

and where all eigenvalues of A are in the open left half of the complex plane.
Choosing
V(z) = 27 Px,

with P > 0 and requiring that LV < —kV, for k > 0, (which generally
means small enough ||D||), imply square stability, in addition to the global
asymptotic stability in probability.

It may be interesting to see a case [78] where the different concepts of
stability may lead to different conclusions.

Consider the so-called Geometrical Brownian Motion (GBM) (see also [97])
which evolves according the following stochastic differential equation:
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dx(t) = ax(t)dt + ba(t)dB(t), x(0) =g (A.3)

where (t) is again a standard Wiener process (or Brownian Motion), namely
E{dB3*(t)} = dt and where a — b?/2 < 0 but a > 0 so that the deterministic
case with b = 0 would be unstable.

Define dz(t) = bdj3(t), 2(0) = 0 (meaning that z(¢) = b5(¢)) and consider
o(2) = e@=¥/2t+2(0) Applying Ito lemma to evaluate dy we obtain, since z
satisfies (A.1) with f(z) =0, and g(z) = b, that

dop = ppdt + p.dz + p..dt = [(a — b*/2)¢ + pdz + %cp]dt = apdt + bpdz
= apdt + bpdf.

Since ¢ satisfies (A.3) we arrive at the conclusion (see [97]) that the solution
(A.3) is
2(t) = (@b /bR — (l(a=b?/2)+bB(1)/ 1]t

Since B(t)/t tends to zero as t tends to infinity (3(t) is of the order of v/#),
x(t) tends to zero as t tends to infinity (see [97]). Also, the corresponding
Lyapunov exponential is negative [78]:

lim A(¢) = tlirgo[log(x(t))]/t =a—1%/2<0.

=00
Consider now V(z) = px? where p > 0. Then,
LV = (2a + b*)pa® > 0
and also P(t) = E{x?(t)} is shown to satisfy
dP/dt = (2a + b*)P

which means that P(t) = 22¢(2070)t The latter tends to infinity as ¢ tends
to infinity. Namely, (A.3) can not be shown to be stochastically stable in
probability, using a quadratic Lyapunov function, but it is clearly unstable
in the mean square sense. Considering a non quadratic Lyapunov function
V(z) = plz|™ where p > 0, then

1
LV = o+ 5¥(a — Dapla|*,

which, by choosing 0 < @ < 1 — i—‘;, leads to LV < 0. Therefore, the system
(A.3) is stochastically stable, in probability, but not mean square stable.

If both @ < 0 and a — b?/2 < 0 are satisfied, then for b*> < —2a (in this
case b plays the role of D in dz = Azdt + Dxdf3), the above discussion shows
that (A.3) is mean square stable.
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Appendix: The Continuous DLMI Method

B.1 Introduction

In the past, LMIs were used mainly to solve stationary problems. The alge-
braic nature of the Riccati equations to which these problems correspond,
enables the construction of equivalent LMIs by applying the Schur comple-
ments formula [60].

Unfortunately, in cases where the systems involved are time-varying or
when the time-horizon is finite, differential or difference LMIs appear. The
degree of freedom that is entailed in solving these inequalities at each instant
of time should be exploited to derive the best solution that will enable the op-
timal solution at future instances of time. In the discrete-time case, recursive
sets of LMIs are obtained, and the question which was raised in [44] was how
to find a solution for a given set of difference LMIs at, say, the k-th instant
which enables the best solution to these LMIs at instances ¢ > k. The method
developed in [44] was used to solve robust control and filtering problems and
the relationship between the proposed solutions and the corresponding ‘cen-
tral’ solutions was discussed.

In this appendix we adopt a similar approach for continuous-time systems
by discretizing the time scale and developing LMIs that resemble the ones ob-
tained in [44] for the discrete-time case. The results we obtain here enable the
solution of the state and output-feedback control problems for time-varying
systems over a finite horizon. They also provide an efficient means for solv-
ing the control problem for multiple operating points and, by an appropriate
gridding of the uncertainty intervals, for the robust control of systems with
polytopic uncertainties.

B.2 Solution of the BRL via Discretization

Given the following system S(A, B, C):

E. Gershon et al.: Hoo Contr. and Est. of State-multipl. Lin. Sys., LNCIS 318, pp. 217-228, 2005.
© Springer-Verlag London Limited 2005
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&= Ax+ Bw, z=Cx, x9=0, (B.1)

where x € R" is the system state vector, w € LI[t, T] is the exogenous
disturbance signal and z € R™ C R™ is the state combination (objective
function signal) to be attenuated. The matrices A, B and C are time-varying
matrices of appropriate dimensions. For a prescribed scalar v > 0 and for a
given Pr > 0 we define the performance index:

T
J(w,t,T) = 27 (T)Prx(T) + / 2Tz — v2wTw)dr (B.2)

It is well known that a necessary and sufficient condition for J(w,t,T) < 0
for all w € L4[t, T) is the existence of a solution P, on [t, T], to the following
Differential Riccati Equation (DRE):

—P=PA+ATP+~472PBBTP +CTC, P(T)=Pr. (B.3)

It follows from the monotonicity of P with respect to an additional positive
semidefinite term on the right hand side of (B.3), that the solution to the
above DRE can be obtained by solving the following Differential Linear Matrix
Inequality (DLMI):

P+ATP+PA PB CT
* -1, 0 | <0, P>0, P(T)=Pr (B4)
* x* =1,

r(p)

where we require that Tr{P(7)} be minimized at each time instant 7 €
[t, T]. The above DLMI can be solved by discretizing the time interval [t, T
into equally spaced time instances {t;, i = 1,..N, txy =T, t; = t}, where:

ti—ti12e=N"YT—-t),i=1,..N. (B.5)

The discretized BRL problem thus becomes one of finding, at each k € [1, N],
P;,_1 > 0 of minimum trace that satisfies

—Py_1 + Py + (AL P, + Py Ag) Pkfk cF

] 2’1, 0 | <0, Px=Pr (B6)
* R

where the index k implies that the matrix concerned is evaluated at t = t.
For relatively large N, P(t;) may be a good approximation to P(7) on [t; —
€/2, t;+¢/2]. The problem with the above solution procedure arises, however,
when the matrices A, B and C depend on some other matrix variable, for
example the gain matrix K in the state-feedback problem. When applying the
above method to the latter problem, at instant k, the matrix P is given and
the matrices Py_1 and K}, are sought. The fact that the latter matrix variables
correspond to different time instances may cause instability in the iterative
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process for small feasible values of v, especially when 7" — ¢ tends to infinity.
One may overcome this difficulty by replacing P(t) by e ' (Pyy1 — Pi). The
DLMI of (B.6) will then become:

Py — P+ J-J(AE,P]C + PkAk) P. By, Cg
2
* -X1, 0 | <0, Pv=Pr (B7)
* * —€7lfm

where the P, > 0 of minimum trace is sought that satisfies the inequality.

Another, more serious, disadvantage of the above method is evident in the
case where A, B and C' are time-invariant uncertain matrices lying within a
polytope 2. Solving (B.4) for this case and for T' — ¢t which tends to infinity,
we seek a P > 0 of minimum trace that satisfies

ATP+PA PB CT
* -2, 0 | <0 (B.8)

* * =1,

When the matrices in {2 are affine functions of a common matrix variable (for
example, in the state-feedback case a single constant gain matrix K should be
found for all of the systems in (2), a single matrix P is sought which solves
(B.8) for all of the matrices belonging to the set 2. This procedure guarantees
the quadratic stability [93] of the resulting closed-loop systems, but the overall
design is quite conservative.

It would, therefore, be of interest to find another discrete representation
for the DLMI of (B.4) that will overcome the above mentioned difficulties.
Defining

O2p! (B.9)
we find that (B.3) is equivalent to:

Q= QAT + AQ+~2BBT + QCTCQ, Q(T) =Py (B.10)

Further defining eQ 2 Q, where 0 < € << 1 is the scalar frame time (integra-
tion step) defined in (B.5), we obtain:

eQ = E(QAT + AQ) + v 2BBT +QcTcQ, Q(T) = e_lpfl.

The monotonicity of the solution @, with respect to an additional positive
semidefinite term on the right hand side of the above equation, implies that
the same solution can be obtained by solving

—Q+e(QAT + AQ) +72BBT +2QCTCQ <0, Q(T)=¢'Pyl (B.11)

and choosing the minimal solution at each t € [0 T7.
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Applying the previously described time discretization scheme and replac-
ing Q(t1) by e 1 (Qry1—Qp) it readily follows from (B.11) that the discretized
BRL problem is one of finding {Q} that will satisfy

~Qp 1 Qi+ e(AQu+QAY)+y P BB +€°QCi i@y <0 Qn =€ 'Pr

(B.12)
with Qp > 0 of minimum trace for all k = N — 1,...0. The latter leads to the
following:

Lemma B.1. Giveny > 0, Pr and 0 < € << 1. The discretized BRL problem
has a solution if for allk = N —1,....1 there exists a solution Q. of minimum
trace to the following DLMIs

—Qr L, +eAL 0 ct
* _QI;—ll-l By 0
* * -2, 0
* * x  —e 20,

<0, Qk > 0, QN = ePr (B13)
Proof: We have that
Qp + €(ArQy + QpAL) = (I + €Ar)Q,(I + €Af) — € A4,Q AT
so that inequality (B.12) becomes:
—Qpi1 + (T +eAn)Qp(I+€eAL) — € ArQ AL +7 *Bi Bl +€°Q,C CrQ, < 0
(B.14)
We also have that

(I —CrQ,CH) ™ =T+ ECrQ,.CT + 1CrQ,.CFCLQ,LCT + ...
=1+ 0,Q,C¢L + O(eh)

hence
QO CrQy = €QLCL (I — €ChQLCE) T CrQy, + O()
Therefore:

(I + eAp)Qy(I + eAY) + Q.05 CrQy,
= (I + €Ay) [Qp + €Q,CF (I — ECrQ,CY) " CrQy) (I + eAY) + O(?).

This in turn implies that inequality (B.14) becomes:
~Qupr + (I +€Ap) [Q) + EQCL (I — ECLQLCE) T CrQy] (I + €AT)
—2ALQ AY +~472ByBL + O(*) <0, Qn =¢ 'Pt (B.15)

Defining X, = 2 ALQLAT + O(€%), (B.15) is then:
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—Qpy1 + (I +€Ap) [Q) + QO (I - fzck@kcg)ilck@k] (I+€Af)

-2+ 772Bkng <0, QN = 671P7?1~ (B.16)

The latter can be put in the following form:

-Q;' I,+eAr 0 ct
*  —Qry1— Xk By 0
* * -2, 0

* * x  —e 2],

The term X4 (Q}) is not linear in Q. However, since X,(Qy) > 0 for a small
enough ¢, we solve (B.17) by replacing X)) with a zero matrix. For a small
enough ¢, the resulting solution sequence {Qy} will also solve (B.17) with a
non-zero Y. Denoting Q) = Q,:l (which means that Qi = e¢Py) and replacing
Q1 by Q; ', (B.17) readily leads to (B.13).

The first inequality in (B.17) does not suffer from the discrepancy between
the time indices in the state space matrices and Q. It will be shown below
that it also overcomes the difficulties entailed in the design when subjected to
parameter uncertainty.

B.3 State-feedback Control

We now apply the preceding DLMIs to the finite-horizon, time-varying, state-
feedback design problem. Given the system S(A, By, Ba, C1, Di2):

= Az + Biw + Bou, z=Cix+ Diou, x9=0, (B.18)

where 2, w and z are defined in Section B.2, u € R! is the control input and
A, By, By, C7 and D15 are time-varying matrices of appropriate dimensions.
For a prescribed scalar v > 0 and for a given Pr > 0 we consider the perfor-
mance index of (B.2). We look for the state-feedback gain matrix K (¢) which,
by means of the control strategy of u = Kz, achieves J(w,t,T) < 0 for all
w e L3, T).

Replacing Ay, and Cy, of (B.13) by Ax+Bs 1K), and Cy ,+ D19 1 K}, respec-
tively, the discretized state-feedback problem becomes one of finding sequences
{Q} and {K}} such that, for k=N—-1,N—-2, ..., 0, they simultaneously satisfy
the following LMI:

* ~Qit By, 0 - P
* * -2, 0 <0, Qn=ebr
* * * —e 21, (B.19)

and @ possesses a minimum trace.
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The applicability of the above method is demonstrated by the following ex-
ample:

Example 1:

We consider the system of (B.18) with:

01 0 10 0
A= [0 0}7 Bip=DBair= [1], Cy = [O 0}7 and Dy = L} . T'=20secs

with the cost function of (B.2) and with Pr = 1071015, which implies that we
are not interested in the final value of 2:(20). The minimum achievable value
of v, for the corresponding infinite horizon case (T' — o0) is 1, and we thus
look for a solution in the vicinity of the minimum value of v, say v = 1.01.
The time interval of interest (in seconds) is [0 20]. We thus choose € = .005
seconds and sequentially solve (B.19) for k£ = 3999, ..., 0. The following results
were obtained:

3.7823 7.1366

Qo = [7.1366 26'9322] e, Ko=[-T.1177 —26.8965] .

The eigenvalues of the resulting closed-loop matrix Ay + B oKy are: —0.2673
and —26.6292. The maximum singular value of Q1 — Qg is 1.28 x 10~ %, which
indicates the convergence of the sequence {Q;, 7 = 4000, 3999, ...} to the nearly
stationary value of Q.

In comparison, the ‘central solution’ for the stationary case, which is derived
by solving

ATP+ PA+CICy+ P(y?B,B] — BaR™'BY)P =0,
R=D],Dy5, and K =R 'BIP
for the same value of v = 1.01 is:

P [3.7746 7.1240

7 1240 26.8906} , and K = [—7.1240 —26.8906] .

with closed-loop poles at —0.2676 and —26.6230 !

B.3.1 The Uncertain Case:

We assume in the following that A, By, By, C7 and Doy are appropriately
dimensioned matrices which reside in the following uncertainty polytope
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Qé{(/h By, By, C1, D21) |(A, By, Bs, C1, Da)

N, Ny
:ZTi<Aia Bui, Ba, Cuiy D21i); 7 >0, ZTz‘ =1}, (B.20)
i=1 i=1

and we look for a single state-feedback gain matrix K(¢) that will yield a
negative performance index in (B.2) for 2(0) = 0 and for all nonzero w €
Li[t, T]. The preceding state-feedback problem can be solved by applying
the above discretization and by replacing Ay, By and Cy of (B.17) by A, 1, +
By 1 Kk, Bis and Cy ;1 + D12, 1 Ky, respectively, where 7 = 1,...N,, denote
the vertices of 2. Multiplying the first row block in (B.17), from the left, by
Q1 and the first column block ,from the right, by the same matrix and taking
2., = 0 we have:

—Qu Qk+€(QkAZk‘_|'QngBQ,i,kT) 0 QwCT, +QuK DY,

* — B i 0
Qk+1 172716 SO’
* * —v*1, 0
* * * —e 21,
Qn=c¢'P;! (B.21)

Letting QK = Y,Z'(B.21) becomes:

—Qk Qk+€(QkAiTLk+YkTB2,i,kT) 0 chfi,k"'ykTD{z,i,k

* — B i 0
Qi1 ik <0,
* * —v*1, 0
* * * —e 2],
Qn=¢"'P;! (B.22)

and we look for the sequences of {Q;} with maximum trace and {Y}} which,
for £k = N—1, N—2....0, satisfy the above LMIs for i = 1,...N,,. If a solution to
the latter set of LMIs exists, the solution for K} is derived from:

Ky =YQ; " (B.23)
Example 2:

We solved the above set of LMIs (B.22) for the case where g € [g1 ¢2] =
[—.8 .8], and the system matrices of (B.18) are respectively:

Ai,k:: |:ng:| s Bl,i,k = |:0:| s BQ,i,k = |: 1 :| P Clni,k; = |: 0 0:|a

and
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0
Digg = [1] .

Once again, we consider the cost function (B.2) with T'= 5 secs. and Pp =
1071%I, . The uncertainty polytope is described by the N, = 2 vertices, ¢
and gs. We solved (B.22), with € = .005 secs. and a tolerance of 1076, for a
nearly minimum value of v = 84 and for v = 86. For both values of v we
obtained solutions. The resulting gain matrices K(t) = [K1(t) Ka(t)] are
depicted in Fig. 1. We note here that the robust stationary state-feedback
solution ( 7" — oo ), which can also be obtained using the method of Boyd
et.al. [12], admits a solution only for v > 106.6. All of these results entail an
overdesign since they are based on the same sequence {Qy} for all the vertices
of 2.

The LMIs of (B.19) imply another important application of the DLMI
method to robust design. Assuming that the system of (B.18) belongs to a set
containing a finite number of systems, that is:

(A, By, By, C1 Dyy) CT

where A
I'={(A;, Bii, B2, Cri, Da1;) i=1,2,..Ns}

we derive the following set of coupled LMIs from (B.19):

—Qik IH+E(AZk+KgB%:i,k) 0 C1T,i,k+KkTD1T2,i,k
I,+€e(Aix+DBs; 1 Ky) *Qi_,i_s_1 Bk 0 <0
O ngl,k) 7,-)/21(1 0 = Y
Chik+Dr2i 1k K 0 0 —e 2],
’L.:L..,ZVS7 Qi,N ZEPT (B24)

For each k < N we seek {Q;x, @ = 1,...,Ns} of minimum trace and Kj
that satisfy (B.24), based on the preceding values of {Q; y+1, i = 1,..., Ns}.
A solution to the latter set of LMIs, may significantly reduce the overdesign
of the previous method which applied a single @ to all of the plants. We
demonstrate the use of (B.24) in the following example.

Example 3:

The system of Example 2, where g is either g; or g2, may represent the two op-
erating points of a practical process. With the time interval of [0 5] seconds,
e = .005 seconds and emphasizing the trace of (1, we obtained a solution for
the close to minimum value of v = 51. The resulting state-feedback gain vec-
tor K(t) = [K1(t) Ka2(t)] is depicted in Fig. 2. Extending our horizon time
to T' = 20 seconds, resulted in a nearly minimum value of v = 88 and with
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a converging gain vector K (0) consisting of K(0) = —[162.5901 86.9370].
This K(0) is, in fact, the stationary feedback gain vector which guarantees
the H,onorm for the two operating points in the infinite horizon case. Indeed,
a maximum value of 83.91 has been actually obtained (for the case with g1).
Remark: The above method is aimed at solving the problem for a distinct set
of plants. Since the design procedure does not preserve convexity, the result-
ing state-feedback controller may not satisfy the requirement of achieving a
disturbance attenuation level of ~y for all the convex combinations of the state
space matrices of these distinct plants. If such a requirement is made, one
may superimpose a grid onto the uncertainty polytope and the above method
can then be applied to all of the plants that correspond to the points on the
grid. It can be shown that, by choosing a dense enough grid, the specifications
can be satisfied for all the points in the uncertainty polytope [14]. Indeed, the
results for the stationary K, show that the maximum achievable H. norm,
for all g € [g1  go] is less than 83.91, which demonstrates that in our case,
a grid of two points was sufficient to guarantee robust performance over the
whole uncertainty polytope.

B.4 Output-feedback

The previously described method of solving the continuous-time BRL equation
via recursive LMIs can also be applied to the output-feedback control problem.
We consider the following linear system

T = Ax + Biw + Bou 20=0
(B.25)
Yy = Cox + Doyjw

with the objective vector
z = C’lx—|—D12u—|—D11w (B26)

where x, w, u and z are defined in the previous section and y € R™ is the
measured output.

We seek a controller
T, = Acxc + ch
(B.27)
u =Cir+ Dy

such that for prescribed v > 0 and Pr > 0 the following holds:

4

T
J = o(T)" Pra(T) —|—/ {272 —ywlwldt <0 Yw e LI[t, T]. (B.28)
0

Defining the augmented state vector & as:
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we obtain the following:

§=A¢+Bw, &=0

L (B.29)
z=C¢+ Dw
where: p
<A 0 0 Bs 0171
2[00+ (15 e[e]
- a[B 0 B, 0 ]
23]+ [1%]e o]
5 A 0 I
C_[clo]+[0D12}@{C20_,
DéDH + [OD12]9|:0_
Doy |
and where )
A e Be
e_[CCDC].

Considering the system of (B.29) we apply the discretization as in Sec-
tion B.2. It follows from the standard BRL and a derivation similar to
that of (B.13), that the objective of (B.28) is equivalent to the existence
of {Qr}, Qr = Q¥ and {Oy} that, for 0 < J, e << 1 satisfy:

—Qr  DLn+eAl 0 T

Ln+ed, —Qyl, Bn 0

0 B,{ -2, [)g
Eék 0 Dk *Im

<0, @n= Ediag{PT7 5[’77.}’ (B30)

with minimum Tr{7Qx7T*} for each k = N—1, N—2,....0, where N =
1 1 1

e T, and T = 0_1l

In the above DLMI, € is the integration time step, the index k implies the
value of the matrix at time ¢; (as in Section B.2) and ¢ is a small positive
scalar which implies that we hardly weight the final value of z.. The matrix
TT transforms ¢ into col{z, = — z.} so that by minimizing the latter trace
we are, in fact, applying the BRL to the augmented system consisting of x
and the ‘error’ vector x — x.. Recall that the DLMI stems from a differential
Riccati inequality which was derived by differentiation of a Lyapunov candi-
date function (LCF - see [54]) of the form V = ¢7Qi€. Hence, if we use the
transformation y = 7€, our LCF becomes:

V=+TTQ.T y.
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While we have not changed the underlying LCF, we can force a coordinate
change by asking for the minimization of 7Q,7 T, without changing the stuc-
ture or entries of the DLMI in (B.30).

Using the the definitions of Ag, Bg, Ck, and Dj, and substituting them
into (B.30), the problem becomes one of searching for {Qx} and {©)} which
minimize Tr{7 QT '} for each k < N and satisfy:

1 (Qri1) — IQKI" + PrOxDy + DrOLPE <0 (B.31)
where
I, 0 0 O
0 I, 0 O
Al 00 Al 0 Byy ral 0 €, 00 0 0
ool P |, o | Dk‘LCM 0 OODQMO]’
0 0 0 0
00 0 Dia
and
—O I—|—EA{ 0 0 eClT,k i
0o I, 0 0
. A N1 Bl,k 0
Qn=ediag{Pr, 6I,} and §p(Qr+1) = | * Qpi1 0
* * f'yQIq D?Lk
| * * * —Ipy |
(B.32)

At each step, say the k-th, @, (Qr+1) in (B.31) is known and we then look for
TQrTT of minimum trace and Oy that satisfy (B.31).

The latter set of LMIs can readily be applied to the situation where (in
similarity to Example 3), the plant belongs to a finite set of possible plants.
The LMI of (B.31) should then be solved for each plant in the set with dif-
ferent @ but with a @ that is common to all of the resulting LMIs. We
demonstrate the applicability of the method in the following example.

Example 4:

We consider the system of (B.25) with the state space matrices, the time
interval ([0 5] secs.) and the performance index as in Example 2 and with

Bl,k: |:15 8:| 5 Og,k = [1 0] y Dgl,k = [0 —.1] .

We solved (B.31) and (B.32) for the Ny, = 2 plants characterized by ¢1
—0.8 and g2 = 0.8. Applying the discretization period of € = 0.04 seconds
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and putting an emphasis on the trace that corresponds to ¢ = —.8, a near
minimum value of v = 80 was obtained, for which the time varying sequence
{0k, k =125,...0} was derived. The time evolution of the eigenvalues of the
controller dynamical matrix A, are depicted in Fig. 3. It is seen in the figure
that at the end of the time interval, at t = 0, the eigenvalues of A, tend to
reside on the imaginary axis.

Unfortunately, no solution could be found for the infinite horizon case,
even for large ~.

B.5 Conclusions

A method for solving the continuous-time BRI has been proposed which
enables solutions to various time-varying finite-horizon H.,control problems
with uncertainty and with multiple objectives. This method also resolves the
difficulty that was encountered in the stationary case with uncertainties in the
state space matrices, where the matrix variable in the corresponding LMI mul-
tiplies the system state-space matrices. The recursive nature of the proposed
algorithm leads to inequalities that are affine in all that matrix variables. This
property enables the solution of the robust output-feedback control problem
in cases where the uncertain system to be controlled is included in a finite
set of known systems. The control of systems with polytopic type uncertainty
can also be solved by the new method by imposing a grid on the uncertainty
polytope and solving the problem for the grid point systems.

The fact that at each of the discrete instances the resulting DLMI is affine
in the controller parameters at this instant also enables a solution that guar-
antees the stability of the controller in the stationary control problem. This
stability, which is quite difficult to guarantee by the standard H..solution
method, is achieved by directly solving the corresponding Lyapunov inequal-
ity for the dynamic matrix of the controller.



C

Appendix: The Discrete DLMI Method

C.1 A BRL for Discrete-time LTV Systems

We consider the following system:
Ti41 = Agzy + Brwy, k=0,1,....N =1, zp = Lixy, (C.1)

where x; € R™ is the state vector, wy € R? is the exogenous disturbance
which is assumed to be of finite energy, z; € R™ is the objective vector and
xo is an unknown initial state. We consider, for a given scalar v > 0, the
following performance index:

A _ _ _ _
Ip = ||zell3 = Y2 Jwe |2 + 25 Qnan — 22 Qozo, Qn >0, Qo> 0. (C.2)

The objective is to determine, for a given v > 0, whether Jp is nonpositive
for all possible {xo, {wx}} € R™ x 5[0, N—1].

We obtain the following:

Theorem C.1.1: Consider the system of (C.1) and a given v > 0. The
following statements are equivalent:

1. Jg of (C.2) is negative for all nonzero ({wy}, xo) where {wy} € [0 N—
1] and xg € R™.
2. There exists a solution Qy, to

Fk(0)207 s.t Qk>07 k‘ZO,l,...,N—l, QN:QN7 QQ§’72Q0

where (C.3)
A _
I4(Zk) = —Qu+AL Quir Ak+(BE Qr1 A) 05, (BE Qra1 Ar)+Li L+ 2,
and A
Oy =41, — BF Qi11Bx. (C.4)

3. At each i > k, minimizing the trace of the solution Q; to the following
DLMIs:

E. Gershon et al.: Hoo Contr. and Est. of State-multipl. Lin. Sys., LNCIS 318, pp. 229-237, 2005.
© Springer-Verlag London Limited 2005
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Qi A B 0
AT _Q, 0 LT
B 0 -1, 0
0 L; 0o -1,
72Iq BzTQi+1
| BiQit1 Qit1
results in a solution to (C.5) also fori =k, for allk = N—1, N=2,.....0,
with Qo < ¥*Qo.

<0, Qn=0Qn,
(C.5)

Proof: The equivalence between assertions 1 and 2 is standard [57]. The
proof that assertion 1 is equivalent to assertion 2 is based on the fact that,
using Schur’s complements, the DLMI of (C.5) is equivalent to the following
DRE:

(5 =0 (C.6)

for some 0 < X € R™*™. The monotonicity property of the latter DRE (see
for example [101], pp. 38-39) implies that its solution for X = 0 (the so called
‘central solution’), if it exists, is less than or equal to, in the matrix inequal-
ity sense, all other solutions of (C.6) that are obtained for 0 < Xy, X} # 0.
Denoting the set of all the solutions to (C.5) for i=k by 2, we find that the
central solution {Q} € ;. Since @y, is less than or equal to all of the other
elements in the sequences of (2, it attains the minimum trace over (2.

Remark C.1.1: Using Schur’s complements, it is easily verified that the fea-
sibility condition of (C.3) is satisfied by all the solutions to (C.5). The results
of Theorem C.1.1 thus suggest an alternative solution procedure to the BRL
problem. We begin at the stage ¢ = N — 1 by substituting the given terminal
condition (i.e Qry1 = Qn) into (C.5). At each instant, say the k-th, we solve
for Qp, using the previously established solution to Q41 that attained the
minimum trace at the instant ¢ = k + 1.

Remark C.1.2: Consider the case where the system of (C.1) is LTI, asymp-
totically stable, reachable and observable. Due to the equivalence between the
solutions of the above DLMI (with the minimization of T7{Q}) and the re-
cursion of (C.3), the DLMIs solution to @y will converge, in the limit where
N — k tends to infinity, to the central stationary solution @), if the latter
exists and if Qu is less than the antistabilizing solution of the corresponding
algebraic Riccati equation [88].
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Remark C.1.3: The DLMI of (C.5), with the requirement of minimum trace
for @y, is a convex problem and can be readily solved with existing programs
(for example the MATLAB LMI toolbox [34]). In some filtering problems it
will be important to minimize the trace of the inverse of the solution to the
corresponding DLMI. This minimization can be achieved by imposing the ad-
ditional requirement that for each k, the trace of the matrix 0 < H; € R™*"

Hy I,

that satisfies: >0, k=0,1,...,N — 1, is minimized.

In Qk

C.2 Application of the DLMI Technique

C.2.1 H,, State-feedback Control

The state-feedback control problem is solved using the above BRL [57]. We
consider the following system:

Tht1 = Az, + Bg’kuk + BLkwk, o =x9, k=0,1,....N—1

(C.7)
2, = Lyxy + Dio jug, k=1,2,....N

)

where z, wg, 2z and zy are defined as in the system of (C.1) and where
up € R* is the control input signal. We seek a state-feedback law uy = Kyzp
that achieves Jp < 0 of (C.2) for all {wi} € [0 N—1] and 2o € R™.
The central solution to the above problem is well known [57]. It can also be
achieved by substituting wuy into (C.7) and applying the DLMI of Theorem
C.1.1. The following lemma solves the H., state-feedback problem:

Lemma C.2.1: Consider the system of (C.7) and uy, = Kyxy with the per-
formance index of (C.2). For a prescribed v > 0 there exists a control law of
up = Ky that guarantees a non positive Jg for all {wi} € 5[0 N—1] and
xg € R™ if there exist Qr € R™ ™ and K}, € R**"™ that satisfy the following
DLMIs:

Qi A By 0

Al —Qr 0 L}

Bl 0 %1, ©
0 Lp 0 -1,

’Y2Iq BICTQkJrl

| BrQit1 Qi

where

<0, k=N-1,..0, Qn = Qn,
(C.8)

- A - -
Ay = A+ Bap Ky, By =By, and Ly = Ly + D12 1 Ky,

with Qp of minimum trace that also satisfies Qy < ¥2Qo.
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Unlike the solution to the BRL which sought a single matrix Qy, for (C.5),
in Lemma C.2.1 we seek, at each instant k, two matrix variables namely: Qp
and the state-feedback gain Kj.

Remark C.2.1: In a way dual to the state-feedback control, one can ap-
ply (C.8) to design both a priori and a posteriori Luenberger-type filters.
The DLMI of (C.8) should then be solved iteratively where a minimum for
Tr(Q,;ll) is sought, beginning with an initial condition that equals to the
weight on the initial state in the performance index.

C.2.2 Robust H, State-feedback Control of Uncertain Systems

A clear advantage of the new DLMI method emerges when dealing with un-
certain systems. We consider the case where, due to uncertainty in the plant’s
parameters, the system is described by a finite set of plants. It is desired to
obtain a single controller (in the present application a state-feedback one) for
all of the plants in the set that will meet some pre-specified stability and dis-
turbance attenuation requirements. Such requirements arise in many practical
situations where a single controller is sought that will satisfy prescribed per-
formance criteria for various operating points. For example, in [71], a single
controller is sought that will satisfy some strict requirements on the behavior
of a flexible arm for three different loads.

The above problem can be solved, in the stationary case, using the method
of [12] for state-feedback design in the presence of polytopic-type uncertainty.
Embedding the set of plants into a convex polytope may provide a solution
to the problem, if a single matrix solution exists for a set of LMIs that are
solved at the vertices of the polytope. This method is quite conservative since
it requires the quadratic stabilizability of the set of systems involved. The
solution guarantees, however, the required performance for all of the possible
plants in the polytope.

The advantages of the DLMI approach to the design of the required robust
state-feedback control are two-fold. First of all, it can provide a solution to
the time-varying case over a finite horizon and secondly it is not restricted to
quadratically stabilizing solutions.

Representing the finite set of plants involved by @ 2 {Si, i=1,..np}, where
the system S; is described by:
Tpp1 = Apiry + Bojgup + By gswr, k=0,1,..,N -1, x9=20;
2k :Lk,ixk +D12’k,iuk, k=1,2,.. N.

(C.9)
we look for a single state-feedback law of up = Kpxp, k=0,...N —1 which
ensures that all of the n, systems in @, achieve (C.2), for all {wy} € [5[0 N—1]
and zg; € R". The following corollary provides the solution to the robust H.,
state-feedback problem:
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Corollary C.2.1 : Consider the system of (C.9) with the performance index
of (C.2). For a prescribed v > 0 there exists a control law of up, = Kz that
guarantees a non positive Jg, over @, for all {wy} € 12[0 N-1] and g € R™
if there exist Qr; € R™™™ and Kj, € R**™ that satisfy the following DLMIs:

_le—il-l,i Ak,i Bk,i 0
Ai—:i _Qk,i 0 'Z/Z‘,’L
0

~ < Oa QN,i = QNa
BlcT,i 0 *72111
0 Ly, 0 —I,
2 RT
vy Bj_1,Qk,i
Tk >0, (C.10)

Bji—1,:Qx,i Qk,i
for i=1,2,...np, k=N —1,..,0, with Qy; of minimum trace that also
satisfy Qio < v*Qo, where

Ay = Api+ BayiKy, Byi=DBigi, and Ly;= Ly; + DiggiKp.

C.2.3 The Static Output-feedback Control Problem

The DLMI method allows us to solve the static output-feedback control prob-
lem in much the same way as the state-feedback control problem of Section
C.2.1. We consider the following system:

Tht1 :Akxk+B27k§uk}+Bl)k}wk7 k=0,1,...,.N —1

(C.11)
yr = Crwy, 21 = Lpxp + Diggux, k=1,2,..,N

where 2, wg, z; and z( are defined as in the system (C.1) and where u;, € R®
is the control input signal. We seek a static output-feedback law ur = Kgyg
that achieves Jp < 0 of (C.2) for all {wy} € 120 N-—1] and zo € R™.

The ‘central-type’ solution to the above problem can be achieved by substi-
tuting ux, = Ky into (C.11) and applying the DLMI of Theorem C.1.1. The
H ., static output-feedback problem is solved with the aid of the next lemma:

Lemma C.2.2: Consider the system of (C.11) with the performance in-
dex of (C.2). For a prescribed -y > 0 there exists a control law of ux = Kpyg
that guarantees a non positive Jp for all {wy} € I3[0 N—1] and o € R™ if
there exist Q € R™ ™ and Kj, € R**" that satisfy the DLMI of (C.8) where

- A - -
Ay = Ay + Bax K1,Cy, By =By, and Ly = Ly + D12 1, K, Cy,

with Q. of minimum trace that also satisfies Qo < ¥2Qo.
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As with the robust state-feedback control of Section C.2.1, the advantage of
the DLMI approach in the static output-feedback case lies in its ability to pro-
vide a finite horizon solution and, in particular, the fact that it is not restricted
to quadratically stabilizing solutions (see [38] and the references therein). Rep-
resenting the finite set of plants involved by & = {Si, i=1,..n,}, where the
system S; is described by:

Tr41 = Apivk + Ba g iuk + B1 ki wk, k=0,1,..,.N -1, =0,
Y = C’kvixk, 2L = Lkﬂ'ﬁck + D127k,,~uk, k= 1,2,...,N

(C.12)

and where, similar to Section C.2.1 we seek a single static-feedback law of

the form wuy = Ky which ensures that all of the n, systems in €Z~5, achieve

Jp <0, for all {wy} €3]0 N-—1] and z,; € R™. The solution to the robust

H . static output feedback problem is obtained from the following corollary:

Corollary C.2.2: The robust static output-feedback problem of (C.12), uy =

Kpyr and (C.2) possesses a solution over @ for a prescribed v > 0 if for every

k=N-1,N-2,..,0 and fori = 1,2,...,n, there exist Q) € R™*" and

K € R**" that satisfy the following DLMI

—_Q];J,l_17i Ak,i Bk,i 0

A%‘,i _Qk,i 0 E%‘,Z
0

~ < Oa QN,i = QNv
B;f,i 0 _72Iq

N (C.13)
0 Ly 0o -1,

V1, BLQr+vi
| Br,iQr+1,  Qr+1,i

with Qr,; of mintmum trace that also satisfy Qo < v2Qo, where

A . _
Api = Api+BokiKiCri, Bri=DBigi, and Ly; = Ly + D12 i KiCh s

Remark C.2.2: The above procedure can be readily performed such that
a single matrix solution @), is found for all the n, DLMIs at the kth iteration
step, k = N—1, N —2,....0. The latter corresponds to the selection of a single
Lyapunov function ZkN:_Ol $£+1Qk+1$k+1 — J;{Qkxk for all the plants in @.

C.3 Example: Robust H, State-feedback Control

To demonstrate the applicability of the DLMI technique for the discrete-time
setup we bring a practical problem of terrain following control system which
is encountered in aerospace engineering. The problem is taken from [80] and a
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full description of the physics involved appears in Section 11.11, pages 404-408
there.
We consider the following continuous-time uncertain system:

&= Ax + Biw + Bou, 2z = Cix+ Disu,

where
[ -1 0 0 0 0 0 0 7 C 0 ]
1 —10% 0 0 0 0 0 0
0 1 -10% 0 0 0 0 0
A=1 0 0 0 —-10%0 0 0 |,Bi=| 0 [,
0 0 0 1 -1 0 0 0
A(6,1) .0345 0 0 1 A(6,6) 0 0
L 0 0 0.2 0 0 0 —10°6 —0.02]
Lo
00000 0 1 0 0 00
0000050 0 0 00
Cr = , Dig = , By={00.09 |,
00000 0 0 0.3162 0 00
00000 0 0 0 0.01
00
_0 0 .

and where the uncertain parameters reside in the following intervals:

A(6,1) = [-0.0704 —0.1056], A(6,6) = [—0.00256 — 0.00384].

Note that the original problem was of order 6 and we have added a sev-
enth state (an integrator) in order to provide a zero tracking error for the
tracking altitude command. The discrete-time robust state-feedback version
of the above continuous-time problem was solved, by discretization with a
ZOH (zero-order hold) at a sampling rate of 10H,. The control design con-
sisted of the following 3 distinct plants:

(A(6,1), A(6,6)) = (—0.0704 — 0.00256), (—0.1056 — 0.00384),

(—0.088 — 0.0032) '
The state-feedback controller for the above system, in the stationary case,
was readily found by applying the DLMIs procedure of (C.10) of Corollary
C.2.1. We note that at each instant k, starting from £k = N = 400 where
Qni = Qn = 10781, i = 1,2,3, we substituted for Qx and obtained Kj_;
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and Qk_1. For a near minimum value of 7 = 0.080 we obtained the following
robust state-feedback controller K where K is:

—6.4646 —10.9603 —5.8185 —0.1620 —0.3736 —0.5934 —72.8956
—13.5683 —39.5879 —18.3110 —45.9064 —97.8663 —180.6088 —228.7737 |

The top part of Figure C.1 below depicts the traces of the three matrix so-
lutions {Qg,;} that are obtained for the three OPs, along the interval of the
recursive solution of the DLMI of Corollary C.1.1. The bottom part of Figure
C.1 describes the trace of KK7T, where K is the controller gain, along the
solution trajectory. Both parts of the figure show the convergence properties
of the DLMI method.

C.4 Conclusions

In this appendix a DLMI method for discrete-time linear systems is presented
which successfully mimics the Riccati recursion in the solution of the standard
time-varying H..control and filtering problems over a finite horizon. Due to
their structure, the DLMIs that are solved at each instant are linear in the
matrices @ or Qr+1, depending on the nature of the iterative solution and in
the matrices that constitute the required controllers or filters. This linearity
enables a simple and easily implementable treatment of plant uncertainty in
both the finite horizon time-varying and the stationary cases.

The problems of robust output-feedback control, either static or dynamic,
and the H., estimation that uses a general filter, is solved here for the first
time. The existing H, stationary solution for uncertain systems (i.e convex
(polytopic) method [12]), [38], [37] are not applicable to many practical control
problems (i.e tracking control), which are of the finite-horizon type. It has been
shown in [44] and partially in the present appendix that the DLMI method
easily tackles these latter types of problems. In the stationary case, the DLMI
method may provide solutions that are significantly better than those obtained
by the polytopic type design of [12] and [38] (see [44]).

We note that while the convex methods [12], [38], [37], guarantee a solution
for all of the operating points included within the convex domain, the non-
convex DLMI approach guarantees a solution for only the operating points
taken into account by the design procedure. In some control systems, most
notably in aerospace, a design for distinct plants is of major importance.

Dealing with robust problems, such as the finite-horizon robust state-
feedback, the DLMI method easily allows the implementation of both the
quadratic and the non quadratic design procedures. An additional important
advantage of the DLMI method is that, besides satisfying a required H, per-
formance, it may deal successfully with additional design requirements, such
as the minimization of bounds on the peak-to-peak gain and with the control
and estimation problems of systems with state-multiplicative noise.
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Dimi state feedback, gamma=0.08
1200 T T T T T T T
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Fig. C.1. The results of the Ho robust state-feedback solution. Shown are the
traces of the 3 matrix solutions for the 3 distinct OPs and the trace of K*K’.
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