Nonlinear H.-Control,
Hamiltonian Systems

and Hamilton-Jacobi
Equations




Nonlinear H.-Control,
Hamiltonian Systems

and Hamilton-Jacobi
Equations






Nonlinear H.-Control,
Hamiltonian Systems

and Hamilton-Jacobi
Equations

M.D.S. Aliyu

Ecole Polytechnique de Montreal, Montreal, Canada

CRC Press

Taylor & Franc is Group

Boca Raton London New York
CRC Press is an imprint of the
Taylor & Francis Group, an informa business



CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway NW, Suite 300
Boca Raton, FL 33487-2742

© 2011 by Taylor and Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works

Printed in the United States of America on acid-free paper
10987654321

International Standard Book Number: 978-1-4398-5483-9 (Hardback)

This book contains information obtained from authentic and highly regarded sources. Reasonable efforts have been
made to publish reliable data and information, but the author and publisher cannot assume responsibility for the valid-
ity of all materials or the consequences of their use. The authors and publishers have attempted to trace the copyright
holders of all material reproduced in this publication and apologize to copyright holders if permission to publish in this
form has not been obtained. If any copyright material has not been acknowledged please write and let us know so we may
rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmitted, or uti-
lized in any form by any electronic, mechanical, or other means, now known or hereafter invented, including photocopy-
ing, microfilming, and recording, or in any information storage or retrieval system, without written permission from the
publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.com (http://
www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA 01923,
978-750-8400. CCC is a not-for-profit organization that provides licenses and registration for a variety of users. For
organizations that have been granted a photocopy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for
identification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com



Preface

This book is about nonlinear H .-control theory, Hamiltonian systems, and Hamilton-Jacobi
equations. It is the culmination of one decade of the author’s endeavors on the subject, and
is addressed to practicing professionals, researchers and graduate students interested in
optimal and robust control of nonlinear systems. The prerequisites for understanding the
book are graduate-level background courses in linear systems theory and/or classical optimal
control, or calculus of variation; linear algebra; and advanced calculus. It can be used for a
specialized or seminar course in robust and optimal control of nonlinear systems in typical
electrical, mechanical, aerospace, systems/industrial engineering and applied mathematics
programs. In extreme cases, students from management and economics can also benefit from
some of the material.

The theory of nonlinear H.,-control which started around 1990, almost a decade after
Zames’ formulation of the linear theory, is now complete. Almost all the problems solved
in the linear case have been equivalently formulated and solved for the nonlinear case; in
most cases, the solutions are direct generalizations of the linear theory, while in some other
cases, the solutions involve more sophisticated tools from functional analysis and differential
games. However, few challenging problems still linger, prominent among which include the
long-standing problem of how to efficiently solve the Hamilton-Jacobi equations, which are
the cornerstones of the whole theory. Nevertheless, the enterprise has been successful, and
by-and-large, the picture is complete, and thus the publishing of this book is timely.

The authors’ interest in nonlinear control systems and the H,-control problem in par-
ticular, was inspired by the pace-setting book of Prof. H. K. Khalil, Nonlinear Systems,
Macmillan Publishing Company, 1992, which he used for a first graduate course in nonlin-
ear systems, and the seminal paper, “Lo-Gain Analysis of Nonlinear Systems and Nonlinear
State-Feedback H.-Control,” IEEE Transactions on Automatic Control, vol. 37, no. 6,
June, 1992, by Prof. A. J. van der Schaft. The clarity of the presentations, qualitative ex-
position, and the mathematical elegance of the subject have captivated his love, interest,
and curiosity on the subject which continues till today.

The book presents the subject from a traditional perspective, and is meant to serve as a
self-contained reference manual. Therefore, the authors have endeavored to include all the
relevant topics on the subject, as well as make the book accessible to a large audience. The
book also presents the theory for both continuous-time and discrete-time systems, and thus
it is anticipated that it will be the most comprehensive on the subject.

A number of excellent texts and monographs dealing entirely or partially on the subject
have already been published, among which are

1. Hoo-Optimal Control and Related Minimax Design Problems, by T. Basar and
P. Bernhard, 2nd Ed., Systems and Control: Foundations and Applications,
Birkhauser, 1996;

2. Feedback Design for Discrete-time Nonlinear Control Systems, by W. Lin and C.
L. Byrnes, Systems and Control: Foundations and Applications, Birkhauser, 1996;

3. Nonlinear Control Systems, by A. Isidori, 3rd Ed., Springer Verlag, 1997;



vi

4. Extending Hoo-Control to Nonlinear Systems, by J. W. Helton and M. R. James,
SIAM Frontiers in Applied Mathematics, 1999;

5. Lo-gain and Passivity Techniques in Nonlinear Control, by A. J. van der Schaft,
Springer Verlag, 2nd Ed., 2000.

However, after going through the above texts, one finds that they are mostly written in the
form of research monographs addressed to experts. Most of the details and the nitty-gritty,
including topics on the basics of differential games, nonlinear H-filtering, mixed Hs/H oo
nonlinear control and filtering, and singular nonlinear H.-control, are not discussed at
all, or only touched briefly. Also, algorithms for solving the ubiquitous Hamilton-Jacobi
equations as well as practical examples have not been presented.

It is thus in the light of the above considerations that the author decided to summarize
what he has accumulated on the subject, and to complement what others have already
done. However, in writing this book, the author does not in any way purport that this book
should outshine the rest, but rather covers some of the things that others have left out,
which may be trivial and unimportant to some, but not quite to others. In this regard, the
book draws strong parallels with the text [129] by Helton and James at least up to Chapter
7, but Chapters 8 through 13 are really complementary to all the other books. The link
between the subject and analytical mechanics as well as the theory of partial-differential
equations is also elegantly summarized in Chapter 4. Moreover, it is thought that such a
book would serve as a reference manual, rich in documented results and a guide to those
who wish to apply the techniques and/or delve further into the subject.

The author is solely responsible for all the mistakes and errors of commission or omission
that may have been transmitted inadvertently in the book, and he wishes to urge readers to
please communicate such discoveries whenever and whereever they found them preferably
to the following e-mail address: dikkol@hotmail.com. In this regard, the author would
like to thank the following individuals: Profs. K. Zhou and L. Smolinsky, and some anony-
mous referees for their valuable comments and careful reading of the manuscript which have
tremendously helped streamline the presentation and reduce the errors to a minimum. The
author is also grateful to Profs. A. Astolfi and S. K. Nguang for providing him with some
valuable references.

M. D. S. Aliyu
Montréal, Québec
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1

Introduction

During the years 1834 to 1845, Hamilton found a system of ordinary differential equations
which is now called the Hamiltonian canonical system, equivalent to the Euler-Lagrange
equation (1744). He also derived the Hamilton-Jacobi equation (HJE), which was im-
proved/modified by Jacobi in 1838 [114, 130]. Later, in 1952, Bellman developed the discrete-
time equivalent of the HJE which is called the dynamic programming principle [64], and the
name Hamilton-Jacobi-Bellman equation (HIBE) was coined (see [287] for a historical per-
spective). For a century now, the works of these three great mathematicians have remained
the cornerstone of analytical mechanics and modern optimal control theory.

In mechanics, Hamilton-Jacobi-theory (HJT) is an extension of Lagrangian mechanics,
and concerns itself with a directed search for a coordinate transformation in which the
equations of motion can be easily integrated. The equations of motion of a given mechanical
system can often be simplified considerably by a suitable transformation of variables such
that all the new position and momemtum coordinates are constants. A special type of
transformation is chosen in such a way that the new equations of motion retain the same
form as in the former coordinates; such a transformation is called canonical or contact
and can greatly simplify the solution to the equations. Hamilton in 1838 has developed
the method for obtaining the desired transformation equations using what is today known
as Hamilton’s principle. It turns out that the required transformation can be obtained by
finding a smooth function S called a generating function or Hamilton’s principal function,
which satisfies a certain nonlinear first-order partial-differential equation (PDE) also known
as the Hamilton-Jacobi equation (HJE).

Unfortunately, the HJE, being nonlinear, is very difficult to solve; and thus, it might
appear that little practical advantage has been gained in the application of the HJT. Nev-
ertheless, under certain conditions, and when the Hamiltonian (to be defined later) is inde-
pendent of time, it is possible to separate the variables in the HJE, and the solution can then
always be reduced to quadratures. In this event, the HJE becomes a useful computational
tool only when such a separation of variables can be achieved.

Subsequently, it was long recognized from the Calculus of variation that the variational
approach to the problems of mechanics could be applied equally efficiently to solve the
problems of optimal control [47, 130, 164, 177, 229, 231]. Thus, terms like “Lagrangian,”
“Hamiltonian” and “Canonical equations” found their way and were assimilated into the
optimal control literature. Consequently, it is not suprising that the same HJE that governs
the behavior of a mechanical system also governs the behavior of an optimally controlled
system. Therefore, time-optimal control problems (which deal with switching curves and
surfaces, and can be implemented by relay switches) were extensively studied by mathe-
maticians in the United States and the Soviet Union. In the period 1953 to 1957, Bellman,
Pontryagin et al. [229, 231] and LaSalle [157] developed the basic theory of minimum-time
problems and presented results concerning the existence, uniqueness and general properties
of time-optimal control.

However, classical variational theory could not readily handle “hard” constraints usually
associated with control problems. This led Pontryagin and co-workers to develop the famous
maximum principle, which was first announced at the International Congress of Mathemati-
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ctans held in 1958 at Edinburgh. Thus, while the maximum principle may be surmised as
an outgrowth of the Hamiltonian approach to variational problems, the method of dynamic
programming of Bellman, may be viewed as an off-shoot of the Hamilton-Jacobi approach
to variational problems.

In recent years, as early as 1990, there has been a renewed interest in the application of
the HJBE to the control of nonlinear systems. This has been motivated by the successful
development of the H,-control theory for linear systems and the pioneering work of Zames
[290]. Under this framework, the HIBE became modified and took on a different form
essentially to account for disturbances in the system. This Hamilton-Jacobi equation was
derived by Isaacs [57, 136] from a differential game perspective. Hence the name Hamilton-
Jacobi-Isaacs equation (HJIE) was coined, and has since been widely recognized as the
nonlinear counterpart of the Riccati equations characterizing the solution of the H-control
problem for linear systems.

Invariably however, as in mechanics, the biggest bottle-neck to the practical application
of the nonlinear equivalent of the Hoo-control theory [53, 138]-[145], [191, 263, 264] has
been the difficulty in solving the Hamilton-Jacobi-Isaacs partial-differential equations (or
inequalities); there is no systematic numerical approach for solving them. Various attempts
have however been made in this direction with varying success. Moreover, recent progress in
developing computational schemes for solving the HJE [6]-[10, 63] are bringing more light
and hope to the application of HJT in both mechanics and control. It is thus in the light of
this development that the author is motivated to write this book.

1.1 Historical Perspective on Nonlinear H.-Control

The breakthrough in the derivation of the elegant state-space formulas for the solution of the
standard linear H.-control problem in terms of two Riccati equations [92] spurned activity
to derive the nonlinear counterpart of this solution. This work, unlike earlier works in the
Hoo-theory [290, 101] that emphasized factorization of transfer functions and Nevanlinna-
Pick interpolation in the frequency domain, operated exclusively in the time domain and
drew strong parallels with established LQG control theory. Consequently, the nonlinear
equivalent of the Ho.-control problem [92] has been developed by the important contribu-
tions of Basar [57], Van der Schaft [264], Ball and Helton [53], Isidori [138] and Lin and
Byrnes [182]-[180]. Basar’s dynamic differential game approach to the linear H..-control
led the way to the derivation of the solution of the nonlinear problem in terms of the HJI
equation which was derived by Isaacs and reported in Basar’s books [57, 59]. However,
the first systematic solution to the state-feedback H..-control problem for affine-nonlinear
systems came from Van der Schaft [263, 264] using the theory of dissipative systems which
had been laid down by Willems [274] and Hill and Moylan [131, 134] and Byrnes et al.
[77, 74]. He showed that, for time-invariant affine nonlinear systems which are smooth, the
state-feedback H.-control problem is solvable by smooth feedback if there exists a smooth
positive-semidefinite solution to a dissipation inequality or equivalently an infinite-horizon
(or stationary) HIB-inequality. Coincidently, this HIJB-inequality turned out to be the HJI-
inequality reported by Basar [57, 59]. Later, Lu and Doyle [191] also presented a solution
for the state-feedback problem using nonlinear matrix inequalities for a certain class of
nonlinear systems. They also gave a parameterization of all stabilizing controllers.

The solution of the output-feedback problem with dynamic measurement-feedback for
affine nonlinear systems was presented by Ball et al. [53], Isidori and Astolfi [138, 139, 141],
Lu and Doyle [191, 190] and Pavel and Fairman [223]. While the solution for a general class
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of nonlinear systems was presented by Isidori and Kang [145]. At the same time, the solution
of the discrete-time state and dynamic output-feedback problems were presented by Lin and
Byrnes [77, 74, 182, 183, 184] and Guillard et al. [125, 126]. Another approach to the discrete-
time problem using risk-sensitive control and the concept of information-state for output-
feedback dynamic games was also presented by James and Baras [151, 150, 149] for a general
class of discrete-time nonlinear systems. The solution is expressed in terms of dissipation
inequalities; however, the resulting controller is infinite-dimensional. In addition, a control
Lyapunov-function approach to the global output-regulation problem via measurement-
feedback for a class of nonlinear systems in which the nonlinear terms depend on the output
of the system, was also considered by Battilotti [62].

Furthermore, the solution of the problem for the continuous time-varying affine nonlinear
systems was presented by Lu [189], while the mixed Ha/Ho problem for both continuous-
time and discrete-time nonlinear systems using state-feedback control was solved by Lin
[180]. Moreover, the robust control problem with structured uncertainties in system matrices
has been extensively considered by many authors [6, 7, 61, 147, 148, 208, 209, 245, 261,
265, 284] both for the state-feedback and output-feedback problems. An inverse-optimal
approach to the robust control problem has also been considered by Freeman and Kokotovic
[102].

Finally, the filtering problem for affine nonlinear systems has been considered by Berman
and Shaked [66, 244], while the continuous-time robust filtering problem was discussed by
Nguang and Fu [210, 211] and by Xie et al. [279] for a class of discrete-time affine nonlinear
systems.

A more general case of the problem though is the singular nonlinear H ,-control prob-
lem which has been considered by Maas and Van der Schaft [194] and Astolfi [42, 43]
for continuous-time affine nonlinear systems using both state and output-feedback. Also,
a closely related problem is that of H.o-control of singularly-perturbed nonlinear systems
which has been considered by Fridman [104]-[106] and by Pan and Basar [218] for the robust
problem. Furthermore, an adaptive approach to the problem for a class of nonlinear systems
in parametric strict-feedback form has been considered again by Pan and Basar [219], while
a fault-tolerant approach has also been considered by Yang et al. [285].

A more recent contribution to the literature has considered a factorization approach to
the problem, which had been earlier initiated by Ball and Helton [52, 49] but discounted
because of the inherent difficulties with the approach. This was also the case for the earlier
approaches to the linear problem which emphasized factorization and interpolation in lieu
of state-space tools [290, 101]. These approaches are the J-j-inner-outer factorization and
spectral-factorization proposed by Ball and Van der Schaft [54], and a chain-scattering
matrix approach considered by Baramov and Kimura [55], and Pavel and Fairman [224].
While the former approach tries to generalize the approach in [118, 117] to the nonlinear
case (the solution is only given for stable invertible continuous-time systems), the latter
approach applies the method of conjugation and chain-scattering matrix developed for linear
systems in [163] to derive the solution of the nonlinear problem. However, an important
outcome of the above endeavors using the factorization approach, has been the derivation
of state-space formulas for coprime-factorization and inner-outer factorization of nonlinear
systems [240, 54] which were hitherto unavailable [52, 128, 188]. This has paved the way for
employing these state-space factors in balancing, stabilization and design of reduced-order
controllers for nonlinear systems [215, 225, 240, 33].

In the next section, we present the general setup and an overview of the nonlinear
Hoo-control problem in its various ramifications.
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FIGURE 1.1
Feedback Configuration for Nonlinear H.-Control

1.2 General Set-Up for Nonlinear H,-Control Problems

In this section, we present a general framework and an overview of nonlinear H..-control

problems using either state-feeback or output measurement-feedback. This setup is shown

in Figure 1.1 which represents the general framework for H..-control problems. It shows the

feedback interconnection of the plant P and the controller K with inputs w, v and outputs z,

y. The plant can be described by a causal time-invariant finite-dimensional nonlinear state-
[{P=2)

space system P, with superscript “¢” for continuous-time (CT) or “d” for discrete-time
(DT), defined on a state-space X C " containing the origin x = {0}:

T = f(a:,u,w), l’(to) = Zo
CT: P y = h¥(z,w) (1.1)
z = h*(z,u)
Th41 - f(Ik7Uk7U)k-), 'I(ko) = IO
DT : P? . yr = hY(zg,wy) (1.2)
Zr = hz(mk,uk), keZ

where z € X is the state vector, u : ® — U, w : R — W are the control input and
the disturbance/reference signal (which is to be rejected/tracked) respectively, which be-
long to the sets of admissible controls and disturbances U C RP, W C R" respectively,
f i XAXUXxW — X is a smooth C* vector-field (or vector-valued function), while
hY : X xW — Y C R™ h* : X xU — R are smooth functions. The output y € ) is
the measurement output of the system, while z € R° is the controlled output or penalty
variable which may represent tracking error or a fixed reference position. We assume that
the origin @ = 0 is an equilibrium-point of the system, and for simplicity f(0,0,0) = 0,
h#(0,0) = 0.
We begin with the following definitions.

Definition 1.2.1 A solution or trajectory of the system P at any time t € R from an
initial state x(to) = o due to an input up, will be denoted by x(t,ty,xo,up, ) or
¢(t7t07$07u[t0,t])' Szmzlarly, by x(k7k07xo7u[k}g,k]) or ¢(k7k07x07u[kg,k]) fOT P,

Definition 1.2.2 The nonlinear system P€¢ is said to have locally Lo-gain from w to z in
N C X, 0€ N, less than or equal to vy, if for any initial state xo and fized feedback us, 17,
the response z of the system corresponding to any w € La[to, T) satisfies:

T T
[ lelPa<a® [ )i sieo), v >0

to to
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for some bounded function k such that k(0) = 0. The system has Lo-gain < if N = X.

Equivalently, the nonlinear system P has locally la-gain less than or equal to v in N
if for any initial state 2° in N and fized feedback Uk, K], the Tesponse of the system due to
any Wi, k] € L2lko, K) satisfies

K K
Dozl <97 ) llwil® + K(2°), VK > ko, K € Z.
k=Fo k=Fo

The system has l2-gain < v if N = X.
Remark 1.2.1 Note that in the above definitions ||.|| means the Euclidean-norm on R™.

Definition 1.2.3 The nonlinear system P€ or [f,h*] is said to be locally zero-state de-
tectable in O C X, 0 € O, if w(t) =0, u(t) = 0, z(t) = 0 for all t > to, it implies
limy s o0 (¢, to, 20, u) = 0 for all xg € O. The system is zero-state detectable if O = X.

Equivalently, P® or [f,h¥] is said to be locally zero-state detectable in O if wy, = 0,
up =0, zxp = 0 for all k > ko, it implies limy_yo0 x(k, ko, 2%, ug) = 0 for all z° € O. The
system 1is zero-state detectable if O = X.

Definition 1.2.4 The state-space X of the system P€ is reachable from the origin © = 0
if for any state x(t1) € X at t1, there exists a time to < t1 and an admissible control
Ulty,t,] € U such that, x(t1) = ¢(t1,to, {0}, Upg,e,))-

Equivalently, the state-space of P? is reachable from the origin x = 0 if for any state
Tk, € X at ky, there exists an index ko < ki and an admissible control Ulkg, k] € U such
that, x,, = gf)(kl, ko, {O}, u[ko,kl])f ko, k1 € Z.

Now, the state-feedback nonlinear H,-suboptimal control or local disturbance-
attenuation problem with internal stability, is to find for a given number v* > 0, a control
action u = a(x) where o € C"(R"),r > 2 which renders locally the £3-gain of the system
P from w to z starting from z(tp) = 0, less or equal to v* with internal stability, i.e., all
state trajectories are bounded and/or the system is locally asymptotically-stable about the
equilibrium point x = 0. Notice that, even though H, is a frequency-domain space, in the
time-domain, the Ho.-norm of the system P (assumed to be stable) can be interpreted as
the Lo-gain of the system from w to z which is the induced-norm from Ly to Lo:

12()l]2

P2, =  sup ;. x(to) =0, (1.3)
0#£wWEL2(0,00) Hw(t)HQ
equivalently the induced-norm from /5 to fs:
z
Pl = sup  1Z2 ) =0, (14)

0£wels(0,00) lwll2’
where for any v : [to, 7] C R — R or {v} : [ko, K] C Z — R™,
A T m A K m
B2 [ 3 e, and o g 2 Y 3 bl
0 =1 k=ko i=1

The Hoo-norm can be interpreted as the maximum gain of the system for all Ls-bounded
(the space of bounded-energy signals) disturbances.
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Thus, the problem can be formulated as a finite-time horizon (or infinite-horizon) min-
imax optimization problem with the following cost function (or more precisely functional)
[57):

: e
J(4, w) = minsup sup —/ =17 = 22[lw®)|*)dr, T > to (1.5)
HEU T wer, to
equivalently
1 X
J4(p, w) = minsup sup — Z [lz6ll? = Y?|wkll?], K >ko € Z (1.6)
neu k we&ls 2 k=ko

subject to the dynamics P with internal (or closed-loop) stability of the system. It is seen
that, by rendering the above cost function nonpositive, the Ls-gain requirement can be
satisfied. Moreover, if in addition, some structural conditions (such as observability or zero-
state detectability) are satisfied by the disturbance-free system, then the closed-loop system
will be internally stable [131, 268, 274].

The above cost function or performance measure also has a differential game interpre-
tation. It constitutes a two-person zero-sum game in which the minimizing player controls
the input w while the maximizing player controls the disturbance w. Such a game has a
saddle-point equilibrium solution if the value-function

T
Ve(z,t) = inf Sup/ 212 = 22 {lw ()] dt
REU ey Ji

or equivalently
K
V(x, k) = inf sup zi||? — 72 ||w;]?
() = fnf up 3l =]

is C! and satisfies the following dynamic-programming equation (known as Isaacs’s equation
or HJIE):

=V (x,t) = inf sup {V7(t, 2) f (z, u,w) + [ 2(0)* = 2*[w(®)]*]} 5
Ve(T,z) =0, z € X, (1.7)
or equivalently

V(a, k) = infsup {VI(f (@, up, wp), &+ 1) + [[|26]* =2 wr]?]} ;

Uk Wy

VK +1,2)=0, z€ X, (1.8)

where V;, V, are the row vectors of first partial-derivatives with respect to ¢ and = respec-
tively. A pair of strategies (u*,v*) provides under feedback-information pattern, a saddle-
point equilibrium solution to the above game if

JO v) < It vr) < Tk, vt), (1.9)

or equivalently
T v) < I v) < ). (1.10)

For the plant P, the above optimization problem (1.5) or (1.6) subject to the dynamics of
P reduces to that of solving the HJIE (1.7) or (1.8). However, the optimal control «* may
be difficult to write explicitly at this point because of the nature of the function f(.,.,.).
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Therefore, in order to write explicitly the nature of the optimal control and worst-case
disturbance in the above minimax optimization problem, we shall for the most part in this
book, assume that the plant P is affine in nature and is represented by an affine state-space
system of the form:

&t = f(x)+gi(x)w+ ga(x)u; x(0) = xq
P z = hi(z) + kz(2)u (1.11)
y = ha(z)+ ka(2)w
or
Trpp1 = flaw) + g (zr)wr + go(@p)ur; zo = 2
pde . 2 = hl(:z:k) + klg(zk)uk (1.12)
Y = hg(:l?k) + kgl(zk)wk, ke Z+

where f: X — X, g1 : X = M"™"(X), g2 : X = M™P(X), where M**7(X) is the ring of
i X j matrices over X, while hy : X — R®), ho : X — R™, and ki2, ko1 € C",7 > 2 have
appropriate dimensions.

Furthermore, since we are more interested in the infinite-time horizon problem, i.e., for
a control strategy such that limz_, o J¢(u,w) (resp. limg o0 J(us, wy)) remains bounded
and the Lo-gain (resp. f2-gain) of the system remains finite, we seek a time-independent
positive-semidefinite function V' : X — R which vanishes at = 0 and satisfies the following
time-invariant (or stationary) HJIE:

winsup { V. (o) (0) + ga(a)ut) + gaa)ale)] + 5101 ~2wlo)]*) | =
V(0)=0, z€X (1.13)

or equivalently the discrete HJIE (DHJIE):

V() = minsup { V(@) + (o + ) + (1l =27l ) =0
V(0)=0, z€X. (1.14)

The problem of explicitly solving for the optimal control «* and the worst-case disturbance
w* in the HJIE (1.13) (or the DHJI (1.14)) will be the subject of discussion in Chapters 5
and 7 respectively.

However, in the absence of the availability of the state information for feedback, one
might be interested in synthesizing a dynamic controller K which processes the output
measurement y(t), ¢t € [to,T] C [0,00) (equivalently yi, k € [ko, K] C [0,00)) and generates
a control action u = «([to, t]) (resp. u = a([ko, k])) that renders locally the Lo-gain (equiva-
lently ¢2-gain) of the system about 2z = 0 less than or equal to v > 0 with internal stability.
Such a controller can be represented in the form:

K°: & = n(&y), £0)=4&
u = 0(&y)

K': &1 = (&), &=2¢

ug = 0(&k,yk), k €Zy,

where £ : [0,00) > O C X, n:0OxY —= X, 0:0 x)Y — RP. This problem is then known
as the suboptimal local H-control problem (or local disturbance-attenuation problem) with
measurement-feedback for the system P. The purpose of the control action is to achieve local
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closed-loop stability and to attenuate the effect of the disturbance or reference input w on
the controlled output z.

Often this kind of controller will be like a carbon-copy of the plant which is also called
observer-based controller, and the feedback interconnnection of the controller K and plant
P results in the following closed-loop system:

i = f(z )J)rgl(( )) w(t) + g2(x)0(&, y); x(0) = 2o
ca o c 6 = (

LK SR T A vt 0

y = ho(x)+ ka(z)w(t )
or equivalently
Tpt1 = f((l'k) +)91(3?k)wk0+ 92(x1)0(Ek, yr); w0 = 2°
a . Sk+1 = 0k, yk)s So=¢
Pé oK : —;k = hi(zx) + k120(1?k)9(§k, Yr) (1.16)

yr = ho(zk) + ko1 (zk)wy, k€ Zy.

Then the problem of optimizing the performance (1.5) or (1.6) subject to the dynamics
Pc? o K¢ (respectively P9% o K9) becomes, by the dynamic programming principle, that of
solving the following HJIE:

. . 1 1
min sup {W(z,g)(ﬂxf)f (2,8 + 5l=0” - 572”“1”2} =0, W(0,0) =0, (1.17)
or the DHJIE
_ : d 1 2 l 2 2 _ 1.1
W (z,€) = minsup 3 W(f*(x.6) + gll|* = 577wl . W(O,00=0,  (L18)

where

n(&,y)

o flrr) + g1 (@r)wr + g2(2x)0(Ek, yr)
f &) = ( n(§k7yk)2 ) '

in addition to the HJIE (1.13) or (1.14) respectively. The problem of designing such a
dynamic-controller and solving the above optimization problem associated with it, will be
the subject of discussion in Chapters 6 and 7 respectively.

An alternative approach to the problem is using the theory of dissipative systems [131,
274, 263, 264] which we hereby introduce.

o, €) = ( f(@) + g1(@)w + g2(2)0(&, y) )

Definition 1.2.5 The nonlinear system P is said to be locally dissipative in M C X
with respect to the supply-rate s(w(t), z(t)) = 2(V2[w@®)||* — ||2(t)||?), if there exists a C°
positive-semidefinite function (or storage-function) V. : M — R, V(0) = 0, such that the
inequality
t1
V(z(ty)) — V(z(tg)) < / s(w(t), z(t))dt (1.19)
to
is satisfied for all t1 > to, for all x(ty), x(t1) € M. The system is dissipative if M = X.
Equivalently, P¢ is locally dissipative in M if there exists a C° positive semidefinite
function V.: M — R, V(0) =0 such that

k1

V(zg,) — Virg,) < Z s(wg, 2x) (1.20)
k=ko
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is satisfied for all kv > ko, for all xk,, xx, € M. The system is dissipative if M = X.

Consider now the nonlinear system P and assume the states of the system are available
for feedback. Consider also the problem of rendering locally the Lo-gain of the system less
than or equal to v > 0 using state-feedback with internal (or asymptotic) stability for
the closed-loop system. It is immediately seen from Definition 1.2.2 that, if the system
is locally dissipative with respect to the above supply rate, then it also has locally Lo-
gain less than or equal to . Thus, the problem of local disturbance-attenuation or local
Ho~ suboptimal control for the system P, becomes that of rendering the system locally
dissipative with respect to the supply rate s(w, z) = &(v?||w||* — ||z]|*) by an appropriate
choice of control action u = a(z) (respectively ur = «(xy)) with the additional requirement
of internal stability. Moreover, this additional requirement can be satisfied, on the basis of
Lyapunov-LaSalle stability theorems, if the system can be rendered locally dissipative with
a positive-definite storage-function or with a positive-semidefinite storage-function and if
additionally it is locally observable.

Furthermore, if we assume the storage-function V in Definition 1.2.5 is C'(M), then
we can go from the integral version of the dissipation inequalities (1.19), (1.20) to their
differential or infinitesimal versions respectively, by differentiation along the trajectories of
the system P and with ¢y fixed (equivalently k¢ fixed), and ¢; (equivalently ki) arbitrary,
to obtain:

Ve (@)[f (@) + 91(zx)w + ga(x)u] + %(IIZII2 —7*Jlwl®) <0,
respectively .
V(f(@) + g1(@)w + ga2(@)u) + S ([12]° = y[|w]®) < V().

Next, consider the problem of rendering the system dissipative with the minimum control
action and in the presence of the worst-case disturbance. This is essentially the H,-control
problem and results in the following dissipation inequality:

inf sup {vm)[f(x) 1@ + ga(eul] + 2 (2P - fnwn?)} <0 (1.21)

or equivalently

Inf sup, {V(f(w) + g1(@)w + ga(z)u) + %(HZH2 - 72||w||2)} < V(x). (1.22)

The above inequality (1.21) (respectively (1.22)) is exactly the inequality version of the
equation (1.13) (respectively (1.14)) and is known as the HJI-inequality. Thus, the existence
of a solution to the dissipation inequality (1.21) (respectively (1.22)) implies the existence
of a solution to the HJIE (1.13) (respectively (1.14)).

Conversely, if the state-space of the system P is reachable from x = 0, has an
asymptotically-stable equilibrium-point at x = 0 and an L3-gain < ~, then the functions

1 T
Vi@=sw s o [l - )P,
T weL3[0,T),z(0)=z 0

: , 1Y
Vi(a) = inf inf 5 [ ORIl = et
T w e £2(7T7 0], =T

x=wxo,z(=T)=0
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or equivalently

K
1
Vil (x) = sup sup —3 > P llwkl® = [z,
T welz[0,K],z0=2° e

0

0
1
Vi (x) = inf inf 5 (Y lwkl* = ll2211%),
T 'LUEEQ[_K,O], 2k:Z_K

r=a2%2_g=0

respectively, are well defined for all x € M and satisfy the dissipation inequality (1.21)
(respectively (1.22)) (see Chapter 3 and [264]). Moreover, V,,(0) = V,.(0) =0, 0 <V, < V...
Therefore, there exists at least one solution to the dissipation inequality. The functions V
and V,. are also known as the available-storage and the required-supply respectively.

It is therefore clear from the foregoing that a solution to the disturbance-attenuation
problem can be derived from this perspective. Moreover, the H ,.-suboptimal control prob-
lem for the system P has been reduced to the problem of solving the HJIE (1.13) (respec-
tively (1.14)) or the HJI-inequality (1.21) (respectively (1.22)), and hence we have shown
that the differential game approach and the dissipative system’s approach are equivalent.
Similarly, the measurement-feedback problem can also be tackled using the theory of dissi-
pative systems.

The above approaches to the nonlinear H..-control problem for time-invariant affine
state-space systems can be extended to more general time-invariant nonlinear state-space
systems in the form (1.1) or (1.2) as well as time-varying nonlinear systems. In this case,
the finite-time horizon problem becomes relevant; in fact, it is the most relevant. Indeed,
we can consider an affine time-varying plant of the form

w(t) = flz,t) + g1l hw(t) + ga(x, Hhu(t); =(0) = Zo
Py z(t) = hi(x,t) + ko (x, t)u(t) (1.23)
y(t) = ha(z,t) + ka (2, t)w(t)
or equivalently
Thk41 = f('rka k) + gl('rka k)’lUk + gQ(Ika k)uk7 o = 1,0
P . 2 = hy(xr, k) + kio(ze, k)ug (1.24)
Y = hg(zk,k)+k21(zk,k)wk, keZ

with the additional argument “t” (respectively “k”) here denoting time-variation; and where
all the variables have their usual meanings, while the functions f : ¥ xR — X, g1 : X xR —
MHXT(XX%), go X xR — M”XP(XX§R), hi : X xR — §Rs’ hg : X xR — %m7 and klg, ko1
of appropriate dimensions, are real C°Y(X, R) functions, i.e., are smooth with respect to
2 and continuous with respect to t (respectively smooth with respect to xy). Furthermore,
we may assume without loss of generality that the system has a unique equilibrium-point
at x = 0, i.e., f(0,t) = 0 and h;(0,t) = 0,7 = 1,2 with u = 0, w = 0 (or equivalently
f(0,k) =0 and h;(0,k) =0, ¢ =1,2 with ux = 0, wx, = 0).

Then, the finite-time horizon state-feedback H., suboptimal control problem for the
above system P® can be pursued along similar lines as the time-invariant case with the
exception here that, the solution to the problem will be characterized by an evolution
equation of the form (1.7) or (1.8) respectively. Briefly, the problem can be formulated
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analogously as a two-player zero-sum game with the following cost functional:

T
. 1
Ji(p, w)0,00)) = min Sup/ (@17 = ¥?[Jw(t)|1*)dt (1.25)
Hwig,00) t:t02
G|
(s wp,00)) = min sup > E(IIZkIIQ*VQIIwkIIQ) (1.26)
WI0.00) p—f,

subject to the dynamics P¢? (respectively P9¢) over some finite-time interval [0, 7] (respec-
tively [0, K]) using state-feedback controls of the form:

w=Bla,t) BO,6)=0

or
u= B(ag, k), B(0,k)=0

respectively.
A pair of strategies (u*(z,t), w*(z,t)) under feedback information pattern provides a
saddle-point solution to the above problem such that

Je(uw*(z,t), w(z, 1)) < Jp(u*(z,t), w* (z,t)) < Je(u(x,t), w (z,t)) (1.27)
T (xg, k), w(ag, k) < Jp(u(ag, k), w* (g, k) < Jp(u(zg, k), w* (g, k) (1.28)

respectively, if there exists a positive definite C* ! function V : X x[0,T] — R (respectively
VX x[0,K] — Ry) satisfying the following HJTE:

Vilwt) = intsup{ Ve O ,0) + g1,y + golas )+ 5[120) -

Plw®?l}; Vi T) =0
= Vx(l‘7t)[f(;ﬂ,t) + gl(zat)w*(x7t) + gQ(Iat)u*(x7t)] +
1
sU*@ D1 = lw* @)% V(e T)=0, zex (1.29)
or equivalently the recursive equations (DHJIE)

. 1
Ve k) = infsup{V (£(@ k) +g1(@, kwr + gala, Kyues b+ 1)+ S]] -

Uk Wy
Plul2l}s k=1, K, V(@ K+1)=0, 2€X
= V(@ k) + gi(a, k)w* (@, k), +ga(z, k)ule, k), k+ 1) +
1
§[||»'/5*(96J€)||2 = (@, k) Ve, K+1)=0, z€X (1.30)

respectively, where z*(x,t) (equivalently z*(z,k)) is the optimal output. Furthermore, a
dissipative-system approach to the problem can also be pursued along similar lines as in
the time-invariant case, and the output measurement-feedback problem could be tackled
similarly.

Notice however here that the HJIEs (1.29) and DHJIE (1.30) are more involved, in the

1C1 with respect to both arguments.
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FIGURE 1.2
Feedback Configuration for Nonlinear Mixed Ha/H ~.-Control

sense that they are time-varying or evolution PDEs. In the case of (1.29), the solution is
a single function of two variables x and ¢ that is also required to satisfy the boundary
condition V(z,T) = 0 Vz € X; while in the case of the DHJIE (1.30), the solution is a set
of K + 1 functions with the last function required to also satisfy the boundary conditions
V(z, K 4+ 1) = 0Vz € X. These equations are notoriously difficult to solve and will be the
subject of discussion in the last chapter.

1.2.1 Mixed Hs/H~-Control Problem

We now consider a different set-up for the H..-control problem; namely, the problem of mix-
ing two cost functions to achieve disturbance-attenuation and at the same time minimizing
the output energy of the system. It is well known that we can only solve the suboptimal
Hoo-control problem easily, and therefore H.-controllers are hardly unique. However, Ho-
controllers [92, 292] can be designed optimally. It therefore follows that, by mixing the two
criterion functions, one can achieve the benefits of both types of controllers, while at the
same time, try to recover some form of uniqueness for the controller. This philosophy led
to the formulation of the mixed Ha/Hoo-control problem.

wo

A typical set-up for this problem is shown in Figure 1.2 with w = ), where the
1

signal wy is a Gaussian white noise signal (or bounded-spectrum signal), while wy (¢) is a
bounded-power or energy signal. Thus, the induced norm from the input wg to z is the
Lo-norm (respectively ¢ -norm) of the plant P, i.e.,

Izl
o£woes |[wolls’
2]l
o7wo ves’ [[wolls”

1>

1Pz,

1P}l

while the induced norm from w; to z is the L-norm (respectively fo.-norm) of P, i.e.,

A l|z]|2
P, 2
IPlllew = S0 Tl
||Pd||f HZHQ

07w ep w2’
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where

P 2 {w(t) : w € Lo, Ruw(T), Sww(jw) exist for all 7 and all w resp.,
lwll < oo},

s 2 {w(t): w € Loy Ruw(T), Sww(jw) exist for all 7 and all w resp.,
[Sww(jw)oc < 00},

P2 {w: w € loo, Ryw(k), Sww(jw) exist for all k and all w resp.,
lwll3 < oo},

s 2 {w: w € ls, Ryw(k), Sww(jw) exist for all k and all w resp.,

[[Sww (jw)lloo < o0},

A 1 (T A 1 &
4152 Jim 5 [ O (a1 2 g 3l

lwoll = 1Swowo (76) loos  [1wollE: = [1Swyws (j60) oo,

and Ry (7), Sww(jw) (equivalently Ry (k), Sww(jw)) are the autocorrelation and power
spectral-density matrices [152] of w(t) (equivalently wy,) respectively. Notice also that ||(.)|»
and ||(.)||s are seminorms. In addition, if the plant is stable, we replace the induced £-norms
(resp. f-norms) above by their equivalent #-subspace norms.

Since minimizing the Hoo-induced norm as defined above, over the set of admissi-
ble controllers is a difficult problem (i.e., the optimal H..-control problem is difficult to
solve exactly [92, 101]), whereas minizing the induced Hs-norm and obtaining optimal Hs-
controllers is an easy problem, the objective of the mixed H2/H o design philosophy is then
to minimize || P||z, (equivalently ||P||s,) while rendering ||P¢| - < v* (resp. [P, < 7*)
for some prescribed number v* > 0. Such a problem can be formulated as a two-player
nonzero-sum differential game with two cost functionals:

T

Ji(u,w) = /t(WQIIw(T)IIQfIIZ(T)IIQ)dT (1.31)
T

Ta(u,w) = /t |2(7)|2dr (1.32)

or equivalently

K

Tie(w,w) = (P llwil® = [lzl) (1.33)
k=ko
K

Jor(u,w) =Y la? (1.34)
k=ko

for the finite-horizon problem. Here, the first functional is associated with the H,.-constraint
criterion, while the second functional is related to the output energy of the system or
Ho-criterion. Moreover, here we wish to solve an associated mixed Ha/Hoo problem in
which w is comprised of a single disturbance signal w € W C Ls([to, o0), R") (equivalently
w € W C Lly([ko,00),R")). It can easily be seen that by making J; > 0 (respectively
Jir > 0) then the Hoo constraint ||P|z.. < « is satisfied. Subsequently, minimizing .Jo
(respectively Jax) will achieve the Ho/Hoo design objective. Moreover, if we assume also
that U C L2([0,00), R¥) (equivalently U C £2([0,00),R*)) then under closed-loop perfect
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information, a Nash-equilibrium solution to the above game is said to exist if we can find a
pair of strategies (u*, w*) such that

J1(u*, w*)
Jo (u*, w*)

Ji(u*,w) Yw e W, (1.35)

<
< Jo(u,w*) Yu eU. (1.36)

Equivalently for Jyj(u*, w*), Jop(u*, w*).

Furthermore, by minimizing the first objective with respect to w and substituting in the
second objective which is then minimized with respect to u, the pair of Nash-equilibrium
strategies can be found. A necessary and sufficient condition for optimality in such a dif-
ferentail game is provided by a pair of cross-coupled HJIEs (resp. DHJIEs). For the state-
feedback problem and the case of the plant P¢ given by equation (1.1) or P? given by
(1.2), the governing equations can be obtained by the dynamic-programming principle or
the theory of dissipative systems to be

Vi(e,t) = = inf {Va(@)f (@, v (2),w(z) = y*[w@)]* + =)},
Y(2,T)=0, z € X,
reX
Vi(w,t) = = inf {Vo(@)f(z, u(@), w* (@) + [|*(@)[I*} = 0, V(2 T) =0,
reX,
or
Y(z,k) = min {Y(file (@), we)) k+1) + 2 w(@)|* = [l2* (@)1} ;
Y(,K+1)=0, k=1,...,K, z€ X
Vizg,k) = min {V(fi(z, ur(z), wi(z )) k1) + [l (@)IP} 5
Ve, K+1)=0, k=1,...,K, x € X,
respectively, for some negative-(semi)definite function ¥ : X — R and positive-

(semi)definite function V' : X — R. The solution to the above optimization problem will be
the subject of discussion in Chapter 11.

1.2.2 Robust H,,-Control Problem

A primary motivation for the development of H..-synthesis methods is the design of robust
controllers to achieve robust performance in the presence of disturbances and/or model
uncertainty due to modeling errors or parameter variations. For all the models and the
design methods that we have considered so far, we have concentrated on the problem of
disturbance-attenuation using either the pure H.-criterion or the mixed Hz/Ho-criterion.
Therefore in this section, we briefly overview the second aspect of the theory.

A typical set-up for studying plant uncertainty and the design of robust controllers is
shown in Figure 1.3 below. The third block labelled A in the diagram represents the model
uncertainty. There are also other topologies for representing the uncertainty depending
on the nature of the plant [6, 7, 33, 147, 223, 265, 284]; Figure 1.3 is the simplest of such
representations. If the uncertainty is significant in the system, such as unmodelled dynamics
or perturbation in the model, then the uncertainty can be represented as a dynamic system
with input excited by the plant output and output as a disturbance input to the plant, i.e.,

A€ 90 = 19(907”’7})’ 19(070’0):()’ (p(to):()
"l e = olp,uv), 00,0,00=0
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V <€
/- P e W
y < U

FIGURE 1.3
Feedback Configuration for Robust Nonlinear H,-Control

or

Al { o = Ur(pr, uk,vr), Uk(0,0,0) =0, (k) =0
' € = Qk(¢7uk7vk)7 Qk(0a070)20

The above basic model can be further decomposed (together with the plant) into a coprime
factor model as is done in [34, 223, 265].

On the other hand, if the uncertainty is due to parameter variations caused by, for
instance, aging or environmental conditions, then it can be represented as a simple norm-
bounded uncertainty as in [6, 7, 261, 284]. For the case of the affine system P°* or P9, such
a model can be represented in the most general way in which the uncertainty or perturbation
comes from the system input and output matrices as well as the drift vector-field f as

z
PX z

[f(x) + Af(2)] + g1 (2)w + [g2(x) + Aga(z)]u; 2(0) = o
hl(l’) + klg(:z:)u

or

v = [f(ar) 0+ Af(zp)] + g1(zr)wk + [g2(xk) + Aga (k)] u;
zp = h?(m) + k1o (ag)us

Y = [hQ(CEk) + Ahg(mk)] + km(l‘k)wk, keZ

da .
PA .

respectively, where Af, Ags, Ahs belong to some suitable admissible sets.

Whichever type of representation is chosen for the plant, the problem of robustly de-
signing an Ho controller or mixed Ha/Hoo-controller for the plant P (respectively P4)
can be pursued along similar lines as in the case of the nominal model P (respectively
P9) using either state-feedback or output-feedback with some additional complexity due
to the presence of the uncertainty. This problem will be discussed for the continuous-time
state-feedback case in Chapter 5 and for the the measurement-feedback case in Chapter 6.

1.2.3 Nonlinear H.-Filtering

Often than not, the states of a dynamic system are not accessible from its output. Therefore,
it is necessary to design a scheme for estimating them for the purpose of feedback or other
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_ +iz_ P -~ W
7" ~ F y

FIGURE 1.4
Configuration for Nonlinear H.-Filtering

use. Such a scheme involves another dynamic system called an “observer” or “filter.” It is
essentially a carbon-copy of the original system which is error-driven. It takes in the past
and present output measurements y(¢) of the system for a given time span [to,t] C R and
generates an estimate of the desired output z which can be the states or some suitable
function of them. It is therefore required to be “causal” so that it is implementable.

A typical set-up for filtering is shown in Figure 1.4. The filter is denoted by F and
is designed to minimize the worst-case gain from w to the error difference between the
actual desired output of the system z and the estimated output Z; typically z = x in such
applications. We can represent the plant P by an affine state-space model with the subscript
“f” added to denote a filtering model:

z = flx)+ q(z)w; z(ts) = xo
P§ z = hi(x) (1.37)
y = hg(l‘) + ]{ng(ai)w
or equivalently
T = flow) + g1 (@e)wr; T, = 2°
P ze = hi(xr) (1.38)
yr = hao(zk) + koy(zp)wy, k € Z,

where all the variables and functions have their previous meanings and definitions, and
w € La[tg,00) (or equivalently w € f3[kg, 00)) is a noise signal that is assumed to corrupt
the outputs y and z (respectively yr and zx) of the system. Then the objective is to design
the filter such that .

wp l=2B

weELo(tg,00) ||’LU||§

or equivalently
lze — Zell3 _ .

sup 5

wel2(tg,00) ||wk||2
for some prescribed number v* > 0 is achieved. If the filter F is configured so that it has
identical dynamics as the system, then it can be shown that the solution to the filtering
problem is characterized by a (D)HJIE that is dual to that of the state-feedback problem.

1.2.4 Organization of the Book

The book contains thirteen chapters and two appendices. It is loosely organized in two parts:
Part I, comprising Chapters 1-4 covers mainly introductory and background material, while
Part IT comprising Chapters 5-13 covers the real subject matter of the book, dealing with
all the various types and aspects of nonlinear H.-control problems.

Chapter 1 is an introductory chapter. It covers historical perspectives and gives high-
lights of the contents of the book. Preliminary definitions and notations are also given to
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prepare the reader for what is to come. In addition, some introduction on differentiable
manifolds, mainly definitions, and Lyapunov-stability theory is also included in the chapter
to make the book self-contained.

Chapter 2 gives background material on the basics of differential games. It discusses
discrete-time and continuous-time nonzero-sum and zero-sum games from which all of the
problems in nonlinear H.-theory are derived and solved. Linear-quadratic (LQ) and two-
person games are included as special cases and to serve as examples. No proofs are given
for most of the results in this chapter as they are standard, and can be found in wellknown
standard references on the subject.

Chapter 3 is devoted to the theory of dissipative systems which is also at the core of the
subject of the book. The material presented, however, is well beyond the amount required
for elucidating the content matter. The reason being that this theory is not very well known
by the control community, yet it pervades almost all the problems of modern control theory,
from the LQ-theory and the positive-real lemma, to the H,-theory and the bounded-real
lemma. As such, we have given a complete literature review on this subject and endeavored
to include all relevant applications of this theory. A wealth of references is also included for
further study.

Chapter 4 is also at the core of the book, and traces the origin of Hamilton-Jacobi
theory and Hamiltonian systems to Lagrangian mechanics. The equivalence of Hamiltonian
and Lagrangian mechanics is stressed, and the motivation behind the Hamiltonian approach
is emphasized. The Hamilton-Jacobi equation is derived from variational principles and the
duality between it and Hamilton’s canonical equations is pointed. In this regard, the method
of characteristics for first-order partial-differential equations is also discussed in the chapter,
and it is shown that Hamilton’s canonical equations are nothing but the characteristic
equations for the HJE.

The concept of viscosity and non-smooth solutions of the HJE where smooth solutions
and/or Hamiltonians do not exist is also introduced, and lastly the Toda lattice which is a
particularly integrable Hamiltonian system, is discussed as an example.

Chapter 5 starts the discussion of nonlinear H..-theory with the state-feedback prob-
lem for continuous-time affine nonlinear time-invariant systems. The solution to this prob-
lem is derived from the differential game as well as dissipative systems perspective. The
parametrization of a class of full-information controllers is given, and the robust control
problem in the presence of unmodelled and parametric uncertainty is also discussed. The
approach is then extended to time-varying and delay systems, as well as a more general class
of nonlinear systems that are not necessarily affine. In addition, the ., almost disturbance-
decoupling problem for affine systems is also discussed.

Chapter 6 continues with the discussion in the previous chapter with the output-feedback
problem for affine nonlinear systems. First the output measurement-feedback problem is
considered and sufficient conditions for the solvability of this problem are given in terms of
two uncoupled HJIEs with an additional side-condition. Moreover, it is shown that the con-
troller that solves this problem is observer-based. A parametrization of all output-feedback
controllers is given, and the results are also extended to a more general class of nonlinear
systems. The robust measurement-feedback problem in the presence of uncertainties is also
considered. Finally, the static output-feedback problem is considered, and sufficient condi-
tions for its solvability are also presented in terms of a HJIE together with some algebraic
conditions.

In Chapter 7 the discrete-time nonlinear H,-control problem is discussed. Solution for
the full-information, state-feedback and output measurement-feedback problems are given,
as well as parametrizations of classes of full-information state and output-feedback con-
trollers. The extension of the solution to more general affine discrete-time systems is also
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presented. In addition, an approximate and explicit approach to the solution to the problem
is also presented.

In Chapter 8 the nonlinear H..-filtering problem is discussed. Solutions for both the
continuous-time and the discrete-time problems are given in terms of dual HJIEs and a
coupling condition. Some simulation results are also given to show the performance of the
nonlinear Ho-filter compared to the extended Kalman-filter. The robust filtering problem
is also discussed.

Chapter 9 discusses the generalization of the H..-control problems to include singular
or ill-posed problems, as well as the H,-control of singularly-perturbed nonlinear systems
with small singular parameters. Both the singular state and measurement-feedback prob-
lems are discussed, and the case of cascaded systems is also addressed. However, only the
continuous-time results are presented. Furhermore, the state-feedback control problem for
nonlinear singularly perturbed continuous-time systems is presented, and a class of com-
posite controllers is also discussed. In addition, Chapter 10 continues with the discussion
on singularly perturbed systems and presents a solution to the H., infinite-horizon filtering
problem for affine nonlinear singularly perturbed systems. Three types of filters, namely,
decomposition, aggregate and reduced-order filters are presented, and again sufficient con-
ditions for the solvability of the problem with each filter are presented.

Chapers 11 and 12 are devoted to the mixed H2/Hoo nonlinear control and filtering
problems respectively. Only the state-feedback control problem is discussed in Chapter 11
and this is complemented by the filtering problem in Chapter 12. The output measurement-
feedback problem is not discussed because of its complexity. Moreover, the treatment is
exhaustive, and both the continuous and discrete-time results are presented.

Lastly, the book culminates in Chapter 13 with a discussion of some computational
approaches for solving Hamilton-Jacobi equations which are the cornerstones of the theory.
Tterative as well as exact methods are discussed. But the topic is still evolving, and it is
hoped that the chapter will be substantially improved in the future.

1.3 Notations and Preliminaries

In this section, we introduce notations and some important definitions that will be used
frequently in the book.

1.3.1 Notation

The notation will be standard most of the times except where stated otherwise. Moreover,
N will denote the set of natural numbers, while Z will denote the set of integers. Similarly,
R, R will denote respectively, the real line and the n-dimensional real vector space, t € R
will denote the time parameter.

X, M, N,... will denote differentiable-manifolds of dimension n which are locally Eu-
clidean and TM = {J,cp, ToM, T*M = J,cp, Ty M will denote respectively the tangent
and cotangent bundles of M with dimensions 2n. Moreover, w and 7* will denote the natural
projections TM — M and T*M — M respectively.

A C" (M) vector-field is a mapping f : M — T M such that 7o f = Ij; (the identity on
M), and f has continuously differentiable partial-derivatives of arbitrary order r. The vector-
field is often denoted as f = > "I, fia%i or simply as (fi,..., fn)T where fi,;i =1,...,n
are the components of f in the coordinate system x1,...,z,. The vector space of all C*
vector-fields over M will be denoted by V°°(M).
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A vector-field f also defines a differential equation (or a dynamic system) @(t) =
f(x),x € M, z(ty) = x9. The flow (or integral-curve) of the differential equation
o(t, to,x0), t € R, is the unique solution of the differential equation for any arbitrary
initial condition xy over an open interval I C R. The flow of a differential-equation will
also be referred as the trajectory of the system and will be denoted by z(t,tg, xo) or x(t)
when the initial condition is immaterial. We shall also assume throughout this book that
the vector-fields are complete, and hence the domain of the flow extends over (—oo, 00).

The Lie-bracket of two vector-fields f = Y | fia%i’ 9=, gia%i is the vector-field
[fyg] : V(M) x V(M) — V(M) defined by

n

o213 (5 2 ) 2

Jj=1

Furthermore, an equilibrium-point of the vector-field f or the differential equation defined
by it, is a point Z such that f(z) =0 or ¢(¢,t0,z) = T Vt € R.

An invariant-set for the system @(t) = f(x), is any set A such that, for any xy € A,
= ¢(t,to, xg) € Afor all t € R. A set S C R™ is the w-limit set of a trajectory (., to,x) if
for every y € S, 3 a sequence t,, — oo such that ¢(t,,to, x0) = y.

A differential k -form w¥ k =1,2,..., at a point x € M, is an exterior product from
T, M to R, i.e., wk:T,M x ... x T,M (k copies) — R, which is a k-linear skew-symmetric
function of k- vectors on TIM . The space of all smooth k-forms on M is denoted by QF(M).

The set MP>*4(M) will denote the ring of p X ¢ matrices over M.

The F-derivative (Fréchet-derivative) of a real-valued function V' : R" — R is defined
as the function DV € L(R") (the space of linear operators from R™ to R™) such that
lim, o niu [V(z +v) —V(x) — (DV,v)] =0, for any v € R™.

For a smooth function V : " — R, V, = % is the row-vector of first partial-derivatives
of V(.) with respect to (wrt) z. Moreover, the Lie-derivative (or directional-derivative) of
the function V' with respect to a vector-field X is defined as

LxV(z) = Ve(z)X () = Z

) n)Xi(zla ce 7xn)'

I« W € R — R will denote the Euclidean-norm on W, while Ly ([to, T],R"),
Lo([to,00), R") , Loo(([to,00), R™), Loo(([to, T],R™) will denote the standard Lebesgue-
spaces of vector-valued square-integrable and essentially bounded functions over [tg, T'] and
[to, 00) respectively, and where for any v : [tg, T] — R", v : [tg, 00) — R

A T
ot TDIZ, 2 [ 3" (ot

to ;=1
2 : 2
lo(lto, 0oz, = limn | Zm dt.
[v(to, TDllce. = ess sup {ui(t)],i=1,...,n}
[tﬂvT]
A .
[v([to,o0))|lc.. = ess [Sup){lw(t)l,ZZ17---,71}-
to,00

Similarly, the spaces ¢2([ko, K], R™), l2([ko, 20), R™), lso([ko, K], R"™), Loo([ko, 00), R™) will
denote the corresponding discrete-time spaces, which are the spaces of square-summable and
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essentially-bounded sequences with the corresponding norms defined for sequences {vy} :
[ko, K] — %™, {vk} : [ko, 00) — R™:

ko, KDIZ, 2 S0 S o,

k=ko i=1
A K n
2 a2 : 2
Iv(lho ool 2 dim > D"l
k=ko i=1
A .
[v(lko, K])lle.. = ess sup {|ow],i=1,...,n},
[kUaK]
A .
(o, o)l 2 ess sup {vili = 1,...,n}.
[ko,00)

Most of the times we shall denote the above norms by [|(.)| 2, respectively ||(.)||cc When
there is no chance of confusion.

In addition, the spaces L2(jR) and Lo (jR) (equivalently (¢2(jw) and flo(jw) are
the frequency-domain counterparts of La([tg,00) and Loo(([to,o0),R™), (respectively
U ([ko,00), R"), Loo([ko,00), R™)) will be rarely used in the text. However, the subspaces
of these spaces which we denote with H, e.g. Ha(jR) and Hoo (jR) represent those ele-
ments of L2(jR) and Lo (jR) respectively that are analytic on the open right-half complex
plane, i.e., on Re(s) > 0. These will be used to represent symbolically asymptotically-stable
input-output maps. Indeed, these spaces, also called “Hardy-spaces” (after the name of the
mathematician who discovered them), are the origin of the name H..-control. Moreover,
the discrete-time spaces are also equivalently represented by Ha(jw) and Heo (jw).

For a matrix A € R"*", A(A) will denote a spectral (or eigen)-value and o(A) =
A2 (AT A) the singular-value of A. A > B (A > B) for an n x n matrix B, implies that
A — B is positive-semidefinite (positive-definite respectively).

Lastly, C;, C_ and C",r = 0,1,...,00 will denote respectively the open right-half,
left-half complex planes and the set of r-times continuously differentiable functions.

1.3.2 Stability Concepts

In this subsection, we define some of the various notions of stability that we shall be using
in the book. The proofs of all the results can be found in [157, 234, 268] from which the
material in this subsection is based on. For this purpose, we consider a time-invariant
(or autonomous) nonlinear state-space system defined on a manifold X C R" in local
coordinates (x1,...,Zy,):

&= f(x); x(to) = o, (1.39)

2k +1) = f(2(k)); (ko) = 2, (1.40)

where z € X C R" is the state vector and f: X — VX is a smooth vector-field (equiv-
alently f : X — X is a smooth map) such that the system is well defined, i.e., satisfies
the existence and uniqueness theorem for ordinary differential-equations (ODE) (equiva-
lently difference-equations (DE)) [157]. Further, we assume without any loss of generality
(wlog) that the system has a unique equilibrium-point at = 0. Then we have the following
definitions.

Definition 1.3.1 The equilibrium-point x = 0 of (1.39) is said to be
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o stable, if for each € > 0, there exists 6 = d(e) > 0 such that

lz(to)l <6 = llz(D)] <e Vt=to;
o asymptotically-stable, if it is stable and

lz(to)ll < & = lim () = 0;

e cxponentially-stable if there exist constants k > 0, v > 0, such that

lz(®)]| < we™ =0 |l (to) 1

e unstable, if it is not stable.

Equivalently, the equilibrium-point x = 0 of (1.40) is said to be

o stable, if for each € > 0, there exists 6' = &'(¢') > 0 such that
lz(ko)ll < 6" = [lz(k)l| <€ Vk > ko;

o asymptotically-stable, if it is stable and

lz(ko)l| < &' = lim (k) = 0;
k—o00

e cxponentially-stable if there exist constants k' >0, 0 <+ < 1, such that
2 (k)| < &'y F 2 (ko)
e unstable, if it is not stable.

Definition 1.3.2 A continuous function « : [0,a) C R4 — R is said to be of class K if it
is strictly increasing and «(0) = 0. It is said to be of class Koo if a = 00 and a(r) — oo as
r — 00.

Definition 1.3.3 A function V : [0,a) x D C X — R is locally positive-definite if (i) it is
continuous, (ii) V(t,0) =0Vt >0, and (i) there exists a constant pn > 0 and a function ¢
of class K such that

Y(||lzf)) <V (t,x), Yt>0,Vx € B,

where B, = {x € R" : ||z|| < p}. V(.,.) is positive definite if the above inequality holds
for all x € R™. The function V is negative-definite if —V 1is positive-definite. Further, if
V' is independent of t, then V is positive-definite (semidefinite) if V> 0(> 0)Va # 0 and
V(0) =0.

Theorem 1.3.1 (Lyapunov-stability I). Let x = 0 be an equilibrium-point for (1.39). Sup-
pose there exists a Cl-function V: D C X — R, 0€ D, V(0) =0, such that

V(z) >0 Vz #0, (1.41)

V(z) <0 Vz e D. (1.42)

Then, the equilibrium-point x = 0 is locally stable. Furthermore, if

V(z) <0 Vz € D\ {0},
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then x = 0 is locally asymptotically-stable.
Equivalently, if V' is such that

V(Ik) >0 Vg #0, (1.43)
V(l‘;g_;,_l) — V(Qﬁk) <0 Vap € D. (1.44)

Then, the equilibrium-point © = 0 of (1.40) is locally stable. Furthermore, if
V(zg+1) — Vixg) <0 Vap € D\ {0},
then x = 0 is locally asymptotically-stable.
Remark 1.3.1 The function V in Theorem 1.3.1 above is called a Lyapunov-function.

Theorem 1.3.2 (Barbashin-Krasovskii). Let X = R", x = 0 be an equilibrium-point for
(1.39). Suppose there exists a C* function V : R" — R, V(0) = 0, such that

V(z) >0 Vo #0, (1.45)
|z = 00 = V(x) = oo, (1.46)
V(z) <0 Yz #0. (1.47)

Then, x = 0 s globally asymptotically-stable.
Equivalently, if V' is such that

V(:Ek) >0 Vg #0, (1.48)
||zg|| = 00 = V(xg) — oo, (1.49)
V(l‘;g_;,_l) — V(Qﬁk) <0 Vzp #0. (1.50)

Then, the equilibrium-point © = 0 of (1.40) is globally asymptotically-stable.

Remark 1.3.2 The function V in Theorem 1.53.2 is called a radially unbounded Lyapunov-
function.

Theorem 1.3.3 (LaSalle’s Invariance-Principle). Let @ C X be compact and invariant
with respect to the solutions of (1.39). Suppose there exists a Ct-function V : Q — R, such
that V(z) <0Vz € Q and let O = {z € Q| V(x) = 0}. Suppose T is the largest invariant
set in O, then every solution of (1.39) starting in Q approaches T as t — oo.

Equivalently, suppose Q (as defined above) is invariant with respect to the solutions of
(1.40) and V (as defined above) is such that V(xpi1) — V(xg) < 0 Vo € Q. Let O =
{z1 € Q| V(zp41) — V(z) = 0} and suppose T is the largest invariant set in O, then
every solution of (1.40) starting in Q approaches I as k — oo.

The following corollaries are consequences of the above theorem, and are often quoted
as the invariance-principle.

Corollary 1.3.1 Let x = 0 be an equilibrium-point of (1.39). Suppose there exists a C*
functionV: D C X - R,0€ D, suchthat V< 0Vx € D. Let O = {z € D|V(z) = 0}, and
suppose that O contains no nontrivial trajectories of (1.39). Then, x = 0 is asymptotically-
stable.

Equivalently, let x = 0 be an equilibrium-point of (1.40) and suppose V' (as defined above)
is such that V(zi41) — V(xg) <0Vay € D. Let O' = {zy, € D |V (z41) — V(xr) = 0}, and
suppose that O’ contains no nontrivial trajectories of (1.40). Then, v = 0 is asymptotically-
stable.
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Corollary 1.3.2 Let X =R", 2 = 0 be an equilibrium-point of (1.39). Suppose there exists
a C' radially-unbounded positive-definite function V : R — R, such that V < 0 Yz € R".
Let O = {x € D|V(z) = 0}, and suppose that O contains no nontrivial trajectories of
(1.89). Then x =0 is globally asymptotically-stable.

Equivalently, let X = R™, x = 0 be an equilibrium-point of (1.40), and suppose V as
defined above is such that V(xp41) — V(zg) <0V, € X. Let O = {ap, € X | V(zpy1) —
V(zy) = 0}, and suppose that O" contains no nontrivial trajectories of (1.40). Then x =0
is globally asymptotically-stable.

We now consider time-varying (or nonautonomous) systems and summarize the equiva-
lent stability notions that we have discussed above for this class of systems. It is not suprising
in fact to note that the above concepts for nonautonomous systems are more involved, in-
tricate and diverse. For instance, the ¢ in Definition 1.3.1 will in general be dependent on
to too in this case, and there is in general no invariance-principle for this class of systems.
However, there is something close to it which we shall state in the proceeding. _

We consider a nonautonomous system defined on the state-space manifold X' C & x A

&= f(x,t), x(tyg) = x0 (1.51)

z(k+1) = f(z(k), k), z(ko) =2 (1.52)

where x € X, X =Xx R, f: X - Voo(é’?) is C! with respect to t (equivalently f: Zx X —
X is C" with respect to x). Moreover, we shall assume with no loss of generality that = 0
is the unique equilibrium-point of the system such that f(0,¢) = 0 Vt > ¢y (equivalently
f(0,k) =0Vk > ko).

Definition 1.3.4 A continuous function 3 :J C Ry x Ry — Ry is said to be of class KL

if B(r,.) € class K, B(r,s) is decreasing with respect to s, and 3(r,s) — 0 as s — co.

Definition 1.3.5 The origin x =0 of (1.51) is

o stable, if for each € > 0 and any tg > 0 there exists a § = 0(e, tg) > 0 such that

z(to)]] < & = ||lz(t)|| <e V> to;

o uniformly-stable, if there exists a class K function a(.) and 0 < ¢ € R, such that

[z(to)|| < ¢ = [lz(®)]] < a(llz(to)l]) t = to;

e uniformly asymptotically-stable, if there exists a class KL function §(.,.) and ¢ > 0 such
that
[z(to)l| < ¢ = [lz@) < B(lx(to)ll,t —to) V= to;

e globally uniformly asymptotically-stable, if it is uniformly asymptotically stable for all
I(to);

e cxponentially stable if there exists a KL function B(r,s) = kre” 7%, k > 0, v > 0, such
that
lz(to)|| < ¢ = [lz()]| < sllz(to)lle™ =)Vt > to;

Equivalently, the origin x =0 of (1.52) is



24 Nonlinear Hoo-Control, Hamiltonian Systems and Hamilton-Jacobi Equations
o stable, if for each € >0 and any ko > 0 there exists a &' = §' (€', ko) > 0 such that

|z(ko)|| < &' = ||z(k)|| < € Yk > ko;

o uniformly-stable, if there exists a class K function &/(.) and ¢’ > 0, such that

lz(ko) | < ¢ = [la(R)]| < o/ (lz(ko)ll) Yk = ko;

e uniformly asymptotically-stable, if there exists a class KL function §'(.,.) and ¢ > 0 such
that
lz(ko)ll < ¢ = [la(R)]| < B'([le(ko) I, k — ko) VE > Ko;

e globally-uniformly asymptotically-stable, if it is uniformly asymptotically stable for all
I(ko),‘

e cxponentially stable if there exists a class KL function 8'(r,s) = k'rvy'*, k' > 0,0 <" < 1,
and ¢ > 0 such that

lz(ko)| < ¢ = [l2(k)l < &'[lz(ko)lly" ") Vk > ko;

Theorem 1.3.4 (Lyapunov-stability: II). Let x = 0 be an equilibrium-point of (1.51), and
let B(0,r) be the open ball with radius r (centered at x = 0) on X. Suppose there exists a
Cl function (with respect to both its argument) V : B(0,7) x Ry — R such that:

ar([lz])) < V(z,t) < aa(][2])
Y+ X f(x,t) < —as(||lz]) Vt > to, Vo € B(0,r),

where aq, ag, a3 € class K defined on [0,r). Then, the equilibrium-point x = 0 is uniformly
asymptotically-stable for the system.

If however the above conditions are satisfied for all x € X (i.e., as r — o0) and
a1, g, a3 € class Koo, then x = 0 is globally-uniformly asymptotically-stable.

The above theorem can also be stated in terms of exponential-stability.

Theorem 1.3.5 Let z = 0 be an equilibrium-point of (1.51), and let B(0,r) be the open ball
with radius r on X. Suppose there exists a C function (with respect to both its arguments)
V :B(0,r) x Ry — R and constants ¢y, ca,c3,c4 > 0 such that:

ciflzl* < V(z,t) < cof|2]?
Y 1+ IV fa,t) < —cs|lz||? Yt > to, Yo € B(O,7),
1551 < eall]l.
Then, the equilibrium-point x = 0 is locally exponentially-stable for the system.

If however the above conditions are satisfied for all x € X (i.e., as r — o), then x =0
is globally exponentially-stable.

Remark 1.3.3 The above theorem is usually stated as a converse theorem. This converse
result can be stated as follows: if x = 0 is a locally exponentially-stable equilibrium-point for
the system (1.51), then the function V' with the above properties exists.

Finally, the following theorem is the time-varying equivalent of the invariance-principle.
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Theorem 1.3.6 Let B(0,7) be the open ball with radius r on X. Suppose there exists a C*
function (with respect to both its argument) V : B(0,7) X % — R such that:

o (flzf]) < V(z,t) < az(flz])
Y OV fa,t) < ~W(x) <0 Vt>1to, Yo e B(0,r),

where a1, a9 € class K defined on [0,7), and W(.) € C*(B(0,7)). Then all solutions of
(1.51) with ||z(to)|| < ag (a1 (r)) € class K? are bounded and are such that

W(z(t)) -0 as t — oc.

Furthermore, if all of the above assumptions hold for all x € X and a;1(.) € Koo, then
the above conclusion holds for all x(ty) € X, or globally.

The discrete-time equivalents of Theorems 1.3.4-1.3.6 can be stated as follows.

Theorem 1.3.7 (Lyapunov-stability II). Let © = 0 be an equilibrium-point of (1.52), and
let B(0,7) be the open ball on X. Suppose there exists a C* function (with respect to both
its argument) V' : B(0,r) x Z; — R such that:

ay ([Jzf]) < V(z, k) < a5([|]]) Vk € Zy
V(zg1,k+1) = V(z, k) < —o4(|z||) Yk > ko, Yz € B(0,7),
where o, ab, o € class K defined on [0,r), then the equilibrium point x = 0 is uniformly
asymptotically-stable for the system.

If however the above conditions are satisfied for all x € X (i.e., asr — c0) and o, oy €
class Koo, then x =0 is globally-uniformly asymptotically-stable.

Theorem 1.3.8 Let x = 0 be an equilibrium-point of (1.52), and let B(0,r) be the open
ball on X. Suppose there exists a C' function (with respect to both its arguments) V :
B(0,r) x Z; — R and constants ¢}, ch, s, ¢y > 0 such that:

cllzl* < V(w, k) < chlz|?
V(zk1, k+1) = V(z, k) < =d||z||* Vk > ko, Vo € B(0,r),
Vi(arer, k) = Vi(z, k) < cif|z]| VE = ko
then the equilibrium-point x = 0 is locally exponentially-stable for the system.

If however the above conditions are satisfied for all x € X (i.e., as r — o), then x =0
is globally exponentially-stable.

Theorem 1.3.9 Let B(0,r) be the open ball on X . Suppose there exists a Ct function (with
respect to both its argument) V : B(0,7) X Zy — R such that:

ay(lzl]) < V(z, k) < an(ll]) VkeZy
V(zge1, k+1) = V(z, k) <-W(z) <0 Vk > ko, Vo € B(0,r),

where o,y € class K defined on [0,7), and W(.) € C*(B(0,7)). Then all solutions of
(1.52) with ||z(ko)|| < oy *(a(r)) are bounded and are such that

W(zg) — 0 as k — oo.

Furthermore, if all the above assumptions hold for all x € X and o (.) € K, then the
above conclusion holds for all x(ko) € X, or globally.

21f a; € class K defined on [0,7), then oe;l is defined on [0, a;(r)) and belongs to class K.
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1.4 Notes and Bibliography

More background material on differentiable manifolds and differential-forms can be found
in Abraham and Marsden [1] and Arnold [38]. The introductory material on stability is
based on the well-edited texts by Khalil [157], Sastry [234] and Vidyasagar [268].



2

Basics of Differential Games

The theory of games was developed around 1930 by Von Neumann and Morgenstern [136]
and differential games approximately around 1950, the same time that optimal control
theory was being developed. The theory immediately found application in warfare and
economics; for instance, certain types of battles, airplane dog-fighting, a torpedo pursuing a
ship, a missile intercepting an aircraft, a gunner guarding a target against an invader [73],
are typical models of differential games. Similarly, financial planning between competing
sectors of an economy, or competing products in a manufacturing system, meeting demand
with adequate supply in a market system, also fall into the realm of differential games.

Game theory involves multi-person decision-making. It comprises of a task, an objective,
and players or decision makers. The task may range from shooting down a plane, to steering
of a ship, and to controlling the amount of money in an economy. While the objective which
measures the performance of the players may vary from how fast? to how cheaply? or how
closely? or a combination of these, the task is accomplished by the player(s).

When the game involves more than one player, the players may play cooperatively or
noncooperatively. It is noncooperative if each player involved pursues his or her own inter-
est, which are partly conflicting with that of others; and it is dynamic if the order in which
the decisions are made is important. Whereas when the game involves only one player, the
problem becomes that of optimal control which can be solved by the Pontryagin’s “maz-
imum principle” or Bellman’s “dynamic programming principle” [73]. Indeed, the theories
of differential games, optimal control, the calculus of variation and dynamic programming
are all approaches to solving variational problems, and have now become merged into the
theory of “modern control.”

There are two types of differential games that we shall be concerned with in this chapter;
namely, nonzero-sum and zero-sum noncooperative dynamic games. We shall not discuss
static games in this book. Furthermore, we shall only be concerned with games in which
the players have perfect knowledge of the current and past states of the system, and their
individual decisions are based on this. This is also known as closed-loop perfect information
structure or pattern. On the other hand, when the decision is only based on the current
value of the state of the system, we shall add the adjective “memoryless.”

We begin with the fundamental dynamic programming principle which forms the basis
for the solution to almost all unconstrained differential game problems.

2.1 Dynamic Programming Principle

The dynamic programming principle was developed by Bellman [64] as the discrete-time
equivalent of Hamilton-Jacobi theory. In fact, the term dynamic programming has become
synonymous with Hamilton-Jacobi theory. It also provides a sufficient condition for opti-
mality of an optimal decision process. To derive this condition, we consider a discrete-time
dynamic system defined on a manifold & C R™ which is open and contains the origin z = 0,

27
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with local coordinates (x1,...,x,):
Tht1 = fk(l‘;ﬁuk), Thy = 330, ke {k‘o, .. } C Z, (2.1)

where up € U is the control input or decision variable which belongs to the set U of
all admissible controls, fr : X x U — X is a CY(X x U) function of its arguments for
each k € Z. We shall also assume that fi(.,.) satisfies the following global existence and
uniqueness conditions for the solutions of (2.1)

Assumption 2.1.1 For the function fi(x,u) in (2.1), for each k € Z, there exists a con-
stant Cyy, (depending on k) such that for any fized u,

| fe(z1,u) — fe(za,u)|| < Cigller — x2|| Vo, 20 € X, Vu €U, k € Z.

To formulate an optimal decision process (or an optimal control problem), we introduce the
following cost functional:

K
J(:ZJO, ko; u[ko,K]) = Z Lk($k+17 Tk, uk) — min . (22)
k=ko
where Ly : X x X xU = R, k = ko, ..., K, are real C° functions of their arguments, which
is to be minimized over the time span {ko,..., K} as a basis for making the decision. The
minimal cost-to-go at any initial state x5 and initial time k € {ko,..., K} (also known as
value-function) is then defined as
K
V(z,k) = inf Li(x; iU 2.3
(377 ) u[[:g]eu Z ](mj-‘rl’mjau]) ) ( )
j=k
and satisfies the boundary condition V(x, K + 1) = 0, where = xj and Uk, K] 2

{Uk, v 7’LLK}.

Remark 2.1.1 For brevity, we shall use the notation [ky, ka] henceforth to mean the subset
of the integers Z O {ki,...,ka} and where there will be no confusion.

We then have the following theorem.

Theorem 2.1.1 Consider the nonlinear discrete-time system (2.1) and the optimal control
problem of minimizing the cost functional (2.2) subject to the dynamics of the system. Then,
there exists an optimal control u}, k € [ko, K] to the problem if there exist C°(X x [ko, K+1])
functions V1 X x [ko, K] which corresponds to the value-function (2.3) for each k, and
satisfying the following recursive (dynamic programming) equation subject to the boundary
condition:

V(x, k) = iilkf {Lk(fk(ma u), T, ug) + V(fk(ma ug), k + 1)} )
Vi, K +1)=0. (2.4)

Furthermore,

T (2%, ko; ufyy 1)) = V(2°, ko)

is the optimal cost of the decision process.

Proof: The proof of the above theorem is based on the principle of optimality [164] and
can be found in [64, 164]. O
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Equation (2.4) is the discrete dynamic programming principle and governs the solution
of most of the discrete-time problems that we shall be dealing with in this book.

Next, we discuss the continuous-time equivalent of the dynamic programming equation
which is a first-order nonlinear partial-differential equation (PDE) known as the Hamilton-
Jacobi-Bellman equation (HJBE). In this regard, consider the continuous-time nonlinear
dynamic system defined on an open subset X C R" containing the origin x = 0, with
coordinates (x1,...,2,):

&(t) = f(a(t),u(t),t), 2(to) = o, (2.5)

where f : X xU x R — R" is a C! measurable function, and &/ C R™ is the admissible
control set which is also measurable, and z(ty) = x¢ is the initial state which is assumed
known. Similarly, for the sake of completeness, we have the following assumption for the
global existence of solutions of (2.5) [234].

Assumption 2.1.2 The function f(.,.,.) in (2.5) is piece-wise continuous with respect to
t and for each t € [0,00) there exist constants Cy¢, Cat such that

||f(£l?17u,t)*f(l'27u,t)|| < Clt”gjlig:Q” vx17x2€X7vu€u'

For the purpose of optimally controlling the system, we associate to it the following cost
functional: .
J (o, to; Upy, 1)) = / L(z,u,t)dt — min ., (2.6)
to
for some real C? function L : X x U x $ — R, which is to be minimized over a time-horizon

[to,T] € R. Similarly, define the value-function (or minimum cost-to-go) from any initial
state x and initial time ¢ as

T
V(z,t) = inf {/t L(x(s),u(s),s)ds} (2.7)

Ufe, 7]
and satisfying the boundary condition V (2, T) = 0. Then we have the following theorem.

Theorem 2.1.2 Consider the nonlinear system (2.5) and the optimal control problem of
minimizing the cost functional (2.6) subject to the dynamics of the system and initial condi-
tion. Suppose there exists a CL(X X [to, T]) function V : X x [to, T| — R, which corresponds
to the value-function (2.7), satisfying the Hamilton-Jacobi-Bellman equation (HJBE):

—Vi(z,t) = min {V,(z,t)f(x,u,t) + L(z,u,t)}, V(z,T)=0. (2.8)

Ulto,T]

Then, there exists an optimal solution u* to the problem. Moreover, the optimal cost of the
policy is given by
J*(l‘a, to; ufto’T]) = V(Qﬁo, to).

Proof: The proof of the theorem can also be found in [47, 175, 164]. O

The above development has considered single player decision processes or optimal control
problems. In the next section, we discuss dynamic games, which involve multiple players.
Again, we shall begin with the discrete-time case.
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2.2 Discrete-Time Nonzero-Sum Dynamic Games

Nonzero-sum dynamic games were first introduced by Isaacs [136, 137] around the years
1954-1956 within the frame-work of two-person zero-sum games. They were later popularized
in the works of Starr and Ho [250, 251] and Friedman [107]. Stochastic games were then
later developed [59].

We consider a discrete-time deterministic N-person dynamic game of duration K — kg
described by the state equation (which we referred to as the task):

Ty = fr(@n,up, ..., ud), z(ko) =2° ke {ko,...,K}, (2.9)
where z; € X C R"™ is the state-vector of the system for k = kg, ..., K which belong to the
state-space X with z° the initial state which is known a priori; ui,i = 1,...,N, N € N
are the decision variables or control inputs of the players 1,..., N which belong to the
measurable control sets U’ C R, m; € N; and f : X x U x ..., UN — R are real C!
functions of their arguments. To the game is associated the N objectives or pay-offs or cost
functionals J* : I x...xI'N — R, where I'",i = 1..., N are the permissible strategy spaces

of the players,

K
Jiut, o uN) =Y L@k, o g, ul), i=1,...,N, (2.10)
k=ko
and where the uf, € T, i = 1,..., N are functions of g, and Li : X x X xU' x...xUN — R,

i=1,...,N, k = ko,..., K are real C' functions of their arguments. The players play
noncooperatively, and the objective is to minimize each of the above pay-off functions. Such
a game is called a nonzero-sum game or Nash-game. The optimal decisions u} ,,i =1,..., N,
which minimize each pay-off function at each stage of the game, are called Nash—equilibm’um
solutions.

Definition 2.2.1 An N-tuple of strategies {ul € I',i =1,..., N}, where I'';i =1,...,N
is the strategy space of each player, is said to constitute a noncooperative Nash-equilibrium
solution for the above N-person game if

Jhi=JNul, el < Tl et et ) =1, N, (2.11)
where ul = {u};’*,k:kzo,...,K} and u' = {u}, k = ko,...,K}.

In this section, we discuss necessary and sufficient conditions for the existence of Nash-
equilibrium solutions of such a game under closed-loop (or feedback) no-memory perfect-
state-information structure, i.e., when the decision is based on the current state information
which is pefectly known. The following theorem based on the dynamic programming princi-
ple gives necessary and sufficient conditions for a set of strategies to be a Nash-equilibrium
solution [59].

Theorem 2.2.1 For the N-person discrete-time nonzero-sum game (2.9)-(2.11), an N-
tuple of strategies {ul € T'*,i = 1,..., N}, provides a feedback Nash-equilibrium solution,
if and only if, there exist N x (K — ko) functions V' : X x Z — R such that the following
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recursive equations are satisfied:

Vi(z, k) = urlneigi{L};(ka,xk,ui,*,...wi,...,uﬁ*)+Vi(a:k+1,k+1)},
k

Vi, K+1)=0, i=1,...,N, k& {ko,...,K}

- meig.{LZ(fk(x7ullc,*7"-au;w'-'7u£{*)azkaui¢,*7"-aui:a'-wu;g\{*)+
uy, g
Vi@ by oot ull) b+ 1) )y Vi@ K 4+1) =0,
i=1,...,N, ke {ko,...,K}. (2.12)

Notice that, in the above equations, there are N x (K — ko) functions, since at each stage of
the decision process, a different function is required for each of the players. However, it is
often the case that N functions that satisfy the above recursive equations can be obtained
with a single function for each player. This is particularly true in the linear case.

More specifically, let us consider the case of a two-player nonzero-sum game, of which
type most of the problems in this book will be, described by the state equation:

i1 = fe(@r, wi,ug), (ko) = 2, ke {ko,..., K} (2.13)

where w, € W C R™» and up € U C R™v represent the decisions of the two players
respectively. The pay-offs J!, J? are given by

K
‘]l(wau) = Z Lllc(zk+17xkawkauk)7 (214)
k=ko
K
J2(w,u) = Z L3 (xpi1, Thy Wy Up ), (2.15)
k=ko
where w = Wik, k], U = Uk, k]- Then, a pair of strategies wy := {wy«, k = ko,..., K},
Ug = {Uk », k = ko, ..., K}, will constitute a Nash-equilibrium solution for the game if
T Hwe,uy) < TN ws,u) Yu €U, (2.16)
T (we,uy) < J*w,uy) Yw € W. (2.17)
Furthermore, the conditions of Theorem 2.2.1 reduce to:
Vi(z, k) = mgg{ {L,lc(fk(o:,wk,*,uk), Xy W, UR) + V(fe(, Wi xs UK ), K+ 1)} :
up
Vi, K+1)=0, k=1,....K (2.18)
Vi(x,k) = melgv {LE(fr(@, wiy up ), @, g, g ) + V2 (fro(2, wi, up ), k4 1)}
Wy,
Vi, K+1)=0, k=1,...,K. (2.19)

Remark 2.2.1 Equations (2.18), (2.19) represent a pair of coupled HJ-equations. They are
difficult to solve, and not much work has been done to study their behavior. However, these
equations will play an important role in the derivation of the solution to the discrete-time
mized Ho/Hoo control problem in later chapters of the book.

Another special class of the nonzero-sum games is the two-person zero-sum game, in which

the objective functionals (2.14), (2.15) are such that

K

Jl(w,u) = fJQ(w,u) = J(w,u) := Z Li(zks1, T, Wk, Uk )- (2.20)
k=ko
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If this is the case, then J*(wy,us) + J?(ws, ux) = 0 and while u is the minimizer, w is the
maximizer. Thus, we might refer to v as the minimizing player and w as the maximizing
player. Furthermore, the “Nash-equilibrium” conditions (2.16), (2.17) reduce to the saddle-
point conditions:

J(w, uy) < J(wy, uy) < J(wy,u), Yw e W, uel, (2.21)

where the pair (w,,u,) is the optimal strategy and is called a “saddle-point.” Consequently,
the set of necessary and sufficient conditions (2.18), (2.19) reduce to the following condition
given in this theorem [57, 59].

Theorem 2.2.2 For the two-person discrete-time zero-sum game defined by (2.13), (2.20),
a pair of strategies (wy,uy) provides a feedback saddle-point solution if, and only if, there
exists a set of K — kg functions V : X x Z — R, such that the following recursive equations
are satisfied for each k € [ko, K]:

Vek) = min max {Li(fe(o,we,u), oy weu) + V(oo ue), b+ 1)},
Uk Wi
= i L ) ) ) ) ) V ) ) ’k 1 }7
ﬁg@ﬁ%{ ke (fr(, wr, ug), 2, wie, ug) + V(fr(2, we, ur), k +1)
= Li(fr(@, Whwor Uk x )5 Ty W ey U x) + V (fr (T, whe s, up 1), B+ 1),
Ve, K+1) =0, (2.22)

where x = z. Equation (2.22) is known as Isaacs equation, being the discrete-time version
of the one developed by Isaacs [136, 59]. Furthermore, the interchangeability of the “max”
and “min” operations above is also known as “Isaacs condition.” The above equation
will play a significant role in the derivation of the solution to the H..-control problem for
discrete-time nonlinear systems in later chapters of the book.

2.2.1 Linear-Quadratic Discrete-Time Dynamic Games

We now specialize the above results of the N-person nonzero-sum dynamic games to the
linear-quadratic (LQ) case in which the optimal decisions can be expressed explicitly. For
this purpose, the dynamics of the system is described by a linear state equation:

N
Tpr1 = fr(@r, ug, .o uy) = Agazy + ZB;@U% k = [ko, K] (2.23)

i=1

where Ay € R"*", B} € R"*Pi  and all the variables have their previous meanings. The
pay-offs J*,i =1,..., N are described by

N
Jl(u[lkU,K], . 7“%071(]) = Z L (ki1 Upy - - -y up) (2.24)
k=1
_ 1 _ N
Ly (zrqr, up, - .. 7Uiv) = §[I£+1Q§c+1xk+1 + Z(Ui)TRZ]Ui] (2.25)
j=1

where Q4 1 R;lcj are matrices of appropriate dimensions with Qf 41 = 0 symmetric and
R!>0,forallk=ky,...,K,4,5=1,...,N.

The following corollary gives necessary and sufficient conditions for the existence of
Nash-equilibrium for the LQ-game [59].
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Corollary 2.2.1 For the N-player LQ game described by the equations (2.23)-(2.25), sup-
pose Qi1 >0,i=1,...,Nand R’ >0,i,j=1,...,N, j#1i, k=ko,...,K. Then, there
exists a unique feedback Nash-equilibrium solution to the game if, and only if, there exist

unique solutions Pi,i=1,...,N, k=ko,...,K to the recursive equations:
N
[Ril+ (B 2 BUP + (B Zigy D BIPL = (B Zja Ay, i=1,...,N, (2.26)
J=1,5%i
where
N
Zj, = F'Zl Fe+ Y (PDTRIP] +Qp Zicyy =Qkir,i=1,...,N (2.27)
N ]_1
Fp = Ay,—) BiP, k=k,... K. (2.28)
i=1

Furthermore, the equilibrium strategies are given by
uf = —Pixy, i=1,...,N. (2.29)

Remark 2.2.2 The positive-s‘emideﬁnite conditions for Q}Gl, and R2j7j # 1 guarantee the
convezity of the functionals J* and therefore also guarantee the existence of a minimizing
solution in (2.12) for all k € [ko, K]. Furthermore, there has not been much work in the
literature regarding the existence of solutions to the coupled discrete-Riccati equations (2.26)-
(2.28). The only relevant work we could find is given in [84).

Again, the results of the above corollary can easily be specialized to the case of two
players. But more importantly, we shall specialize the results of Theorem 2.2.2 to the case
of the two-player LQ zero-sum discrete-time dynamic game described by the state equation:

Tpi1 = Apxy + Biwy + Biug,  x(ko) = 2°, k = [ko, K] (2.30)

and the objective functionals
— I u,w) = J(u,w) = J(u,w) = Sy LT, Tp, u, w), (2.31)
Li(xps1, 2k, u,w) = %[mfﬂQkakH + ulug, — wlhwg). (2.32)

We then have the following corollary [57, 59].

Corollary 2.2.2 For the two-player LQ zero-sum dynamic game described by (2.30)-
(2.31), suppose Qi1 >0, k =ko,..., K. Then there exists a unique feedback saddle-point
solution if, and only if,

I+ (BH"My 1B > 0, Vk=ko,..., K, (2.33)
I—(BH)"My1Bf > 0, Vk=ko,..., K, (2.34)
where
Sk = [+ (BLBY — BB} )My, (2.35)
My = Qu+AfMe1Sp Ak, Mg = Qi (2.36)
Moreover, the unique equilibrium strategies are given by
Uk = _(Blg)TMk;J’_lSk_lAkmk7 (2.37)

W = (Bh)" Mys1S; t Axa, (2.38)
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and the corresponding unique state trajectory is given by the recursive equation:
zh, = S, Ay (2.39)

In the next section we consider the continuous-time counterparts of the discrete-time
dynamic games.

2.3 Continuous-Time Nonzero-Sum Dynamic
Games

In this section, we discuss the continuous-time counterparts of the results that we presented
in the previous section for discrete-time dynamic games. Indeed the name “differential
game” stems from the continuous-time models of dynamic games.
We consider at the outset N-player nonzero-sum differential game defined by the state
equation:
() = flz,ut,...,u™,t), x(ty) = o, (2.40)

where z(t) € X C R" is the state of the system for any ¢ € R which belong to the state-
space manifold X’ and x(¢() is the initial state which is assumed to be known a priori by
all the players; u’ € U*,i = 1,...,N, N € N are the decision variables or control inputs
of the players 1,..., N which belong to the control sets * C ™, m; € N, which are also
measurable; and f: X x Ut x ..., UN x R — R is a real C' function of its arguments.

To each player i = 1,..., N is associated an objective functional or pay-off J? : T'l x
..ox IV 5 R, where I',5 = 1,..., N is the strategy space of the player, which he tries to
minimize, and is defined by

) ) ty
Jl(ul,...,uN):¢Z(z(tf),tf)+/ Li(z,u*,...,uN t)dt, i=1,... N, (2.41)

to

where L' : X x U x ..., xUN xR, - Rand ¢’ : X xR, - RN,i=1,...,N, are real C*
functions of their arguments respectively. The final or terminal time ¢ may be variable or
fixed; here, we shall assume it is fixed for simplicity. The functions ¢*(.,.),i = 1,..., N are
also known as the terminal cost functions.

The players play noncooperatively, but each player knows the current value of the state
vector as well as all system parameters and cost functions. However, he does not know the
strategies of the rival players. Our aim is to derive sufficient conditions for the existence
of Nash-equilibrium solutions to the above game under closed-loop memoryless perfect in-
formation structure. For this purpose, we redefine Nash-equilibrium for continuous-time
dynamic games as follows.

Definition 2.3.1 An N-tuple of strategies {ul € I'';i =1,...,N}, where I'',i =1,...,N
are the set of strategies, constitute a Nash-equilibrium for the game (2.40)-(2.41) if

Jhi=JNul, ) < Tl et el Vi=1,... N, (2.42)
where ul = {ul(t),t € [to,ts]} and u* = {u'(t),t € [to, ts]}.

To derive the optimality conditions, we consider an N-tuple of piecewise continuous
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strategies u := {u!,...,uN'} and the value-function for the i-th player

Vi(x,t) = inf {gf)i(ﬂj(tf),tf)+/ttfLi(I,U,T)dt}

uel
. tr
= o' (x(ty),ty) Jr/ L' (x, uy, 7)dr. (2.43)
t
Then, by applying Definition 2.3.1 and the dynamic-programming principle, it can be shown
that the value-functions V%, i = 1,..., N are solutions of the following Hamilton-Jacobi
PDEs:
oV’ ; , o V'
ot - 7u;uél£iHl(l'7t,Ui7...7U171,’U,2,’U,i+1,...,Uf,g),
Vi(a(tr),ty) = ¢"(x(tr),ty), (2.44)
Hi(z,t,u,\]) = Li(z,u,t) + X f(x,u,t), i=1,...,N. (2.45)
The strategies u, = (ul,...,uY) which minimize the right-hand-side of the above equations

(2.44) are the equilibrium strategies. The equations (2.44) are integrated backwards in time
from the terminal manifold z(¢;), and at each (z,t) one must solve a static game for the
Hamiltonians H%,5 = 1,...,N to find the Nash-equilibrium. This is not always possible
except for a class of differential games called normal [250]. For this, it is possible to find a
unique Nash-equilibrium point u, for the vector H = [H',..., H] for all 2, ), t such that
when the equations

OV (5 ) = —Hi(m, b ua (.1, 2, 2V 0V (2.46)
= fla,ut,...,ul, 1) (2.47)

are integrated backward from all the points on the terminal surface, feasible trajectories
are obtained. Thus, for a normal game, the following theorem provides sufficient conditions
for the existence of Nash-equilibrium solution for the N-player game under closed-loop
memoryless perfect-state information pattern [57, 250].

Theorem 2.3.1 Consider the N-player nonzero-sum continuous-time dynamic game
(2.40)-(2.41) of fized duration [to,tr], and under closed-loop memoryless perfect state in-
formation pattern. An N-tuple u, = (ul,...,ul) of strategies provides a Nash-equilibrium
solution, if there exist N Cl-functions Vi : X x R, — R, i=1,..., N satisfying the HJEs

(2.44)-(245).

Remark 2.3.1 The above result can easily be specialized to the two-person nonzero-sum
continuous-time dynamic game. This case will play a significant role in the derivation of
the solution to the mized Ho/Heo control problem in a later chapter.

Next, we specialize the above result to the case of the two-person zero-sum continuous-time
dynamic game. For this case, we have the dynamic equation and the objective functional
described by

z(t) = f(z,u,w,t), z(tg) = xo, (2.48)

JHu,w) = —J*(u,w) := J(u,w) = ¢p(w(ty), ts) +/ ' L(z, u,w, t)dt, (2.49)

to

where u € U, w € W are the strategies of the two players, which belong to the measurable
sets U C R™= W C R™w respectively, xq is the initial state which is known a priori to both
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players. Then we have the following theorem which is the continuous-time counterpart of
Theorem 2.2.2.

Theorem 2.3.2 Consider the two-person zero-sum continuous-time differential game
(2.48)-(2.49) of fized duration [to,ts], and under closed-loop memoryless information struc-
ture. A pair of strategies (uy, wy) provides a Nash-feedback saddle-point solution to the game,
if there exists a C'-function V : X x ® — R of both of its arguments, satisfying the PDE:

oV (x,t)
ox
{3V(:z:, t)

ox

LoVt Sup{

0 =g Fa,t) + Ll 0,1)

-
= Wf(z,u*,w*,t)+L(:Z:,u*,w*,t),
X
V(l‘(tf),tf) = qf)(l‘(tf),tf), (2.50)

known as Isaacs equation [136] or Hamilton-Jacobi-Isaacs equation (HJIE).

£ w, )+ L,y w, t)}

Remark 2.3.2 The HJIE (2.50) will play a significant role in the derivation of the solution
to the Hoo-control problem for continuous-time nonlinear systems in later chapters.

Next, we similarly specialize the above results to linear systems with quadratic objective
functions, also known as the “linear-quadratic (LQ)” continuous-time dynamic game.

2.3.1 Linear-Quadratic Continuous-Time Dynamic Games

In this section, we specialize the results of the previous section to the linear-quadratic (LQ)
continuous-time dynamic games. For the linear case, the dynamic equations (2.40), (2.41)
reduce to the following equations:

i(t) = f(z,ub, ..., ulN t) = A(t)=(t) + ZBi(t)ui(t), z(to) = 7o (2.51)

t N

cul) = %IT(tf)Q}a:(tfH%/t f[g;T(t)Qig;(t)+Z(uj)T(t)Rij(t)uj(t)]dt, (2.52)
0 ]:1

where A(t) € R™™, B'(t) € R"*P and Q°, Q%, RY(t) are matrices of appropriate di-

mensions for each t € [to,tf],4,j =1,..., N. Moreover, Q*(t), Q% are symmetric positive-

semidefinite and R* is positive-definite for ¢ = 1,..., N. It is then possible to derive a

closed-form expression for the optimal strategies as stated in the following corollary to

Theorem 2.3.1.

Corollary 2.3.1 Consider the N -person LQ-continuous-time dynamic game (2.51), (2.52).
Suppose Qi(t) > 0, Q} > 0 and symmetric, RY(t) > 0 for all t € [to,t¢], 4,7 =1,..., N,
i # j. Then there exists a linear feedback Nash-equilibrium solution to the differential
game under closed-loop memoryless perfect state information structure, if there exists a
set of symmetric solutions P'(t) > 0 to the N-coupled time-varying matriz Riccati ordinary
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differential-equations (ODEs):

Pi(t) + P(t)A(t) + AT (t) P (t) + Z PI(t)B7 () (R (t)) "' RY (t)(RY (t)) (BT P (t) +
Q'(t) =0, Pi(tf):Qf, z:l,...,N (2.53)
Z B(#) (R ()T (BYHT Pi(t). (2.54)

Furthermore, the optimal strategies and costs for the players are given by

ul(t)y = —(R"@)"YB'@#)TP'(t)x(t), i=1,...,N, (2.55)
» 1

Jo= §a:gP1( )xg, i=1,...,N. (2.56)
The equations (2.53) represent a system of coupled ODEs which could be integrated back-
wards using numerical schemes such as the Runge-Kutta method. However, not much is
known about the behavior of such a system, although some work has been done for the
two-player case [2, 108, 221]. Since these results are not widely known, we shall review them

briefly here.

Consider the system equation with two players given by

B(t) = A@)(t) + B (Ou(t) + BAH)u(t), 2(to) = 2o, (2.57)
and the cost functions:

t
JH(u,w) = a:(tf)TQ}a:(tf) + / f(a:Tle + w? RMw + u” Ru)dt, (2.58)

0

¢
T (u, w) = o:(tf)TQ?c:z:(tf) + / ' (7 Q%*x + u" R*u 4w’ R* w)dt, (2.59)

0

where Q? >0,Q">0,R7 >0,i+#j, R" >0,4,j = 1,2. Further, assume that the matrices
A(t) = A, BY(t) = B!, and B%(t) = B? are constant and of appropriate dimensions. Then,
the system of coupled ODEs corresponding to the two-player nonzero-sum game is given by

pl —_ 7ATP17P1A+P1S11P1+P1S22P2+P2S22P17P2512P27Q17
Pl(ty) = Qf, (2.60)
pQ —_ 7ATP27P2A+P2S22P2+P2S11P1+P1S11P27Pls2lpl7Q27
P(ty) = Q% (2.61)
where

S% = BI(RITIRY(RIH"H(BHT, i, j=1,2.

In [221] global existence results for the solution of the above system (2.60)-(2.61) is estab-
lished for the special case B' = B? and R!! = R?? = —R'2 = —R?! = I, the identity
matrix. It is shown that P! — P? satisfies a linear Lyapunov-type ODE, while P! + P2
satisfies a standard Riccati equation. Therefore, P! 4+ P? and hence P!, P? cannot blow up
in any finite time, and as ty — oo, P1(0) + P?(0) goes to a stabilizing, positive-semidefinite
solution of the corresponding algebraic Riccati equation (ARE). In the following result, we
derive upper and lower bounds for the solutions P! and P? of (2.60), (2.61).
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Lemma 2.3.1 Suppose P, P? are solutions of (2.60)-(2.61) on the interval [to,ts]. Then,
P(t) >0, P%(t) > 0 for all t € [to,ty].

Proof: Let z(ty) = x1 # 0 and let = be a solution of the initial-value problem

i(t) = [A = SMPYt) — S*2P3(1)]x(t), x(to) = 1. (2.62)
Then for i =1,2
%[ﬂpi(t)x] — TPt + 2T Pt + T P ()i

= T{(ATP'(t) - P'()S PI(t) - PA(O)S2P(1) +
(Pi(t)A — P(t)S P (t) — P'(t)S*2P2(t)) — AT Pi(t) —
Pi(t)A - Q'+ P'(t)S"P(t) = Y PI(t)SPI(t) +
J#
S (P(OSPI(1) + P/ (ST P (1)) ba
J#
= —2T{Q"+ P (t)S™ P (t) + P*(t)S?P?(t)}x
where the previous equation follows from (2.60), (2.61) and (2.62). Now integrating from to
to ty yields

. ty - _

lePZ(to):vl = / xT(T)Q’(T)x(T)dT + zT(tf)Q}z(tf) >0 (2.63)
to

where Q' := Q' + PSP 4 P2§12P2_ Since z; is arbitrary and Q?, S, 572, Pi(ts) >0,

the result follows. [

The next theorem gives sufficient conditions for no finite-escape times for the solutions
Pl P2

Theorem 2.3.3 Let Q € R"™" be symmetric and suppose for all t <ty

F(PY(1), P2 (1),Q) = Q+ (P'(t)+P*())(S™ + S%2)(P'(t) + P*(t)) —
PY(t)S* PY(t) — P3(t)S™ P%(t) — (P'(t)S**P'(t) +
P2(t)SM P2(t)) > 0, (2.64)

and when PY(t), P2(t) exist, then the solutions P'(t), P?(t) of (2.60), (2.61) exist for all
t <ty with
0 < PY(t) + P*(t) < Ro(t), (2.65)

for some unique positive-semidefinite matriz function Rg(t) solution to the terminal value
problem:

Rq(t) = —Rq()A - ATRq(t) — (Q' + Q° + Q). Rqlty) = Q) +Qj (2:66)
which exists for all t < ty.
Proof: The first inequality in (2.65) follows from Lemma 2.3.1. Further
(P + P?) = —AT(P' + P%) — (P! + P2A — (Q' + Q*> + Q) + F(P'(t), P2(),Q),

and by the monotonicity of solutions to Riccati equations [292], it follows that the second
inequality holds while F(P(t), P?(t),Q) > 0. O
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Remark 2.3.3 For a more extensive discussion of the existence of the solutions P', P? to
the coupled Riccati-ODEs, the reader is referred to reference [108]. However, we shall take
up the subject for the infinite-horizon case where ty — oo in a later chapter.

We now give an example of a pursuit-evasion problem which can be solved as a two-player
nonzero-sum game [251].

Example 2.3.1 We consider a pursuit-evasion problem with the following dynamics

where r is the relative position vector of the two adversaries, ap, a. are the accelerations of
the pursuer and evader respectively, which also serve as the controls to the players.
The cost functions are taken to be

J, = quTTr +1/T(—1 ala +—1 alac)dt

P 2pff20 cpppcpeee
1, S .

Je = _§qerfrf + 5/0 (Ceae Ge + Cepapap)dt

where ry = r(T) and the final time is fized, while cp, Ce, Cpe, Cep are weighting constants.
The Nash-equilibrium controls are obtained by applying the results of Corollary 2.3.1 as

%:—%mnm[zy %:%mﬂw{zy

where PP, P¢ are solutions to the coupled Riccati-ODES:

: 0 1] 0 0 0 0 0 0
» — _pp _ » P » » e
I R B D RO ) PO E AT
007, [0 07,
CeP 0 I_qup[o I:|P
s e __e-OI__OOe el 00| e el 00 5
A S I XY P IS P FR P
0 0 8 0 0
P e_ P pp p
cpP [0 I}P CepP[O I}P
I 0 I 0
P _ 2 e _ 2
o=y o] ro=-2[) 0]
It can be easily verified that the solutions to the above ODEs are given by
Py =~y | L E [ =2an | L
p I I |’ Ce Tl 721

where 7 =T — t is the time-to-go and p(t), €(t) are solutions to the following ODES:

I
% = —72(p” +2pé — aé”), P(0) = cpay, a:%
d~ €
= @2 bP), A0) = —ed?, b= "
T

Cep
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Again we can specialize the result of Theorem 2.3.2 to the LQ case. We consider for this
case the system equation given by (2.57) and cost functionals represented as

—JHu,w) = J(u,w):=J= %:ET(tf)Qfl‘(tf) + %/ f[a:T(t)Qo:(t) +

to

ul () Ryu(t) — w’ (t) Ryw(t)]dt, (2.67)

where u is the minimizing player and w is the maximizing player, and without any loss of
generality, we can assume R,, = I. Then if we assume V (z(t), t7) = ¢(z(ty),t7) = 227 Qsx
is quadratic, and also

V(1) = %a:T(t)P(t)x(t), (2.68)

where P(t) is symmetric and P(T') = Qy, then substituting these in the HJIE (2.50), we
get the following matrix Riccati ODE:

P(t) + P(t)A(t) + AT (1) P(t) + P(t)[B' (t) (B (1)) —
BA(t)R, N (B*(1))T]1P(H) + Q =0, P(ty) = Qy. (2.69)

Furthermore, we have the following corollary to Theorem 2.3.2.

Corollary 2.3.2 Consider the two-player zero-sum continuous-time LQ) dynamic game de-
scribed by equations (2.57) and (2.67). Suppose there exist bounded symmetric solutions to
the matrizc ODE (2.69) for all t € [to,ty], then there exists a unique feedback saddle-point
solution to the dynamic game under closed-loop memoryless information-structure. Further,
the unique strategies for the players are given by

udt) = —R;U(B*(1)T P(t)a(t), (2.70)
we(t) = (B'()TP(t)a(t), (2.71)

and the optimal value of the game is given by

1
J (U, wy) = §xOTP(O):EO. (2.72)

Remark 2.3.4 In Corollary 2.3.1, the requirement that Q¢ >0 and Q* > 0,i=1,...,N
has been included to guarantee the existence of the Nash-equilibrium solution; whereas, in
Corollary 2.5.2 the existence of bounded solutions to the matriz Riccati ODE (2.69) is used.
1t is however possible to remove this assumption if in addition to the requirement that Q¢ > 0
and @ > 0, we also have

[(B'(£))" B (t) — (B(t)" Ry B*(1)] > 0 Vt € [to, t].

Then the matriz Riccati equation (2.69) admits a unique positive-semidefinite solution [59].

2.4 Notes and Bibliography

The first part of the chapter on dynamic programmimg principle is based on the books
[47, 64, 164, 175], while the material on dynamic games is based in most part on the books
by Basar and Bernhard [57] and by Basar and Olsder [59]. The remaining material is based
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on the papers [250, 251]. On the other hand, the discussion on the existence, definiteness
and boundedness of the solutions to the coupled matrix Riccati-ODEs are based on the
Reference [108]. Moreover, the results on the stochastic case can also be found in [2].

We have not discussed the Minimum principle of Pontryagin [47] because all the problems
discussed here pertain to unconstrained problems. However, for such problems, the minimum
principle provides a set of necessary conditions for optimality. Details of these necessary
conditions can be found in [59]. Furthermore, a treatment of constrained problems using
the minimum principle can also be found in [73].






3

Theory of Dissipative Systems

The important concept of dissipativity developed by Willems [272, 273, 274], and later
studied by Hill and Moylan [131]-[134], [202] has proven very successful in many feedback
design synthesis problems [30]-[32], [233, 264, 272, 273]. This concept which was originally
inspired from electrical network considerations, in particular passive circuits [30, 31, 32],
generalizes many other important concepts of physical systems such as positive-realness
[233], passivity [77] and losslessness [74]. As such, many important mathematical relations
of dynamical systems such as the bounded-real lemma, positive-real lemma, the existence of
spectral-factorization and finite £,-gain of linear and nonlinear systems have been shown to
be consequences of this important theory. Moreover, there has been a renewed interest lately
on this important concept as having been instrumental in the derivation of the solution to
the nonlinear H.-control problem [264]. It has been shown that a sufficient condition for
the solvability of this problem is the existence of a solution to some dissipation-inequalities.

Our aim in this chapter is to review the theory of dissipative systems as far as is relevant
to the subject of this book, and to expand where possible to areas that complement the
material. We shall first give an exposition of the theory for continuous-time systems for
convenience, and then discuss the equivalent results for discrete-time systems.

In Section 1, we give basic definitions and prove fundamental results about continuous-
time dissipative systems for a general class of nonlinear state-space systems and then for
affine systems. We discuss the implications of dissipativity on the stability of the system
and on feedback interconnection of such systems. We also derive the nonlinear version of
the bounded-real lemma which provides a necessary and sufficient condition for an affine
nonlinear system to have finite Lo-gain.

In Section 2, we discuss passivity and stability of continuous-time passive systems. We
also derive the nonlinear generalization of the Kalman-Yacubovitch-Popov (KYP) lemma
which also provides a necessary and sufficient condition for a linear system to be passive
or positive-real. We also discuss the implications of passivity on stability of the system. In
Section 3, we discuss the problem of feedback equivalence to a passive system, i.e., how to
render a given continuous-time nonlinear system passive using static state feedback only.
Because of the nice stability and stabilizability properties of passive systems, such as (global)
asymptotic stabilizability by pure-gain output-feedback [77], it is considerably desirable to
render certain nonlinear systems passive. A complete solution to this problem is provided.

In Section 4, we discuss the equivalent properties of dissipativity and passivity for
discrete-time nonlinear systems, and finally in Section 5, we discuss the problem of feedback-
equivalence to a lossless system. In contrast with the continuous-time case, the problem of
feedback-equivalence to a passive discrete-time system seems more difficult and more com-
plicated to achieve than the continuous-time counterpart. Hence, we settle for the easier
problem of feedback-equivalence to a lossless-system. A rather complete answer to this
problem is also provided under some mild regularity assumptions.

43
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3.1 Dissipativity of Continuous-Time Nonlinear Systems

In this section, we define the concept of dissipativity of a nonlinear system. We consider a
nonlinear time-invariant state-space system Y defined on some manifold X C R" containing

the origin 2 = {0} in coordinates x = (x1,...,2,):
T = f(a:,u), I(tO) = Zo
> 3.1
126 31)

where x € X is the state vector, u € U is the input function belonging to an input space
U C L1oc(RP), y € Y C R™ is the output function which belongs to the output space ).
The functions f: X XU — X and h : X — ) are real C" functions of their arguments such
that there exists a unique solution x(t,tg, o, u) to the system for any xg € X and u € U.
We begin with the following definitions.

Definition 3.1.1 The state-space X of the system ¥ is reachable from the state x_1 if for
any state v € X at to, there exists an admissible input w € U and a finite time t_1 < tg
such that © = ¢(to, t_1,x_1,u).

Definition 3.1.2 A function s(u(t),y(t)) : U x Y — R is a supply-rate to the system %, if
s(.,.) is piecewise continuous and locally integrable, i.e.,

/ CIs(u®), y(0)|dt < oo (3.2)

to
for any (to,t1) € R2.

Remark 3.1.1 The supply-rate s(.,.) is a measure of the instantaneous power into the
system. Part of this power is stored as internal energy and part of it is dissipated.

It follows from the above definition of supply-rate that, to infer about the internal
behavior of the system, it is sufficient to evaluate the expected total amount of energy
expended by the system over a finite time interval. This leads us to the following definition.

Definition 3.1.3 The system X is dissipative with respect to the supply-rate s(t) =
s(u(t),y(t)) if for allu €U, t1 > tg, and x(tg) =0,

/ s(u(t), y(®)dt > 0 (3.3)

to
when evaluated along any trajectory of the system starting at to with x(tp) = 0.

The above definition 3.1.3 being an inequality, postulates the existence of a storage-function
and a possible dissipation-rate for the system. It follows that, if the system is assumed to
have some stored energy which is measured by a function ¥ : X — R at tg, then for the
system to be dissipative, it is necessary that in the transition from tq to ¢, the total amount
of energy stored is less than the sum of the amount initially stored and the amount supplied.
This suggests the following alternative definition of dissipativity.

Definition 3.1.4 The system X is said to be locally dissipative with respect to the supply-
rate s(u(t),y(t)) if for all (to,t1) € R, t1 > to, there exists a positive-semidefinite function
(called a storage-function) ¥ : N C X — R such that the inequality

V(1) — ¥(zo) < / 1 s(u(t),y(t))dt; vty >to (3.4)

to
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is satisfied for all initial states xy € N, where x1 = x(t1,to, xg,u). The system is said to be
dissipative if it is locally dissipative for all x¢, x1 € X.

Remark 3.1.2 Clearly Definition 3.1.4 implies Definition 3.1.3, while 3.1.3 implies 3.1.4
if in addition ¥(tg) = 0 or W(xy) > U(xg) = 0. The inequality (3.4) is known as the
dissipation-inequality. If U(.) is viewed as a generalized energy function, then we may as-
sume that there exists a point of minimum storage, x¢, at which ¥(z°) = inf cx ¥ (z), and
U can be nomalized so that U(z¢) = 0.

Finally, the above inequality (3.4) can be converted to an equality by introducing the
dissipation-rate § : X x U — R according to the following equation

W@QAJMM):/HbnyMﬂMtwlzm. (3.5)

to

Remark 3.1.3 The dissipation-rate is nonnegative if the system is dissipative. Moreover,
the dissipation-rate uniquely determines the storage-function U(.) up to a constant [274].

We now define the concept of available-storage, the existence of which determines
whether the system is dissipative or not.

Definition 3.1.5 The available-storage W, (x) of the system X is the quantity:

wammm:?5€u7(ﬂlmmﬂwv»m) (3.6)
t>0

where the supremum s taken over all possible inputs w € U, and states x starting at t = 0.

Remark 3.1.4 If the system is dissipative, then the available-storage is well defined (i.e.,
it is finite) at each state x of the system. Moreover, it determines the maximum amount of
energy which may be extracted from the system at any time. This is formally stated in the
following theorem.

Theorem 3.1.1 For the nonlinear system X, the available-storage, V,(.), is finite if, and
only if, the system is dissipative. Furthermore, any other storage-function is lower bounded

by Ual.), dce., 0 < W,a(.) < T(.).

Proof: Notice that ¥,(.) > 0 since it is the supremum over a set with the zero element (at
t = 0). Now assume that ¥U,(.) < co. We have to show that the system is dissipative, i.e.,
for any (to, t1) € B3

t1
U,(zo) Jr/ s(u(r),y(1))dr > Wo(x1) Vo, x1 € X. (3.7)

to
In this regard, notice that from (3.6)

ty
U,(xg) = sup (—/ s(u(t),y(t))dt + \I/a(ajl)).

T1,Utg,tq] to

This implies that
ty
Wa(oo) + [ s(ult) y(®)dt = V(o)

to
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and hence ¥, (.) satisfies the dissipation-inequality (3.4).
Conversely, assume that ¥ is dissipative, then the dissipation-inequality (3.4) implies
that for tg =0

U(xo) + /Otl s(u(t),y(t))dt > ¥(x1) >0 Voo, 11 € X, Vi1 € Ry (3.8)

by definition. Therefore,
t1
W) = - [ sult),y(o)i
0

which implies that

t1
Vo) = s [ su(t). ()t = ().
T = z9,u €U, 0
t1 >0

Hence ¥,(x) <oV e X. O

Remark 3.1.5 The importance of the above theorem in checking dissipativeness of the non-
linear system % cannot be overemphasized. It follows that, if the state-space of the system
is reachable from the origin x = 0, then by an appropriate choice of an input u(t), equiv-
alently s(u(t),y(t)), such that W,(.) is finite, then it can be rendered dissipative. However,
evaluating W, (.) is a difficult task without the output of the system specified a priori, or
solving the state equations. This therefore calls for an alternative approach for determining
the dissipativeness of the system.

We next introduce the complementary notion of required-supply. This is the amount of
supply (energy) required to bring the system from the point of minimum storage ¢ to the
state x(to), to = 0.

Definition 3.1.6 The required-supply V¥, : X — R, of the system X with supply-rate
s(u(t),y(t)) is defined by

0
U,.(r) = inf / s(u(t),y(t))dt, Vt_q <0, (3.9)

e~z ucel t,
where the infimum is taken over all u € U and such that x = x(tg,t_1,2°, u).

Remark 3.1.6 The required-supply is the minimum amount of energy required to bring the
system to its present state from the state x°.

The following theorem defines dissipativeness of the system in terms of the required-supply.

Theorem 3.1.2 Assume that the system X is reachable from x_1. Then
(1) X is dissipative with respect to the supply-rate s(u(t),y(t)) if, and only if, there exists a

constant k > —oo such that

0
inf / s(u(t),y(t))dt > k Yo € X, VYi_; <0. (3.10)
t_q

T_1~>T

Moreover,

T_1~>T

0
U(z) = Uyu(r_1) + inf /t s(u(t),y(t))dt
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18 a possible storage-function.

(ii) Let X be dissipative, and x¢ be an equilibrium-point of the system such that W(x¢) = 0.
Then ¥,.(z¢) = 0, and 0 < U, < U < W,.. Moreover, if ¥ is reachable from x¢, then
U, < oo and is a possible storage-function.

Proof: (i) By reachability and Theorem 3.1.1, ¥ is dissipative if, and only if, ¥, (z_1) < occ.
Thus, if we take k < —WU,(x_1), then the above inequality in (i) is satisfied. Next, we show
that W(z) given above is a possible storage-function. Note that this function is clearly
nonnegative. Further, if we take the system along a path from z_; to zg at ¢y in the
state-space X via x; at t1, then

U(zy) - U(zg) —  inf /ls(u(t),y(t))dt— inf / s(u(t), y(®))

T_1T1 fy ) T_1~To Jy |

< inf /ls(u(t),y(t))dt

To~T1 to

IN

ty
| stuuto
to

(ii) That ¥, (z¢) = 0 follows from Definition 3.1.6. Moreover, for any u € I which transfers
z¢ at t_1 to x at t = 0, the dissipation-inequality

0
M@*W@ﬂg/ s(u(t), y(t))dt

t_1

is satisfied. Hence

0
V) < / s(u(t), y(t))dt

t_1

0
< inf / s(u(t),y(t))dt = U,.(x).

T fpo
Furthermore, if the state-space X of ¥ is reachable, then clearly ¥, < co. Finally, that ¥,
is a possible storage-function follows from (i). O

Remark 3.1.7 The inequality ¥, < ¥ < U, implies that a dissipative system can supply
to the outside only a fraction of what it has stored, and can store only a fraction of what
has been supplied.

The following theorem characterizes the set of all possible storage-functions for a dissi-
pative system.

Theorem 3.1.3 The set of possible storage-functions of a dissipative dynamical system
forms a convex set. Therefore, for a system whose state-space is reachable from x¢, the
function U =AU, 4+ (1 — X\)U,., X € [0,1] is a possible storage-function for the system.

Proof: The proof follows from the dissipation-inequality (3.4). O

While in electrical networks resistors are clearly dissipative elements, ideal capacitors
and inductors are not. Such elements do not dissipate power and consequently networks
made up of such ideal elements are called lossless. The following definition characterizes
such systems.
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Definition 3.1.7 The dissipative dynamical system 3 is said to be lossless with respect to
the supply-rate s(u(t), y(t)) if there exists a storage-function V : X — Ry such that for all
ti1 >ty, x0 € X, ueEU,

U (zp) Jr/t 1 s(u(t),y(t))dt = W(xq) (3.11)
where x1 = x(t1, to, o, u).

Several interesting results about dissipative systems can be studied for particular supply-
rates and differentiable or C! storage-functions; of particular significance are the following
supply-rates:

(i) General: s (u,y) =y Qy+2yT Su+u” Ru, where Q € R™*™ S € R™*F and R € RF>F;
(ii) Finite-gain systems: so(u,y) = v?u’u — yTy, where 0 < v < o0;
(iii) Passive systems: s3(u,y) =yl u.

Notice that (ii) and (iii) are special cases of (i). We study the implications of the quadratic
supply-rates s1(.,.) and sa(.,.) and defer the study of s3(.,.) to the next section. For this
purpose, we consider the affine nonlinear system 3¢ defined on X C R"™ in coordinates

(1‘17...71‘”)1
e { v
Yy

where all the variables have their previous meanings, and f : X — V=°(X), g : X —
MPFEX) b X — R d: X — M™*F(X). Moreover, f(0) =0, h(0) = 0. Then we have
the following result.

I
=
~—~
8] 8
S~—
+ +
U
N~
8 8
S~—
SRS

z(to) = o (3.12)

Theorem 3.1.4 Assume the state-space of the system 3% is reachable from the origin x = 0
and the available-storage for the sytem if it exists is a C'-function. Then, a necessary
and sufficient condition for the system % to be dissipative with respect to the supply-rate
s(u,y) = yTQy + 2yT Su + u” Ru, where Q, S, have appropriate dimensions, is that there
exists a C*-positive-semidefinite storage-function 1 : X — R, ¥(0) = 0, and C°-functions
1: X =R, W : X = R*F satisfying

va(2)f(x) = h'(2)Qh(x) — 1" (2)l(x)
2%(93) (z) )
R(z) = WT(z)W(x)

(3.13)

S
I
>
~
8
nn
—
8

—~ —
\
3
—
8
=
&

for all x € X, where
R=R+d"(x)S + STd(z) + d¥ (2)Qd(x), S(z) = Qd(zx)+ S

Proof: (Sufficiency): Suppose that (.), I(.), and W(.) exist and satisfy (3.13). Right-
multiplying the second equation in (3.13) by u on both sides and adding to the first equation,
we get

Yo (@)(f(@) + g(z)u) = hT(2)Qh(z) + 2k (2)S(x)u — 2T (@)W (x)u — 17 (2)l(x)
= [(h+d(z)u)" Q(h(x) + d(z)u) + 2(h(z) + d(x)u)” Su+ u’ Ru] —
(Ux) + W (@)u)" (I(z) + W (2)u).
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Then, integrating the above equation for any u € U, t1 > to, and any x(tp), we get

Blo(t) - blalt) = L/l(yTQy—%2yTSu4—uTRuyh

to

— / l(l(:z:) + W(x)w)T (I(x) + W (x)u)dt

to

_ / s, y)dt — / (@) + W (@))T (1) + W (@)u)dt

t(J tO

< [ stuto).uo)at

to

Hence the system is dissipative by Definition 3.1.3.
(Necessity): We assume the system is dissipative and proceed to show that the available-

storage
T
a(x) = sup <_/0 s(u,y)dt) (3.14)

u(.), T>0

is finite by Theorem 3.1.1, and satisfies the system of equations (3.13) for some appropriate
functions I(.) and W (.).

Note that, by reachability, for any initial state xy at tg = 0, there exists a time t_1; < 0
and a u : [—t_1,0] — U such that z(t_1) = 0 and 2(0) = x¢. Then by dissipativity,

T 0
/ s(u,y)dt > —/ s(u, y)dt.
0 o1

The right-hand-side (RHS) of the above equation depends on xy and since u can be chosen
arbitrarily, then there exists a function x : X — # such that

T
/0 s(u, y)dt > k(xg) > —00

whenever z(0) = x¢. By taking the “sup” on the left-hand-side (LHS) of the above equation,
we get 1, < oo for all z € X. Moreover, 1,(0) = 0.

It remains to show that v, satisfies the system (3.13). However, by dissipativity of the
system, ¥, satisfies the dissipation-inequality

Ya(T1) — o (z0) < /t 1 s(u, y)dt (3.15)

for any t1 > to, 1 = x(t1), and z¢. Differentiating the above inequality along the trajectories
of the system and introducing a dissipation-rate § : X x U — R, we get

Yo (2)(f(2) + g(2)u) = 5(u,y) = =0(z, u). (3.16)
Since s(u,y) is quadratic in u, then §(.,.) is also quadratic, and may be factorized as
3 ) = (1) + W (@)l 0(e) + W ()
for some suitable functions [ : X — RZL, W : X — RI*™ and some appropriate integer
q < k + 1. Subsituting now the expression for (., .) in (3.16) gives
~Ya.0(2)f (2) = Yaa(@)g(@)u + hT (2)Qh(x) + 20T (2)S(x)u + uT Ru =17 (x)l(x) +
2T ()W (2)u + uT W (2)W (2)u



50 Nonlinear Hoo-Control, Hamiltonian Systems and Hamilton-Jacobi Equations

for all x € X, u € Y. Finally, equating coefficients of corresponding terms in u gives (3.13)
with ¢ = ,. O

Remark 3.1.8 The system of equations (3.13) is also referred to as the differential or in-
finitesimal version of the dissipation-inequality (3.4). A more general case of this differential
version for affine nonlinear systems of the form X with any supply rate s(u,y) and a C*
storage-function is:

Vo (f(2) + g()u) < s(u,y). (3.17)

Furthermore, a special case of the above result of Theorem 3.1.4 is for finite-gain systems
(see [157, 234, 268] for a definition). For this class of nonlinear systems we set Q = —1I,
S =0 and R = 21, where the scalar v > 0 is the gain of the system. Then (3.13) becomes

bo(@)f(@) = —hT(@)h(x) - 17 (@)l(x)
W (@)g(e) = —hT(@)d(e) - 7 ()W () (3.18)
VL= d(2)dx) = W (@)W ()

which is the generalization of the Bounded-real lemma for linear systems [30]. This condition
gives necessary and sufficient condition for the nonlinear system 3 to have finite Lo-gain <
~v. We shall discuss this issue in Chapter 5, and the reader is also referred to [135] for
additional discussion.

The following corollary is immediate from the theorem.

Corollary 3.1.1 If the system X% is dissipative with respect to the quadratic supply-rate
defined in Theorem 3.1.4 and under the same hypotheses as in the theorem, then there exists
a real positive-semidefinite function 1(.), ¥(0) = 0 such that

d
WL ey + Wl ) + W] + s(u.y). (3.19)
Example 3.1.1 [27/]. Consider the model of an elastic system (or a capacitive network)

defined by the state-space equations

where x € R, u € RP, g : K™ — R™ is Lipschitz and all the variables have their previous
meanings. The problem is to derive conditions under which the above system is dissipative
with respect to the supply-rate s(u,y) = uTy.

Assuming the storage-function for the system is C? (by the Lipschitz assumption on
g), then applying the results of Theorem 3.1.4 and Remark 3.1.8, we have the dissipation-
inequality

Ve (z)u <ulg(r) YueR*, xR

Then, clearly the above inequality will only hold if and only if g(x) is the gradient of a scalar
function. This implies that
9gi(x) _ Og;(x)

= Vi, j=1,... 3.20
3:1:]- aIZ [2W) ’ , M ( )

and the storage-function can be expressed explicitly and uniquely as

vie) = | " (0)do.

0
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Example 3.1.2 [27/]. Consider the previous example with a damping term introduced in
the output function which can be described by the equations:

=u, y=g1(x)+ga(u); g2(0)=0,

where x € R", u € ", g1 : R = R, go : ™ — R™ is Lipschitz. Then if we again assume
1 € C?, we have the dissipation-inequality

Yo(2)u < ul(gi(x) + g2(u)) Yu € RP,z € R".

Thus, the system is dissipative as in the previous example if and only if the condition (3.20)
holds for g = g1 and in addition, u” go(u) > 0. The dissipation-rate &(z,u) is also unique
and is given by 6(z,u) = u’ ga(u).

3.1.1 Stability of Continuous-Time Dissipative Systems

In the previous two sections we have defined the concept of dissipativity of general nonlinear
systems ¥ and specialized it to affine systems of the form 3*. We have also derived necessary
and sufficient conditions for the system to be dissipative with respect to some supply-rate. In
this section, and motivated by the results in [273], we discuss the implications of dissipativity
on stability of the system, i.e., if the system is dissipative with respect to a supply-rate s(u, y)
and some storage-function ¢, under what condition can v be a Lyapunov-function for the
system, and hence guarantee its stability?

Consequently, we would like to first investigate under what conditions is ¥ positive-
definite, i.e., (z) > 0 for all  # 0?7 We begin with the following definition.

Definition 3.1.8 The system (3.12) is said to be locally zero-state observable in N C X
containing x = 0, if for any trajectory of the system starting at xy € N and such that
u(t) =0, y(t) =0 for all t > to, implies x(t) = 0.

We now show that, if the system X is dissipative with respect to the quadratic supply-rate
s1(.,.) and zero-state observable, then the following lemma guarantees that (.) > 0 for all
reX, x#0.

Lemma 3.1.1 If the system ¢ is dissipative with a C' storage-function with respect to
the quadratic supply-rate, s(u,y) = y* Qy+ 2y* Su+u” Ru, and zero-state observable, then
all solutions of (3.18) are such that ¥(.) > 0 for all x # 0, i.e., ¥ is positive-definite.

Proof: ¢(z) > ¢s(x) > 0 Vo € X has already been established in Theorem 3.1.1. In
addition, ¥, (x) = 0 implies from (3.14) that w = 0, y = 0. This by zero-state observability
implies x = 0. OJ

We now have the following main stability theorem.

Theorem 3.1.5 Suppose % is locally dissipative with a C' storage-function with respect
to the quadratic supply-rate given in Lemma 3.1.1, and is locally zero-state observable. Then
the free system X% with w = 0, i.e., & = f(x) is locally stable in the sense of Lyapunov if
Q <0, and locally asymptotically-stable if Q < 0.

Proof: By Lemma 3.1.1 and Corollary 3.1.1, there exists a locally positive-definite function
¥(.) such that

%(tx) = —1T(@)l(z) + " (x)QNh(x) <0

along the trajectories of @ = f(z) for all x € N C X. Thus & = f(z) is stable for Q <0
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g Hy

y H, u

FIGURE 3.1
Feedback-Interconnection of Dissipative Systems

and locally asymptotically-stable if @@ < 0 by Lyapunov’s theorem, Theorem 1.3.1 (see also
[157, 268]). O

Remark 3.1.9 The above theorem implies that a finite-gain system (see [157, 234, 268] for
a definition) which is dissipative with a C* storage-function with respect to the supply-rate
sa(u,y) = y2uTu — yTy (for which we can choose Q = —I, S =0, R = %I in s1(.,.)) if
zero-state observable, is locally asymptotically-stable. Moreover, local stability in the theorem
can be replaced by global stability by imposing global observability.

3.1.2 Stability of Continuous-Time Dissipative Feedback-Systems

In this subsection we continue with the discussion in the previous section on the implications
of dissipativity on the stability of feedback systems. We consider the feedback connection
shown in Figure 3.1, where H;y : u; — y1, H2 : us — ys are the input-output maps of the
subsystems whose state-space realizations are given by

L d = filz) + gi(wi)ug, f:(0) =0
. { vi = hi(x) + di(z)u;, hi(0) =0 (3.21)

i = 1,2, where ey, e are external commands or disturbances, and all the other variables have
their usual meanings. Moreover, for the feedback-system to be well defined, it is necessary
that (I + da(22)di(x1)) be nonsingular for all zq, xa.

Now assuming the two subsystems H;, Ho are dissipative, then the following theorem
gives a condition under which the feedback-system is stable.

Theorem 3.1.6 Suppose the subsystems Hy, Hy are zero-state observable and dissipative
with respect to the quadratic supply-rates s;(u;,y;) = y> Qi + 2yl Siu; +ul Riu;, i = 1,2.
Then the feedback-system (Figure 3.1) is stable (asymptotically-stable) if the matriz

Q1+ ARy  —S; + AST

Q=] ST 4AS  Ri+2Q (8:22)

is negative-semidefinite (negative-definite) for some A > 0.

Proof: Consider as a Lyapunov-function candidate the linear combination of the storage-
functions for Hy and Hs:

V(ajl’ 372) = '@[}1(-751) + )\1/12(332).

Since Hy, H, are dissipative and zero-state observable, by Corollary 3.1.1, there exist real
functions ¥;(.) > 0, ¥;(0) = 0, L;(.), Wi(.), i = 1,2 such that

T —[li(2) + Wi(2)u]" [li(z) + Wiz)u] + si(ui,yi), i=1,2.




Theory of Dissipative Systems 53

FIGURE 3.2
Feedback-Interconnection of Dissipative Systems

Setting e; = ea = 0, u; = —yo, us = y1, and differentiating V'(.,.) along a trajectory of the
feedback-system we get

dV(l‘l, 3?2)

7 < sq(ur,y1) + Asa(uz, y2) = [y] ¥2]Q { i } :
Y2

The result now follows from standard Lyapunov argument. [J

Corollary 3.1.2 Take the same assumptions as in Theorem 3.1.6, and suppose Q <0,
S1 = AST. Then the feedback-system (Figure 3.1) is asymptotically-stable if either of the
following conditions hold:

(1) the matriz (Q1 + A\R2) is nonsingular and the composite system Hy(—Hs) is zero-state
observable;

(ii) the matriz (R1 + AQ2) is nonsingular and the composite system HaHy is zero-state
observable.

Proof: (i) If Q < 0, then V(z1,z2) < 0 with equality only if 41 = 0. Thus, if (Q1 + AR,)
is nonsingular and H; (—Ha) is zero-state observable, then y;(t) = 0 implies that x4 (t) =
x2(t) = 0 and asymptotic stability follows from LaSalle’s invariance-principle. Case (ii) also
follows using similar arguments. [

The results of the previous theorem can also be extended to the case where Hs is a
memoryless nonlinearity, known as the Luré problem in the literature as shown in Figure
3.2. Assume in this case that the subsystem Hs is defined by the input-output relation

Hy @y = Pp(uz)

where ¢ : U — Y is an unknown memoryless nonlinearity, but is such that the feedback-
interconnection is well defined, while H; is assumed to have still the representation (3.21).
Assume in addition that H; is dissipative with respect to the quadratic supply-rate

s1(u1,y1) = yi Qiyr + 2yf S1ur + uf Riug (3.23)
and Hs is dissipative in the sense that
sa(Ua, y2) = ya Qay2 + 2y3 Saus + ul Rous >0 Vus, (3.24)

then the feedback-system in Figure 3.2 will be stable (asymptotically-stable) as in Theorem
3.1.6 and Corollary 3.1.2 with some additional constraints on the nonlinearity ¢(.). The
following result is a generalized version of the Luré problem.

Theorem 3.1.7 Suppose dy(x1) =0 for the subsystem Hy in Figure 3.2, the subsystem is
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zero-state observable and dissipative with a C' storage-function with respect to the quadratic
supply-rate s1(.,.) (3.23). Let ¢(.) satisfy

(1) the condition (3.24); and
(i) Z{o(u)} = {o(u)}.

Then, the feedback-system (Figure 3.2) is stable (asymptotically-stable) if Q<0(Q<0),
where Q) s as given in equation (3.22).

Proof: Consider the Lyapunov-function candidate
V(z1,22) = P1(1) + Mp2(22), A>0

where z9 is a fictitious state and t1(.), ¥2(.) are C!'-functions. Taking the time-derivative
of V(.,.) along the trajectories of the feedback-system and by Corollary 3.1.1,

V(zy,2) < s1(ut,y1) + Asa(uz,y2), A>0.

Finally, setting e; = e2 =0, us = y1 and u; = —¢(y1), we get

Ve <bf 10| ¥ |.

The result now follows as in Theorem 3.1.6 and using standard Lyapunov arguments. [

Remark 3.1.10 Condition (i) in the theorem above ensures that ¢ is the gradient of a
scalar function.

Notice also that the conditions on Q are the same as in Theorem 3.1.6. Similarly, the
following corollary is the counterpart of corollary 3.1.2 for the memoryless nonlinearity.

Corollary 3.1.3 Take the same assumptions as in Theorem 3.1.7 above, suppose Q <0,
S1 = AST. Then the feedback (Figure 3.2) is asymptotically-stable if either one of the
following conditions holds:

(1) the matriz Q1 + ARz is nonsingular and ¢(0) = 0; or
(ii) the matriz Ry 4+ \Q2 is nonsingular and ¢(o) = 0 implies o = 0.
Proof: The proof follows using the same arguments as in Corollary 3.1.2. J

Remark 3.1.11 Other interesting corollaries of Theorem 3.1.7 could be drawn for different
configurations of the subsystems Hy and Hs including the case of a time-varying nonlinearity
¢(t,x). In this case, the corresponding assumption of uniform zero-state observability will
then be required.

3.2 L[,-Gain Analysis for Continuous-Time Dissipative Systems

In this section, we discuss the relationship between the dissipativeness of a system and its
finite Lo-gain stability. Again we consider the affine nonlinear system X¢ defined by the
state equations (3.12). We then have the following definition.
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Definition 3.2.1 The nonlinear system X% is said to have locally Lo-gain < v > 0, in
N C X, if

T T
[|@@WﬁsW{[|wmwﬁ+ﬂ@@ (3.25)

for all T > to, xg € N, u € Lafto, T], y(t) = h(x(t,to, o, w)) + d(z(t, to, xo, u))u, t € [to,T],
and for some function S : N — R, 5(0) = 0 [268]. Moreover, the system is said to have
Lo-gain <v>0if N=2X.

Without any loss of generality, we can take typ = 0 in the above definition henceforth. We
now have the following important theorem which is also known as the Bounded-real lemma
for continuous-time nonlinear systems.

Theorem 3.2.1 Consider the system X% and suppose d(x) = 0. Let v > 0 be given, then
we have the following list of implications: (a) — (b) <> (¢) — (d), where:

(a) There exists a smooth solution V : X — Ry of the Hamilton-Jacobi equation (HJE):

1

§;5wxmnmeTcwvikx>+—§hT@»hm»=:a VO)=0.  (3.26)

Va(a) f(x) +

(b) There exists a smooth solution V' > 0 of the Hamilton-Jacobi inequality (HJI):

1

WVm(m)g(m)gT(m)VmT(x) + %hT(m)h(x) <0, V(0)=0. (3.27)

Ve(2)f(z) +
(c) There exists a smooth solution V' > 0 of the dissipation-inequality

V(o) () + Va@)g()u < 57l = Syl V(0)=0 (3.28)

for all w € U, with y = h(x).
(d) The system has L* — gain < .

Conversely, suppose (d) holds, and the system is reachable from {0}, then the available-
storage V, and required-supply V;. defined by

T
Valz) = — inf / ()l = lly@®)]1*)dt (3.29)
xo =x,u € L2(0,T), Jo
T>0
0
Vi(z) = inf / (llu@®* = lly@)]1*)dt (3.30)
Ty =T,U € Ez(tfl,()), t_1

t_1 Z 0733‘(15_1) =0
respectively, are well defined functions for all x € X. Moreover they satisfy
0< Vo<V <V, Vo(0)=V(0)=V,(0) =0, (3.31)

for any solution V' of (3.26), (3.27), (3.28). Further, the functions V,, V,. are also storage-
functions and satisfy the integral dissipation-inequality

V(b)) - Viatto) < 5 [ (PO - )Pt (3:2)
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for allty >ty and all u € Lao(to, t1), where x(t1) = x(t1,to, xo,w). In addition, if V, and V,
are smooth, then they satisfy the HIE (3.26).

Proof: (Sketch) (a) — (b) is easy. For (b) <+ (¢): Let V satisfy (3.27), then by completing
the squares we can rewrite (3.27) [264] as

L o

1 1 1
Vala)f(w) + Va@ha(a)u < 59l = Gyl — ol — 50"V )

from which (3.28) follows. Conversely, let V satisfy (3.28). Then again by completing the
squares, we can write (3.28) as

V(@) f(2) + lyl* < 572 ]lu— %QT(JC)VE(I)IF - L Va@)g@)y” @)V @)

2~2

DN | =

for all w € YU = RP. In particular, for u = %gT(a:)VmT(as), we get (3.27).

(¢) — (d): By integrating (3.28) from to to some T' > to we get the dissipation-inequality
(3.32). Since V' > 0 the latter implies £2-gain < . Finally, the fact that V, and V,. satisfy
the dissipation-inequality (3.28) and are well defined has already been proved in Theorems
3.1.1 and 3.1.2 respectively. Notice also that sup —(.) = —inf(.). If in addition, V,, V, are
smooth, then by the dynamic-programming principle, they satisfy the HJE (3.26). O

The implications of dissipativeness and finite L£o-gain on asymptotic-stability are sum-
marized in the following theorem.

Theorem 3.2.2 Assume the system L is zero-state observable, d(x) = 0, and there is a
smooth solution V>0 of (3.26), or (3.27), or (3.28). Then, V > 0 for all x # {0} and the
free-system & = f(x) is locally asymptotically-stable. If however V is proper, i.e., for each
¢ > 0 the level set {x € X |0 <V < ¢} is compact, then the free-system & = f(x) is globally
asymptotically-stable.

Proof: If ¢ is zero-state observable then any V' > 0 satisfying (3.28) is such that V' >
Va(z) > 0Vx # 0 by Lemma 3.1.1 and Theorem 3.1.1. Then for u(¢f) = 0 (3.28) implies
Vof < —3||h]|?, and local (global) asymptotic-stability follows by LaSalle’s invariance-
principle (Theorem 1.3.3). O

Remark 3.2.1 More general results about the relationship between finite LP-gain and dis-
sipativity on the one hand and asymptotic-stability on the other hand, can be found in
reference [132].

3.3 Continuous-Time Passive Systems

Passive systems are a class of dissipative systems which are dissipative with respect to
the supply-rate s(u,y) = (u,y). Passivity plays an important role in the analysis and syn-
thesis of networks and systems. The concept of passivity also arises naturally in many
areas of science and engineering. Positive-realness which corresponds to passivity for linear
time-invariant dynamical systems, proved to be very essential in the development of major
control systems results, particularly in adaptive control; positive-realness guarantees the
stability of adaptive control systems. The practical significance of positive-real systems is
that they represent energy dissipative systems, such as large space structures with colocated
rate sensors and actuators. They are both input-output stable, and stable in the sense of
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Lyapunov. Furthermore, a negative feedback interconnection of two positive-real systems is
always internally stable.

In this section, we study passive systems and their properties. We present the results for
the general nonlinear case first, and then specialize them to linear systems. We begin with
the following formal definition.

Definition 3.3.1 The nonlinear system X% is said to be passive if it is dissipative with
respect to the supply-rate s(u,y) = y*u and there exists a storage-function ¥ : X — R such
that W(0) = 0. Hence, for a passive system, the storage-function satisfies

U(x1) — ¥(z0) < /tl yTudt, ¥(0)=0 (3.33)

to

forany ty >ty and 1 = z(t1) € X.

Remark 3.3.1 If we set u = 0 in equation (3.33), we see that U(.) is decreasing along
any trajectory of the free-system L%(u = 0) : @ = f(x). Hence, if X% is passive with a
positive-definite storage-function U(.), then it is stable in the sense of Lyapunov. In fact,
if U(.) is C' and positive-definite, then differentiating it along any trajectory of the system
will yield the same conclusion. However, W(.) may not necessarily be C*. Similarly, setting
y =0 in (3.33) will also imply that U is decreasing along any trajectory of the “clamped
system” X%y = 0) : & = f(x)+g(x)u. The dynamics of this resulting system is the internal
dynamics of the system X% and is known as its zero-dynamics. Consequently, it implies that
a passive system with positive-definite storage-function has a Lyapunov-stable zero-dynamics
or is weakly minimum-phase [234, 268].

Remark 3.3.2 A passive system is also said to be strictly-passive if the strict inequality
holds in (3.33), or equivalently, there exists a positive-definite function Z : X — Ry such
that for all w e U, xg € X, t1 > 1o,

\I/(:El)—\ll(xo):/lyTudt—/lE(x(t))dt

to to

where x1 = x(t1).
The following theorem is the equivalent of Theorem 3.1.4 for passive systems.

Theorem 3.3.1 A necessary and sufficient condition for the system X% to be passive is
that there exists a C'-positive-semidefinite storage-function ¢ : X — R, ¥(0) = 0, and
CO-functions 1 : X — R4, W : X — RI¥™ satisfying

Vo(@)f(z) = —1"(2)l(z)
s¥a(@)g(x) = hT(x) — 1T (2)W(2) (3.34)
dz) +d"(z) = WT(2)W(x)

for all x € X. Moreover, if d(.) is constant, then W may be constant too.
Proof: The proof follows along similar lines as Theorem 3.1.4. [J
Example 3.3.1 [181]. Consider the second-order system

¥+ a(x)i+ p(x) =u
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where v € R, o, B : R — R are locally Lipschitz, v € R is the input to the system. This
model represents many second-order systems including the Van-der-Pol equation. Letting
xy =w, 3 =&, F(x):= [, a(o)do, the system can be represented in state-space as

i’l = 7F(£L‘1) —+ X9 (335)
Ty = —5(3?1) + u. (336)

Suppose also the output of the system is defined by
y=axy —bF(x1), 0<b<aeR.

For convenience, define also G(x) := fox B(o)do. Then it can be checked using the conditions
(3.34), that for a = % and b =0, the system is passive with storage-function

1, .
Ui(z) = 5 (@1 + F(@1))” + Gla1)
if
G(x1) >0, and B(x1)F(x1) > 0.
And for a =b= %, if
G(x1) >0, a(x1) >0
with storage-function

1

In the case of the linear time-invariant (LTI) system:

oL :{ ¢ = Az+ Bu (3.37)

y Cz + Du

where A € R B € "™ C € R™*" and D € R™*™  the system is passive with
storage-function ¥ (z) = 227 Pz, for some matrix P = PT > 0. The conditions (3.34)
reduce to the following matrix equations [30, 31] also known as the positive-real lemma

ATp4+PA = -—-LTL
PB = CcT-LTw (3.38)
D+DT = w'w

for some constant matrices L, W of appropriate dimensions. Furthermore, the available-
storage and required-supply may be evaluated by setting up the infinite-horizon variational
problems:

t1
V(o) = = Jiminf [ Gule)pe)in, subect to £, 2(0) = a0
0
U, (xg) = , IILHEOO 116125/ (u(t),y(t))dt, subject to X', x(t_1) =0,
— u t1

x(0) = xp.

Such infinite-horizon least-squares optimal control problems have been studied in Willems
[272] including the fact that because of the nature of the cost function, the optimization
problem may be singular. This is especially so whenever D + D7 is singular. However, if
we assume that D 4+ D7 is nonsingular, then the problem reduces to a standard optimal
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control problem which may be solved by finding a suitable solution to the algebraic-Riccati
equation (ARE):

PA+ATP 4+ (PB-CT) D+ D" ' (BTP-C)=0. (3.39)

The following lemma, which is an intermediate result, gives a necessary and sufficient con-
dition for X! to be passive in terms of the solution to the ARE (3.39).

Lemma 3.3.1 Assume (A, B,C, D) is a minimal realization for X' and D+ DT is nonsin-
gular. Then the ARE (3.39) has a real symmetric positive-semidefinite solution if and only if
Yl is passive. In this case, there exists a unique real symmetric solution P~ to the ARE such
that A= = A+ B(D + DT)"Y(BTP~ —C) has Re \;(A™) <0,i=1,...,n and similarly a
unique real symmetric solution P+ to the ARE such that At = A+B(D+D*)~1(BTPT-C)
has Re \;(AT) >0,i=1,...,n. Moreover, P~ < P < PT.

Proof: The proof of the lemma is lengthy but can be found in [272] (see Lemma 2). O

Remark 3.3.3 If we remove the assumption D + D™ is nonsingular in the above lemma,
then the problem becomes singular and the proof of the lemma becomes more complicated;
nevertheless it can be tackled using a limiting process (see reference [272]).

The following theorem then gives estimates of the available-storage and required-supply.

Theorem 3.3.2 Suppose (A, B, C, D) is a minimal-realization of X' which is passive. Then
the solutions P* and P~ of the ARFE (3.39) given in Lemma 3.3.1 and Remark 3.3.3 are well
defined, and the available-storage and the required-supply are given by V,(x) = %xTP_x
and ¥,(x) = %mTP+a: respectively. Moreover, there exist € > 0 and a number ¢ > 0 such
that e||z||* < U, (z) < V(z) < U,.(2) < cf|z]?.

Proof: Again the proof of the above theorem is lengthy but can be found in [274]. O

The conditions (3.38) of Theorem 3.3.1 for the linear system X! can also be restated in
terms of matrix inequalities and related to the solutions P~ and P* of the ARE (3.39) in
the following theorem.

Theorem 3.3.3 Suppose (A, B,C, D) is a minimal-realization of X'. Then the matriz in-
equalities

ATP+PA PB-CT

Bp_¢ _p_pr |0 P=P'z0 (3.40)

have a solution if, and only if, X! is passive. Moreover, ¥(x) = %ITPI is a quadratic
storage-function for the system, and the solutions P~ and PT of (3.39) also satisfy (3.40)
such that 0 < P~ < P < P,

Proof: Differentiating ¥(z) = £z Pz along the solutions of & = Az + Bu, gives
. 1
U(z) = ixT(ATP + PA)x +uT BT Pa.

Substituting this in the dissipation-inequality (3.33) for the system %! implies that ¥(z) =
%:L’TP must satisfy the inequality

1
gzz:T(ATP + PA)z +u" BT Pz — 27CTu — T Du <0,
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which is equivalent to the inequality (3.40). Finally, if (A4, B, C, D) is minimal and passive,
then by Theorem 3.3.2, P~ and P* exist such that

1 1 1
EITP_I =U,(z) <TU(z) = gzz:TPx < §£ETP+£L‘ =V, (x). O

Remark 3.3.4 A frequency-domain criteria for passivity (positive-realness) in terms of the
transfer-function G(s) = D + C(sI — A)~'B also exists [30, 31, 274].

Definition 3.3.2 A passive system X% is lossless if there exists a storage-function W : X —

R, ¥(0) =0 such that for allu e U, xg € X, t1 > to,

ty

U(xy) — U(xg) = / yludt, (3.41)
to

where 1 = x(t1,to, To, ).

In the case of the linear system %!, we can state the following theorem for losslessness.

Theorem 3.3.4 Assume (A, B,C, D) is a minimal-realization of X'. Then X! is lossless if
and only if there exists a unique solution P = PT > 0 of the system

ATPp+PA = 0
PB = CT (3.42)
D+DT = 0.

Moreover, if P exists, then P = PT = P~ and defines a unique storage-function ¥(x) =
1,.T
527 Px.

Proof: Proof follows from Theorem 3.3.1 and the system (3.38) by setting L = 0, W = 0.
O

A class of dissipative systems that are closely related and often referred to as passive
systems is called positive-real.

Definition 3.3.3 The system %% is said to be positive-real if for all w € U, t1 > 1o,

ty
/ yTu dt >0

to

whenever xo = 0.

Remark 3.3.5 A dissipative system X% with respect to the supply-rate s(u,y) = uly is
positive-real if and only if its available-storage satisfies ¥,(0) = 0. Consequently, a passive
system is positive-real, and conversely, a positive-real system with a C° available-storage in
which any state is reachable from the origin x = 0, is passive.

Linear positive-real systems satisfy a celebrated property called the Kalman-
Yacubovitch-Popov (KYP) lemma [268]. A nonlinear version of this lemma can also be
stated.

Definition 3.3.4 A passive system X with d(x) = 0 is said to have the KYP property if
there exists a Ct storage-function U : X — R, ¥(0) = 0 such that

Vy(x)f(z) < 0
U (z)g(z) = hT(x).} (3.43)
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Remark 3.3.6 The above relations (5.43) are nothing more than a restatement of the
conditions (3.34) which are also the differential or infinitesimal version of the dissipation-
inequality (3.33). Similarly, for a lossless system with C1 storage-function we have ¥, f (z) =
0 and for a strictly-passive system with C* storage-function, W, f(x) = —Z(z) < 0. Thus, a
strictly passive system with a positive-definite storage-function has an asymptotically-stable
equilibrium-point at the origin x = 0.

Remark 3.3.7 It follows from the above and as can be easily shown, that a system ¢
which has the KYP property is passive with storage-function ¥(.), and conversely, a passive
system with a C' storage-function has the KYP property.

Remark 3.3.8 For the case of the linear system

S :{ & = Ax+ Bu

y — Co (3.44)

which is passive with the C? storage-function W¥(x) = %ITPI, P =P >0, the KYP
equations (8.43) yield
ATP+PA=-Q
BTp=C"
for some matriz @ > 0.

The following corollary is the main stability result for passive systems. Additional results
on passive systems could also be obtained by specializing most of the results in the previous
section for the quadratic supply-rate to passive systems, in which Q@ = R =0 and S = I.

Corollary 3.3.1 A passive system of the form X% with v = 0 is stable.

Proof: Follows from Theorem 3.1.5 by taking @ = R =0, S =1 in s1(.,.) to get
d
qfl(g;@ = 1T (2)i(z).

The rest follows from a Lyapunov argument and the fact that [(.) is arbitrary. O
We consider the following example to illustrate the ideas.

Example 3.3.2 [202]. Consider the second-order system described by the equation
Italx)+p6(E)=u, y==t

where x € N, a, f: R — RN are locally Lipschitz, u € RN is the input to the system, and y € R
is the output of the system. In addition

a(0) =0, za(z) >0, B(0)=0, 28(z) >0 Vz#0, z € (—a,a) € R.

Letting x1 = x, xo = &, we can represent the model above in state-space as

j?l = X9
to = —axr)— PBla2) +u
Yy = Z2.

Then it can be checked that the system is passive and satisfies the KYP conditions with the
storage-function:

V(z) :/ a(s)ds + lzg
0 2

Next, we discuss the problem of rendering the nonlinear system 3¢, which may not be
passive, to a passive system using feedback.
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3.4 Feedback-Equivalence to a Passive Continuous-Time Nonlinear
System

In this section, we discuss the problem of feedback-equivalence to a passive nonlinear system,
i.e., how a nonlinear system can be rendered passive using static state-feedback control.
Because passive systems represent a class of systems for which feedback analysis and design
is comparatively simpler, more intuitive and better understood, the problem of feedback-
equivalence to a passive nonlinear system is a less stringent yet very appealing version of
the problem of feedback linearization. Graciously, this objective is achievable under some
mild regularity assumption. We shall be considering the following smooth affine nonlinear
system defined on the state-space manifold X C R" in coordinates z = (z1,...,z,) with
no feedthrough term:

o [ = flz)+g(@)u
2 .{y — g (3.45)

where z € X, g : X = M™™(X), h: X — R™, ie., 2% is square, and all the variables
have their usual meanings. We begin with the following definitions (see also the references
[234, 268] for further details).

Definition 3.4.1 The nonlinear system X% is said to have wvector relative-degree

{r1,...,rm} in a neighborhood O of x =0 if

LgiL’}hi(x) =0, forall 0<k<r;,—2,i=1,...,m (3.46)
and the matrix
Lo, L7 Yhy ... Ly, L7 'hy
AT (z) = : - : (3.47)
Lo, Ly Yhey oo Ly, L hiy

is nonsingular for all x € O, where,

Lep = %f = (Voo (x)TE, for any vector field € : X — V=(X), ¢: X = R,

is the Lie-derivative of ¢ in the direction of &.

Remark 3.4.1 Thus, the system X% has vector relative-degree {1,...,1} in O if the matriz
Al(z) = Lyh(x) is nonsingular for all z in O.

Definition 3.4.2 If the system X% has relative-degree v = r1 + ... + 1, < n, then it can
be represented in the normal-form by choosing new coordinates as

d = hy, j=1,....m (3.48)
¢ = Li'h, i=2,...m, j=2,...,m. (3.49)

Then the r-differentials
dL}hi, §=0,....ri—1, i=1,....m,

are linearly independent. They can be completed into a basis, if the distribution {g1,...,gm}
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is involutive, by choosing an additional n — r linearly independent real-valued functions
My My locally defined in a neighborhood of x = 0 and vanishing at x = 0 such that, in
this new coordinate the system is represented in the following normal-form

o= cn0)
¢ = bmn¢) +alnOu (3.50)
y = ¢, q”

for some functions c(.,.), b(.,.) and a(.,.) which are related to f, g, h by the diffeomorphism
O :x— (¢,n) and a(C,n) is nonsingular in the neighborhood of (n,¢) = (0,0).

Definition 3.4.3 The zero-dynamics of the system %% is the dynamics of the system de-
scribed by the condition y = ¢ =0 in (3.50), and is given by

Xgx 1 n=c"(n,0). (3.51)
Moreover, it evolves on the (n — r)-dimensional submanifold
Zr={xe€0 : y=0}

Remark 3.4.2 If the system X% has vector relative-degree {1,...,1}, in a neighborhood O
of x =0, then r = m and the zero-dynamics manifold has dimension n —m.

In the x coordinates, the zero-dynamics can be described by the system
Y% @ = f"(x), zeZ* (3.52)

where

fr(@) = (f(x) + g(z)u”)

Z*

with
u* = —[Lyh(x)] ' Lih(z).

We have already defined in Remark 3.3.1 a minimum-phase system as having an
asymptotically-stable zero-dynamics. We further expand on this definition to include the
following.

Definition 3.4.4 The system X% is said to be locally weakly minimum-phase if its zero-
dynamics is stable about n = 0, i.e., there exists a C", i > 2 positive-definite function W (n)
locally defined around n =0, with W(0) = 0 such that L.-W <0 for all n around n = 0.

The passivity of the system X* also has implications on its vector relative-degree. The
following theorem goes to show that if the system is passive with a C? storage-function,
then it will necessarily have a nonzero vector relative-degree at any regular point (a point
where rank(Lgyh(zx)) is constant).

In the sequel we shall assume without any loss of generality that rank{g(0)} =
rank{dh(0)} = m.

Theorem 3.4.1 Suppose X is passive with a C? positive-definite storage-function, and let
the origin x = 0 be a regular point for the system. Then L,h(0) is nonsingular and the
system has vector relative-degree {1,...,1} locally at x = 0.

Proof: The reader is referred to [77] for the proof. O

Remark 3.4.3 A number of interesting corollaries of the theorem can also be drawn. In
particular, it can be shown that if either the storage-function is nondegenerate at © = 0
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(i.e., the Hessian matriz of V is nonsingular at x = 0) or x = 0 is a regular point of the
system L%, then the system necessarily has a vector relative-degree {1,...,1} about x =0
and is locally weakly minimum-phase.

The main result of this section is how to render a nonpassive system X% into a passive one
using a regular static state-feedback of the form

u=a(z) + Bx)v, (3.53)

where a(x) and B(x) are smooth functions defined locally around z = 0, with S(x) nonsin-
gular for all  in this neighborhood. The necessary conditions to achieve this, are that the
system is locally weakly minimum-phase and has vector relative-degree {1,...,1}. More-
over, these two properties are also invariant under static-feedback of the form (3.53), and it
turns out that these two conditions are indeed also sufficient for “local feedback-equivalence
to a passive system.” We summarize the result in the following theorem.

Theorem 3.4.2 Suppose x = 0 is a regular point for the system 3. Then X% is locally
feedback-equivalent to a passive system with a C? storage-function if, and only if, it has
vector relative-degree {1,...,1} at = 0 and is weakly minimum-phase.

Proof: Choose as new state variables the outputs of the system y = h(x) and complete
them with the n — m functions 1 = ¢(z) to form a basis, so that in the new coordinates,
the system X is represented as

o= cmy)+dn,yu
y = b(n,y)+aln,yu

for some smooth functions af(., ), b(.,.), ¢(., .) and d(., .) of appropriate dimensions, with a(., .)
nonsingular for all (7, y) in the neighborhood of (0,0). Now apply the feedback-control

w=a""(n,y)[~b(n,y) + v,

where v is an auxiliary input. Then the closed-loop system becomes

n o= 0(ny) +9nyv
y = .

Notice that, in the above transformation, the zero-dynamics of the system is now contained
in the dynamics of the first equation 7). Finally, apply the following change of variables
z=n—"9(n0)y

to get the resulting system

i = f*(Z)+P(Z7y)y+<Zqi(z,y)yz-)v (3.54)

=1

g o= v (3.55)

where f*(z) is the zero-dynamics vector-field expressed in the z coordinate, and P(z,y),
qi(z,y),i = 1,...,m are matrices of appropriate dimensions. Now, if ¥ is locally weakly
minimum-phase at z = 0, then there exists a positive-definite C? Lyapunov-function W*(z),
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W*(0) = 0, such that LpW*(2z) <0 for all z in the neighborhood of z = 0. Consequently,
define the matrix

Loy (zapW™(2)
Qz,y) = : : (3.56)
Ly zyW™(2)
Then, Q(0,y) = 0 and
v = [I + Q(Zvy)]_l[_(LP(z,y)W*(Z))T + w]

is well defined in a neighborhood of (0,0). The resulting closed-loop system (3.54),(3.55)
with this auxiliary control is of the form

HE TR (3.7

where f(z,y) and g(z,y) are suitable matrices of appropriate dimension. Finally, consider
the positive-definite C? storage-function candidate for the closed-loop system

X 1
V(z,y)=W*(2)+=y"y.

2
Taking the time-derivative of V(.,.) along the trajectories of (3.57) yields
V(z,y) = LiV(zy)+ LgV(zp)w=LpW*(2) +y" [(LpeyW*(2)" +

Q(z,y)v] +yTv
= LpW2)+y w <y w

Thus, the closed-loop system is passive with the C? storage-function V(.,.) as desired. [J

Remark 3.4.4 For the linear system

5 :{ & = Axz+ Bu

Y — Co. (3.58)

if rank(B) = m, then x = 0 is always a regular point and a normal-form can be defined for
the system. It follows then from the result of the theorem that ¥ is feedback-equivalent to a
passive linear system with a positive-definite storage-function V(x) = %:L‘TPI if, and only
if, CB is nonsingular and X! is weakly minimum-phase.

Remark 3.4.5 A global version of the above theorem also exists. It is easily seen that, if all
the local assumptions on the system are replaced by their global versions, i.e., if there exists
a global normal-form for the system and it is globally weakly minimum-phase (or globally
minimum-phase[77]), then it will be globally feedback-equivalent to a passive system with a
C? storage-function which is positive-definite. Furthermore, a synthesis procedure for the
linear case is given in [233, 254].

3.5 Dissipativity and Passive Properties of Discrete-Time
Nonlinear Systems

In this section, we discuss the discrete-time counterparts of the previous sections. For this
purpose, we again consider a discrete-time nonlinear state-space system defined on X C R”
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containing the origin = {0} in coordinates (z = z1,...,x,):
s . T f(@r,ug), (ko 359
{ y = h(zg, ug) (3.59)

where z;, € X is the state vector, up € U C R™ is the input function belonging to an input
space U, yr, € Y C R™ is the output function which belongs to the output space Y (i.e.,
¥4 is square). The functions f : X x U — X and h: X x U — Y are real C" functions of
their arguments such that there exists a unique solution z(k, ko, xo,ur) to the system for
any xo € X and u, € U.

Definition 3.5.1 A function s(k) = s(ux,yr) is a supply-rate to the system X if it is
locally absolutely summable, i.e., EZI:I% |s(k)| < oo for all (ko, k1) € Z x Z.

Then we have the following definition of dissipativity for the system <.

Definition 3.5.2 The nonlinear system %% is locally dissipative with respect to the supply-
rate s(ug,yx) if there exists a C° positive-semidefinite storage-function ¥ : N C X — R

such that
k1

U(zg,) = Ulak,) < D s(ur,yr) (3.60)
k=kgo

for all kv > ko, ux € U, and x(ko),x(k1) € N. The system is said to be dissipative if it is
locally dissipative for all xy,, xp, € X.

Again, we can move from the integral (or summation) version of the dissipation-inequality
(3.60) to its differential (or infinitesimal) version by differencing to get

V(wgr1) — V(wk) < s(ug, yr), (3.61)

which is the discrete-time equivalent of (3.17). Furthermore, we can equally define the
dissipation-inequality as in (3.1.3) by

k1
> s(uk,ye) >0, 2 =0 Vi > ko. (3.62)
k=ko

The available-storage and required-supply of the system X¢ can also be defined as follows:

K
U,(x) = sup - Z s(uk, yk) (3.63)
20 =x,u, €U, k=0
K>0
k=0
U () = inf Z s(uk, yr), Vk_1 <0, (3.64)
¢ =T, ok,
ur €U

where z¢ = arginf,cx ¥(x). Consequently, the equivalents of Theorems 3.1.1, 3.1.2 and
3.1.3 can be derived for the system X¢. However, of particular interest to us among discrete-
time dissipative systems, are those that are passive because of their nice properties which
are analogous to the continuous-time case. Hence, for the remainder of this section, we shall
concentrate on this class and the affine nonlinear discrete-time system:

o e = flwg) +g(zr)ur, w(ko) = z0
s { I i S i (3.65)
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where g : X = M™*™(X), d: X — ™, and all the other variables have their previous
meanings. We shall also assume for simplicity that f(0) = 0 and h(0) = 0. We proceed with
the following definition.

Definition 3.5.3 The system %9 is passive if it is dissipative with supply-rate s(uy, yi) =
yFuy and the storage-function ¥ : X — R satisfies ¥(0) = 0. Equivalently, Y4 s passive
if, and only if, there exists a positive-semidefinite storage-function ¥ satisfying

k
(k) — Wk, < Z yiug, T(0)=0 (3.66)
k=ko
for all kv > ko € Z, ui, € U, or the infinitesimal version:
U(zper) — U(ar) < yhup, ¥0)=0 (3.67)
forallky > ko € Z, u, € U.

For convenience of the presentation, we shall concentrate on the infinitesimal version of the
passivity-inequality (3.67).

Remark 3.5.1 Similarly, the discrete-time system %% is strictly-passive if the strict in-
equality in (3.66) or (3.67) is satisfied, or there exists a positive-definite function = : X —
Ry such that

U(zpi1) — U(an) < ylup —E(xg) Yup €U, Yk € Z. (3.68)

We also have the following definition of losslessness.
Definition 3.5.4 A passive system %9 with storage-function ¥, is lossless if
U(zpy1) — U(ag) = yfue Yup €Uk € Z. (3.69)

The following lemma is the discrete-time version of the nonlinear KYP lemma given in
Theorem 3.3.1 and Definition 3.3.4 for lossless systems.

Lemma 3.5.1 The nonlinear system $9% with a C? storage-function W(.) is lossless if, and
only if,

@

W) = W) (3.70)
), sogle) = W) (3.11)
@) T8 ee) = dT(@) +d() (3.72)

(ii) U(f(x) + g(z)u) is quadratic in u.

Proof: (Necessity): If X9 is lossless, then there exists a positive-semidefinite storage-
function ¥(.) such that

U(f(x) + glx)u) — U(x) = (h(x) + d(z)u) . (3.73)

Setting u = 0, we immediately get (3.70). Differentiating both sides of the above equation
(3.73) with respect to u once and twice, and setting u = 0 we also arrive at the equations
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(3.71) and (3.72), respectively. Moreover, (ii) is also obvious from (3.72).
(Sufficiency:) If (ii) holds, then there exist functions p,q,r : X — R such that

U(f(x) + g(x)u) = p(x) + q(x)u + ul'r(z)u Yuel (3.74)

where the functions p(.), ¢(.), r(.) correspond to the Taylor-series expansion of ¥(f(z) +
g(z)u) about u:

plx) = V(f(z)) (3.75)
ooy = ZIOHIDW OV (3.76)
u=0 a=f(x)
o) = TR T e @)
Therefore equation (3.74) implies by (3.70)-(3.72),
U(f(z) +g(@)u) = P(z) = (q(z)+ulr(x))u Yueld
= {7 @) + 50 (@ () + da)
= ylu Yuel.

Hence X% is lossless. O

Remark 3.5.2 In the case of the linear discrete-time system

Zdl . Tk+1 — Al‘k + BUk
’ ye = Cap+ Duy

where A, B, C' and D are matrices of appropriate dimensions. The system is lossless with
C? storage-function ¥(zy,) = 1ol Pz, P = PT and the KYP equations (3.70)-(3.72) yield:

ATPA = P
BTPA = C (3.78)
BTPB = DT+ D.

Remark 3.5.3 Notice from the above equations (3.78) that if the system matriz D = 0,
then since B # 0, it implies that C = 0. Thus X% can only be lossless if yr = 0 when D = 0.
In addition, if rank(B) = m, then X% is lossless only if P > 0.

Furthermore, DT + D > 0 and D + DT > 0 if and only if rank(B) = m [7}]. Thus,
D > 0 and hence nonsingular. This assumption is also necessary for the nonlinear system
vda e, d(x) > 0 and will consequently be adopted in the sequel.

The more general result of Lemma 3.5.1 for passive systems can also be stated.

Theorem 3.5.1 The nonlinear system X9 is passive with storage-function ¥(.) which is
positive-definite if, and only if, there exist real functions | : X — R, W : X — M I(X) of
appropriate dimensions such that

1

(@) W) = @) (3.79)
6&({;;@) 7f()g(x)+lT(x)W(m) = hT(2) (3.80)
2 o
0T(@) + d(a) - g (2) ) 0 = W), (3.51)
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Proof: The proof follows from Lemma 3.5.1. O

Remark 3.5.4 In the case of the linear system YU the equations (3.79)-(3.81) reduce to
the following wellknown conditions for L% to be positive-real:

ATPA-P = —-IL7L
ATPB+L™W = C7T
D"+D-BTPB = wWTw.

The KYP lemma above can also be specialized to discrete-time bilinear systems. Fur-
thermore, unlike for the general nonlinear case above, the assumption that U (f(x)+ g(z)u)
is quadratic in u can be removed. For this purpose, let us consider the following bilinear
state-space system defined on X' C R™:

sadbl :{ Trr1 = Axp + [B(zk) + Elug (3.82)

Y = h(.%‘]g) + d(mk)uk, h(O) =0,

where all the previously used variables and functions have their meanings, with A € R&"*",
E € ™ C e R™*™ constant matrices, while B : X — M"™*"™(X) is a smooth map
defined by

B(z) = [Byz,..., By,

where B; € %" i =1,...,m . We then have the following theorem.
Theorem 3.5.2 (KYP-lemma) The bilinear system L% is passive with a positive-definite

storage-function, ¥(x) = %xTPa:_if,_ and only if, there exists a real constant matrix L € R™*4
and a real function W : X — M"I(X) of appropriate dimensions, satisfying

ATpA-P = -L"L
e"[ATP(B(z) + E)+ L™ W(z) = h"(2)
d¥(z) + d(z) — (B(z) + E)YTP(B(z) + E) = WT(2)W(x)

for some symmetric positive-definite matrix P.

3.6 /(>-Gain Analysis for Discrete-Time Dissipative Systems

In this section, we again summarize the relationship between the ¢2-gain of a discrete-time
system and its dissipativeness, as well as the implications on its stability analogously to
the continuous-time case discussed in Section 3.2. We consider the nonlinear discrete-time
system ¢ given by the state equations (3.59). We then have the following definition.

Definition 3.6.1 The nonlinear system %% is said to have locally in N C X, finite {2-gain
less than or equal to v > 0 if for all uy, € lalko, K]

K K
D Nyl <9 Y7 lunl® + B/ (x0) (3.83)

k=ko k=ko

for all K > ko, and all xg € N, yr = h(xg,ur), k € [ko, K], and for some function
B+ X = Ro. Moreover, the system is said to have ly-gain < if N = X.
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Without any loss of generality, we can take kg = 0 in the above definition. We now have the
following important theorem which is the discrete-time equivalent of Theorems 3.2.1, 3.2.2
or the Bounded-real lemma for discrete-time nonlinear systems.

Theorem 3.6.1 Consider the discrete-time system %¢. Then %4 has finite lo-gain < =y
if ¥4 is finite-gain dissipative with supply-rate s(up,yx) = (VZ||urll®> — |yxl|?), i.e., it is
dissipative with respect to s(.,.) and v < oo. Conversely, ¥¢ is finite-gain dissipative with
supply-rate s(ug,yx) if ©¢ has la-gain < v and is reachable from z = 0.

Proof: By dissipativity (Definition 3.5.2)

K
0 < V(ex+1) < D (P lurll® = llyl®) + V(o). (3.84)
k=0
K K
= > lywll® <D llunl® + V(ao)- (3.85)
k=0 k=0

Thus, ¥¢ has locally ¢5-gain < v by Definition 3.6.1. Conversely, if ¥ has £5-gain < +, then

K
D Uwrl®) =V luell?) < B (o)
k=0
K
— Va(z) = — inf D luell® = llywll?) < B' (o) < oo,
z(0) = z,ur €U, 1—o
K>0

the available-storage, is well defined for all 2 in the reachable set of %¢ from x(0) with
uyp € fy, and for some function B’. Consequently, ¥¢ is finite-gain dissipative with some
storage-function V' > V¢ and supply-rate s(ug,y). O

The following theorem is the discrete-time counterpart of Theorems 3.2.1, 3.2.2 relating
the dissipativity of the discrete-time system (3.65), its fo-gain and its stability, which is
another version of the Bounded-real lemma.

Theorem 3.6.2 Consider the affine discrete-time system %%, Suppose there exists a C?
positive-definite function V : U — Ry defined locally in a neigborhood U of x = 0 satisfying

(H1)
oV

5.2 (0)9(0) + d"(0)d(0) = 7*I < 0;

9" (0)

(H2)

0=V(f(x) +g(x)u(x)) = V(z) + %(llh(a?) +d(@)p(@)|* = p(@)l?) (3.86)
where uw = p(x), p(0) = 0 is the unique solution of

ov

£ g(x) + o (d" ()d(x) = *I) = =T (z)d(2);

A=f()+g(x)u

(H3) the affine system (3.65) is zero-state detectable, i.e., Yrlu,—0 = h(zp) = 0 =
limy 0 7 = 0,
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then £ is locally asymptotically-stable and has l-gain < .

Proof: Consider the Hamiltonian function for (3.65) under the ¢y cost criterion J =
izolllynll® = 72 llwi?):

H(z,u) =V (f(z) + g(zx)u) = V(z) + %(Ilyll2 = 7?[lull?).

Then

0H oV

%(m, u) = B g(x) +ur (d" (x)d(x) — +2T) + hT (x)d(z) (3.87)

A=f(@)+9(@)u

and
0°H T 0%V

) =T (0) S g(a) +d" ()d(z) = 1.

A=f(z)+g(z)u
It is easy to check that the point (2°,u°) = (0,0) is a critical point of H(x,u) and the
Hessian matrix of H is negative-definite at this point by hypothesis (H1). Hence, %271;[(0, 0)
is nonsingular at (z°,u°) = (0,0). Thus, by the Implicit-function Theorem, there exists an
open neighborhood N C X of 2° = 0 and an open neighborhood U C U of u® = 0 such that
there exists a C! solution u = u(z), u: N — U, to (3.87).

Expanding H(.,.) about (2°,u°) = (0,0) using Taylor-series formula yields

(o) = (o) + 50~ ) (G5 o) + 0= o) ) (= i)

Again hypothesis H1 implies that there exists a neighborhood of 20 = 0 such that

2 2
aaTIj@’ uiw)) = g" () ?;TZ g(z) + d¥(z)d(z) — 7*I < 0.

A=f(2)+g(z)u(z)

This observation together with the hypothesis (H2) implies that u = u(x) is a local max-
imum of H(x,u), and that there exists open neighborhoods Ny of 2° and Uy of u° such
that

H(z,u) < H(z,pu(z)) =0 Vo € Ny and Yu € Uy,

or equivalently

V(f(z) + g(z)u(e)) = V(z) < 5(V?[|ull® = [[h(z) + d(z)u?). (3.88)

N

Thus, $9 is finite-gain dissipative with storage-function V' with respect to the supply-
rate s(ug, yx) and hence has ¢5-gain < 5. To show local asymptotic stability, we substitute
2 =0,u=01in (3.88) to see that the equilibrium point = = 0 is stable and V is a Lyapunov-
function for the system. Moreover, by hypothesis (H3) and LaSalle’s invariance-principle,
we conclude that x = 0 is locally asymptotically-stable with v = 0. O

Remark 3.6.1 In the case of the linear discrete-time system LU, the conditions (H1),
(H2) in the above theorem reduce to the algebraic-equation and DARE respectively:
BTPB+DTD —~*1 <0,
ATPA— P — (BTPA+DTCYY(BTPB+ DTD —~+*)"Y(BTPA+ DTC) + CTC = 0.
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3.7 Feedback-Equivalence to a Discrete-Time Lossless Nonlinear
System

In this section, we derive the discrete-time analogs of the results of Subsection 3.4; namely,
when can a discrete-time system of the form 3¢ be rendered lossless (or passive) via smooth
state-feedback? We present necessary and sufficient conditions for feedback-equivalence to
a lossless discrete-time system, and the results could also be modified to achieve feedback-
equivalence to a passive system. The results are remarkably analogous to the continuous-
time case, and the necessary conditions involve some mild regularity conditions and the
requirement of lossless zero-dynamics. The only apparent anomaly is the restriction that
d(z) be nonsingular for z in O > {0}.

We begin by extending the concepts of relative-degree and zero-dynamics to the
discerete-time case.

Definition 3.7.1 The nonlinear system %9 is said to have vector relative-degree {0, ...,0}
at x = 0 if d(0) is nonsingular. It is said to have uniform vector relative-degree {0,...,0}
if d(x) is nonsingular for all x € X.

Definition 3.7.2 If the system % has vector relative-degree {0,...,0} at x = {0}, then
there exists an open neighborhood O of x = {0} such that d(x) is nonsingular for all x € O

and hence the control
uf = —d (zp)h(zy), Yo €O

renders yr = 0 and the resulting dynamics of the system
Sdox s wpey = fH (o) = for) +g(zr)uf, Vo, € OCX (3.89)
is known as the zero-dynamics of the system. Furthermore, the n-dimensional submanifold
Z'={zxec0 :y=0, keZ}=0CX
is known as the zero-dynamics submanifold.
Remark 3.7.1 If ¥ has uniform vector relative-degree {0, ...,0}, then
Z'={zxe0 :y=0, kecZ}=0=2X.

Notice that unlike in the continuous-time case with vector relative degree {1,...,1} in which
the zero-dynamics evolves on an n — m-dimensional submanifold, for the discrete-time sys-
tem, the zero-dynamics evolves on an n-dimensional submanifold.

The following notion of lossless zero-dynamics replaces that of minimum-phase for feedback-
equivalence to a lossless system.

Definition 3.7.3 Suppose d(0) is nonsingular. Then the system %9 is said to have locally
lossless zero-dynamics if there exists a C? positive-definite Lyapunov-function V locally
defined in the neighborhood O of x = {0} such that

(1) V(f(x))
(il) V(f*(x) + g(z)u) is quadratic in u.

V(x), Vz e O.

The system is said to have globally lossless zero-dynamics if d(x) is nonsingular for all x €
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R and there exists a C? positive-definite Lyapunov-function V that satisfies the conditions
(i), (ii) above for all x € R™.

The following lemma will be required in the sequel.

Lemma 3.7.1 (Morse-lemma [1]): Let p be a nondegenerate critical point for a real-valued
function v. Then there exists a local coordinate system (y',...,y") in a neighborhood N
about p such that y;(p) =0 fori=1,...,n and v is quadratic in N:

vy)=vp)—yi — .~y T+t
for some integer 0 <1 < n.

Lemma 3.7.2 Consider the zero-dynamics Zg“* of the system X%. Suppose there is a
Lyapunov-function V' which is nondegenerate at x = 0 and satisfies V(f*(x)) = V(x) for
all x € O neighborhood of © = 0. Then there exists a change in coordinates & = p(x) such
that X%« is described by ~

Tp+1 = (@),
where f == o f*op~t, and has a positive-definite Lyapunov-function V which is quadratic
in &, i.e., V(z) = #T P% for some P > 0, and satisfies V(f*()) = V(&).

Proof: Applying the Morse-lemma, there exists a local change of coordinates & = ¢(x)
such that R
V(@) = V(e @) =P

for some P > 0. Thus,
V(P @) =V(ffoe @) =V(e (@) =V@E) O

Since the relative-degree of the system $9% is obviously so important for the task at hand,
and as we have seen in the continuous-time case, the passivity (respectively losslessness)
of the system has implications on its vector relative-degree, therefore, we shall proceed in
the next few results to analyze the relative-degree of the system. We shall present sufficient
conditions for the system to be lossless with a {0,...,0} relative-degree at x = 0. We begin
with the following preliminary result.

Proposition 3.7.1 Suppose L is lossless with a C? positive-definite storage-function W
which is nondegenerate at © = 0. Then

(i) rank{g(0)} = m if and only if d(0) + d*'(0) > 0.

(ii) Moreover, as a consequence of (i) above, d(0) is nonsingular, and ¥9% has vector
relative-degree {0,...,0} at x = 0.

Proof: (i)(only if): By Lemma 3.5.1, substituting = 0 in equation (3.72), we have

82T (\)

| g(0) = d*'(0) + d(0).

9" (0)
Since the Hessian of V' evaluated at A = 0 is positive-definite, then

T *¥(N)
N =0

" (d"(0) +d(0))z = (9(0)) (9(0)).
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Hence, rank{g(0)} = m implies that d(0) + d*(0) > 0.
(if): Conversely if d(0) + d*'(0) > 0, then

82U (\)
(9(0)2)" =33

_ (9(0)z) > 0= g(0)x # 0 Vz € R™\ {0}.

Therefore g(0)z = 0 has a unique solution z = 0 when rank{g(0)} = m.
Finally, (ii) follows from (i) by positive-definiteness of d(0) + d*'(0). O

Remark 3.7.2 Notice that for the linear discrete-time system Y% with a positive-definite
storage-function V(x) = %.%‘TPQT, P > 0, U s always nondegenerate at x = 0 since the
Hessian of V is P > 0.

The following theorem is the counterpart of Theorem 3.4.1 for the discrete-time system
yde,

Theorem 3.7.1 Suppose that rank{g(0)} = m and the system $9% is lossless with a C?
positive-definite storage-function U(.) which is nondegenerate at x = 0. Then %9 has vector
relative-degree {0,...,0} and a lossless zero-dynamics at x = 0.

Proof: By Proposition 3.7.1 X% has relative-degree {0,...,0} at z = 0 and its zero-
dynamics exists locally in the neighborhood O of x = 0. Furthermore, since $9 is lossless

U(f(x) + g(x)u) — U(z) = yTu, Yucl. (3.90)
Setting u = u* = —d~!(x)h(x) gives
U(f*(x)) =T(x) Vo € Z7.

Finally, if we substitute u = u* + @ in (3.74), it follows that ¥(f*(x) + g(z)u) is quadratic
in @. Thus, the zero-dynamics is lossless. [

Remark 3.7.3 A number of interesting corollaries which relate the losslessness of the
system L with respect to a positive-definite storage-function which is nondegenerate at
x = {0}, versus the rank{g(0)} and its relative-degree, could be drawn. It is sufficient here
however to observe that, under mild reqularity conditions, the discrete-time system 3%
with d(z) = 0 cannot be lossless; that X% can only be lossless if it has vector relative-degree
{0,...,0} and d(x) is nonsingular. Conversely, under some suitable assumptions, if 9% is
lossless with a positive-definite storage-function, then it necessarily has vector relative-degree

{0,...,0} at x = 0.

We now present the main result of the section; namely, a necessary and sufficient condition
for feedback-equivalence to a lossless system using regular static state-feedback control of
the form:

up = afxg) + B(zk)vk, «(0)=0 (3.91)

for some smooth C*° functions « : N C X — R™, §: N - M™*™(X), 0 € N, with 3
invertible over N.

Theorem 3.7.2 Suppose V is nondegenerate at x = {0} and rank{g(0)} = m. Then %9 is
locally feedback-equivalent to a lossless system with a C? storage-function which is positive-
definite, if and only if, £ has vector relative-degree {0,...,0} at x = {0} and lossless
zero-dynamics.
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Proof: (Necessity): Suppose there exists a feedback control of the form (3.91) such that
4o ig feedback-equivalent to the lossless system

(zk) + gz )wi
(1) + d(xp)wp

K=

ida:oijrl = f
ye = h

with a C? storage-function ¥, where wy, is an auxiliary input and

f(z) = f(2) + g(@)a(z), §(z) = g(z)B(x) (3.92)
h(z) = h(z) + d(z)a(z), d(z)=d(z)B(x). (3.93)
Since B(0) is nonsingular, then rank{j(0)} = m. Similarly, by Proposition 3.7.1 d(0) is
nonsingular, and therefore d(0). Hence X% has relative-degree {0, ...,0} at = 0. Next we

show that $9¢ has locally lossless zero-dynamics.
The zero-dynamics of the equivalent system ¥ are governed by

ig“* C X1 = [F(xr), x€ZF

where f*(z) := f—g(x)d " (z)h(z). These are identical to the zero-dynamics of the original
system X9 with f*(x) = f(z) — g(z)d~* (z)h(z) since they are invariant under static state-
feedback. But $9¢ lossless implies by Theorem 3.7.1 that

(i) V(f*(x) = ()

(ii) U(f*(z) + g(z)w) is quadratic in w.

Therefore, by the invariance of the zero-dynamics, we have U(f*(x)) = U(x) and W(f*(z)+
g(z)u) is also quadratic in u. Consequently, X% has locally lossless zero-dynamics.

(Sufficiency): If $9¢ has relative-degree {0, ...,0} at x = 0, then there exists a neighborhood
O of z = {0} in which d~!(z) is well defined. Applying the feedback

up = up +d Hap)vp = —d Hap)h(xr) + d7 () ok
changes ¥4¢ into the system
wer = T (ar) + g% (@r)or
Ye = Uk

where g*(z) := g(z)d~!(x). Now let the output of this resulting system be identical to that

of the lossless system Y% and have the equivalent system

5P ap = f* () +~g*($k)ﬁ($k)+g*(ﬂfk)d($k)wk
Yk h(xy) + d(zg)ug.

By assumption, ¥ is nondegenerate at x = 0 and rank{g(0)} = m, therefore there exists
a neighborhood N of = 0 such that (g*(z))” ooy

YT g*(x) is positive-definite for all
x € N. Then

A=f*(2)

~ 2 !
i@ = (e g g*<x>> (.91

ov

h(z) = d(z) (3/\ o )g*(m)) (3.95)
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are well defined in N. It can now be shown that, with the above construction of J(m) and
h(x), the system i‘f“ is lossless with a C? storage-function V.

By assumption, U (f*(z)+g*(x)u) is quadratic in u, therefore by Taylor-series expansion
about f*(z), we have

U(f*(2) + 9" (@)h(x) = V(" (@) + o+

1; oW
ShT (@) (9" ()" 1z
2 N |\ )

9" (@)h(). (3.96)

It can then be deduced from the above equation (using again first-order Taylor’s expansion)
that

OV i} OV i} - 92 .
3N ) (@) = 5 g* @)+ h" (2)(g")" (x ) 352 g (z) (3.97)
A=f*(2)+g* (x)h(z) Y ln=f*(x) A=f*(x)
and R 92
(" ()" 515 g (x) = (9" (2)) 5 9" (x). (3.98)
N2 = fe (@) g (@)i(e) N o fe ()
Using (3.94) and (3.95) in (3.97), (3.98), we get
ov o 5
BN g (m)d(z) = b (2) (3.99)
A=F*(2)+g* (2)h(z)
and
* 7 TaQ\IJ * 7 T 7
(9" (2)d(2))" 15 (9" (@)d(x)) = d" (z) + d(z). (3.100)
ON o () 47 (0) ()

Similarly, substituting (3.94) and (3.95) in (3.96) gives

V(f*(2) +g" (@) = ()~ k" (@)d " (2)h(z) + b (2)d " (2)h(x)
= U(f(2)) (3.101)

Recall now that (f*(x) + g*(2)h(x)) is the zero-dynamics of the system %%, . Together with
the fact that W(f*(z) 4+ ¢*(x)h(z) + ¢*(z)d(z)w) is quadratic in w and (3.99)-(3.101) hold,
then by Lemma 3.5.1 and Definition 3.7.3, we conclude that the system f]ii“ is lossless with
a C? storage-function ¥. O

Remark 3.7.4 In the case of the linear discrete-time system LU, with rank(B) = m.
The quadratic storage-function W (xz) = %QTTP.%‘, P > 0 s always nondegenerate at x = 0,
and V(Azx + Bu) is always quadratic in u. It therefore follows from the above theorem that
any linear discrete-time system of the form X% is feedback-equivalent to a lossless linear
system with a positive-definite storage-function ¥(x) = %ITPI if, and only if, there exists
a positive-definite matriz P such that

(A-BD'C)'P(A-BD'C)=P.

Remark 3.7.5 A global version of the above theorem also exists. It is easily seen that, if
the local properties of the system are replaced by their global versions, i.e., if the system has
globally lossless zero-dynamics and uniform vector relative-degree {0, ..., 0}, then it would be
globally feedback-equivalent to a lossless system with a C? positive-definite storage-function.
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Remark 3.7.6 What is however missing, and what we have not presented in this section,
is the analogous synthesis procedure for feedback-equivalence of the discrete-time system
Y to a passive one similar to the continuous-time case. This is because, for a passive
system of the form X9, the analysis becomes more difficult and complicated. Furthermore,
the discrete-time equivalent of the KYP lemma is not available except for the restricted
case when U (f(x) + g(x)u) is quadratic in uw (Theorem 3.5.1). But W(f(x) + g(a)u) is in
general not quadratic in w, and therefore the fundamental question: “When is the system
Y passive, or can be rendered passive using smooth state-feedback?” cannot be answered
in general.

3.8 Notes and Bibliography

The basic definitions and fundamental results of Section 3.1 of the chapter on continuous-
time systems are based on the papers by Willems [274] and Hill and Moylan [131]-[134].
The results on stability in particular are taken from [131, 133], while the continuous-time
Bounded-real lemma is from [131, 202]. The stability results for feedback interconnection of
dissipative systems are based on [133], and the connection between dissipativity and finite-
gain are discussed in References [132, 264] but have not been presented in the chapter. This
will be discussed however in Chapter 5.

The results of Sections 3.3, 3.4 on passivity and local feedback-equivalence to a passive
continuous-time system are from the paper by Byrnes et al. [77]. Global results can also
be found in the same reference, and a synthesis procedure for the linear case is given in
[233, 254].

All the results on the discrete-time systems are based on the papers by Byrnes and Lin
[74]-[76], while the KYP lemma for bilinear discrete-time systems is taken from Lin and
Byrnes [185]. Finally, results on stochastic systems with Markovian-jump disturbances can
be found in [8, 9], while in [100] the results for controlled Markov diffusion processes are
discussed. More recent developments in the theory of dissipative systems in the behavioral
context can be found in the papers by Willems and Trentelman [275, 228, 259|, while
applications to stabilization of electrical and mechanical systems can be found in the book
by Lozano et al. [187] and the references [204, 228].
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Hamiltonian Mechanics and Hamilton-Jacobi Theory

Hamiltonian mechanics is a transformation theory that is an off-shoot of Lagrangian me-
chanics. It concerns itself with a systematic search for coordinate transformations which
exhibit specific advantages for certain types of problems, notably in celestial and quantum
mechanics. As such, the Hamiltonian approach to the analysis of a dynamical system, as
it stands, does not represent an overwhelming development over the Lagrangian method.
One ends up with practically the same number of equations as the Lagrangian approach.
However, the real advantage of this approach lies in the fact that the transformed equations
of motion in terms of a new set of position and momentum variables are easily integrated
for specific problems, and also the deeper insight it provides into the formal structure of me-
chanics. The equal status accorded to coordinates and momenta as independent variables
provides a new representation and greater freedom in selecting more relevant coordinate
systems for different types of problems.

In this chapter, we study Lagrangian systems from the Hamiltonian standpoint. We
shall consider natural mechanical systems for which the kinetic energy is a positive-definite
quadratic form of the generalized velocities, and the Lagrangian function is the difference
between the kinetic energy and the potential energy. Furthermore, as will be reviewed
shortly, it will be shown that the Hamiltonian transformation of the equations of motion of
a mechanical system always leads to the Hamilton-Jacobi equation (HJE) which is a first-
order nonlinear PDE that must be solved in order to obtain the required transformation
generating-function. It is therefore our aim in this chapter to give an overview of HJT with
emphasis to the HJE.

4.1 The Hamiltonian Formulation of Mechanics

To review the approach, we begin with the following definition.

Definition 4.1.1 A differentiable manifold M with a fixed positive-definite quadratic form
(€,&) on every tangent space TM,, x € M, is called a Riemannian manifold. The quadratic
form is called a Riemannian metric.

Now, let the configuration space of the system be defined by a smooth n-dimensional
Riemannian manifold M. If (¢,U) is a coordinate chart, we write ¢ = ¢ = (q1,...,qn)
for the local coordinates and ¢; = a%i in the tangent bundle TM|y = TU. We shall be
considering natural mechanical systems which are defined as follows.

Definition 4.1.2 A Lagrangian mechanical system on a Riemannian manifold is called
natural if the Lagrangian function L : TM x R — R is equal to the difference between the
kinetic energy and the potential energy of the system defined as

L(q,q4,t) = T(q,4,t) — V(g,1), (4.1)

79
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where T : TM x R — R is the kinetic energy which is given by the symmetric Riemannian
quadratic form

1
T = 5(1},1}), veT,M

and V : M x R — R is the potential energy of the system (which may be independent of
time).

More specifically, for natural mechanical systems, the kinetic energy is a positive-definite
symmetric quadratic form of the generalized velocities,

. 1, .
T(q:¢:t) = 54" (g, t)q. (4.2)
Further, it is well known from Lagrangian mechanics and as can be derived using Hamilton’s
principle of least action [37, 115, 122] (see also Theorem 4.2.1), that the equations of motion
of a holonomic conservative! mechanical system satisfy Langrange’s equation of motion

given by
d (0L oL
— | = | —-—5—=0, i=1,...,n 4.3
dt (8(]1) 8qi ! ’ " ( )
Therefore, the above equation (4.3) may always be written in the form
G=9(a,4,1), (4.4)

for some function g : TU x & — R".
On the other hand, in the Hamiltonian formulation, we choose to replace all the ¢; by
independent coordinates, p;, in such a way that

L
pi = g(ji’ 1=1,...,n. (4.5)

If we let
Pbi :h(Q7Q)7 i:]-a"'7na (46)

then the Jacobian of h with respect to ¢, using (4.1), (4.2) and (4.5), is given by ¥(g) which
is positive-definite, and hence equation (4.5) can be inverted to yield

qi = fi(qla sy dny Py - 7p’nat)7 1= 17 ceey Ny (47)
for some continuous functions f;,¢ = 1,...,n. In this framework, the coordinates ¢ =
(q1,q2,...,q,)T are referred to as the generalized-coordinates and p = (p1,pa,...,pn)" are

the generalized-momenta. Together, these variables form a new system of coordinates for the
system known as the phase-space of the system. If (U, ¢) where ¢ = (q1, 2, - . ., gn) is a chart
on M, then since p; : TU — R, i=1,...,n, they are elements of T*U, and together with the
¢i’s form a system of 2n local coordinates (qi,...,qn,p1,--.,pn) for the phase-space T*U
of the system in U.

Now define the Hamiltonian function of the system H : T*M x &t — R as the Legendre
transform? of the Lagrangian function with respect to ¢ by

IHolonomic if the constraints on the system are expressible as equality constraints. Conservative if there
exists a time-dependent potential.
2To be defined later, see also [37].
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and consider the differential of H with respect to ¢, p and ¢ as

oH\" oH\"  oH
dH = — ) d — | dg+ —dt. 4.9
(5p> p+<5q> T 9
The above expression must be equal to the total differential of H given by (4.8) for p = ‘?)—g:
oL\ " aL\"
dH =¢"dp— (=) dg— (=) dt. 4.10
g dp ( aq) q ( 5 ) (4.10)

Thus, in view of the independent nature of the coordinates, we obtain a set of three rela-
tionships:

. OH 0L 0H oL 0H
=—, —=——7, and — =——.
dp dq dq ot ot
Finally, applying Lagrange’s equation (4.3) together with (4.5) and the preceeding results,
. . . A R . . d . d
one obtains the expression for p. Since we used Lagrange’s equation, ¢ = 5% and p = £,
and the resulting Hamiltonian canonical equations of motion are then given by
dq 0OH
- = — t 4.11
ot o (¢,p,1), (4.11)
dp 0H
- = —— t). 4.12
o 94 (¢,p,1) (4.12)

Therefore, we have proven the following theorem.

Theorem 4.1.1 The system of Lagrange’s equations (4.3) is equivalent to the system of
2n first-order Hamilton’s equations (4.11), (4.12).

In addition, for time-independent conservative systems, H (g, p) has a simple physical inter-
pretation. From (4.8) and using (4.5), we have

H(q.p) = p"4¢—L(g,q) = dTg—s —(T(g,9) — V(g))

- q-T*;—f; —T(q,) +V(q)
= 2T(q.¢) —T(q.9) + V(q)
T(q,q) + V(q).

That is, H(q,p,t) is the total energy of the system. This completes the Hamiltonian for-
mulation of the equations of motion, and can be seen as an off-shoot of the Lagrangian
formulation. It can also be seen that, while the Lagrangian formulation involves n second-
order equations, the Hamiltonian description sets up a system of 2n first-order equations
in terms of the 2n variables p and ¢. This remarkably new system of coordinates gives new
insight and physical meaning to the equations. However, the system of Lagrange’s equations
and Hamilton’s equations are completely equivalent and dual to one another.

Furthermore, because of the symmetry of Hamilton’s equations (4.11), (4.12) and the
even dimension of the system, a new structure emerges on the phase-space T*M of the
system. This structure is defined by a nondegenerate closed differential 2-form which in the
above local coordinates is defined as:

w?=dpAdg= Z dp; N dg;. (4.13)

=1
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Thus, the pair (T*M, w?) form a symplectic-manifold, and together with the C" Hamilto-
nian function H : T*M — R, define a Hamiltonian mechanical system. With this notation,
we have the following representation of a Hamiltonian system.

Definition 4.1.3 Let (T*M,w?) be a symplectic-manifold and let H : T*M — R be a
Hamiltonian function. Then, the vector-field X determined by the condition

WA(Xy,Y)=dH(Y) (4.14)

for all vector-fields Y, is called the Hamiltonian vector-field with energy function H. We
call the tuple (T*M, w?, Xy) a Hamiltonian system.

Remark 4.1.1 It is important to note that the nondegeneracy’ of w? guarantees that X
exists, and is a C"~1 vector-field. Moreover, on a connected symplectic-manifold, any two
Hamiltonians for the same vector-field X have the same differential (4.14), so differ by a
constant only.

We also have the following proposition [1].

Proposition 4.1.1 Let (q1,...,Gn,P1,---,pn) be canonical coordinates so that w? is given
by (4.13). Then, in these coordinates

0H O0H 0OH OH
Xp= (22, 2L 2 )y .vH
" <3p1 Opn” Oq aqn)
0 I A . . . .
where J = ( I 0 ) Thus, (q(t),p(t)) is an integral curve of Xp if and only if Hamil-

ton’s equations (4.11), (4.12) hold.

4.2 Canonical Transformation

Now suppose that a transformation of coordinates is introduced ¢; — @y, p; — P, i =
1,...,n such that every Hamiltonian function transforms as H(q1,...,qn,P1,- -, Pn,t) —
K(Q1,...,Qn, P1,..., Py, t) in such a way that the new equations of motion retain the same
form as in the former coordinates, i.e.,

iQ 0K
dP 0K
o = f—aq (Q, P,t). (4.16)

Such a transformation is called canonical and can greatly simplify the solution to the equa-
tions of motion, especially if @, P are selected such that K(.,.,.) is a constant independent
of @ and P. When this happens, then () and P will also be constants and the solution to
the equations of motion are immediately available (given the transformation). We simply
transform back to the original coordinates under the assumption that the transformation is
univalent and invertible. It therefore follows from this that:

3w? is nondegenerate if wQ(Xl,Xz) =0= X1 =0 or X2 = 0 for all vector-fields X7, X2 which are
smooth sections of TT* M.
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1. The identity transformation is canonical;
The inverse of a canonical transformation is a canonical transformation;

The product of two or more canonical transformations is also a canonical trans-
formation;

4. A canonical transformation must preserve the differential-form w? = dp A dg or
preserve the canonical nature of the equations of motion (4.15), (4.16).

The use of canonical invariants such as Poisson brackets [38, 115] can often be used to
check whether a given a transformation (¢,p) — (Q, P) is canonical or not. For any two
given C*-functions u(q, p), v(q,p), their Poisson bracket is defined as

" /Ou Ov  Ou v
- R 417
s o ; (3%‘ Opi  Opi 5%‘) (4.17)
It can then be shown that a transformation (¢, p) — (Q, P) is canonical if and only if:
[Qia Qk]q,p = Oa [Ha Pk]q,p = Oa [Pl7 Qk}]q,p = 6ik7 i7 k= 1) 27 o n (418)

are satisfied, where ;5 is the Kronecker delta.
Hamilton (1838) has developed a method for obtaining the desired transformation equa-
tions using what is today known as Hamilton’s principle which we introduce hereafter.

Definition 4.2.1 Let v = {(t,q) : q = q(t), to <t < t1} be a curve in the (t, q) plane.
Define the functional ®(y) (which we assume to be differentiable) by

B(y) = / " Lig(r), d(r)dr.

to

Then, the curve v is an extremal of the functional ®(.) if ®(y) = 0 or d®(vy) = 0Vt €
[to, t1], where & is the variational operator.

Theorem 4.2.1 (Hamilton’s Principle of Least-Action) [37, 115, 122, 127]. The motion of
a mechanical system with Lagrangian function L(.,.,.), coincides with the extremals of the
Junctional ®(v).

Accordingly, define the Lagrangian function of the system L : T'M x ® — R as the Legendre
transform [37] of the Hamiltonian function by

L(g,4,t) = p"q — H(g,p, ). (4.19)
Then, in the new coordinates, the new Lagrangian function is

Since both L(.,.,.) and L(.,.,.) are conserved, each must separately satisfy Hamilton’s
principle. However, L(.,.,.) and L(.,.,.) need not be equal in order to satisfy the above
requirement. Indeed, we can write

_ . d
Llgs.t) = L(Q.Q.0) + 2 (4,0, P.1) (4.21)

for some arbitrary function S : X x X x ® — R, where X, X C T*M (see also [122], page
286). Since dS is an exact differential (i.e., it is the derivative of a scalar function),

has )
5 [/ ® (4.p.Q.P.0)t| = S(0.0.Q PO =0 (4.22)
to
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Now applying Hamilton’s principle to the time integral of both sides of equation (4.21), we
get

t1 t1 t1
o[ pwdow] s | [T L@.00w] vo| [ Tanarnu] o @

and therefore by (4.22),
t1
5 U L(Q,Q,t)dt} =0. (4.24)

to

Thus, to guarantee that a given change of coordinates, say,
is canonical, from (4.19), (4.20) and (4.21), it is enough that

. ds
pl¢—H=P'Q—-K+ R (4.27)

This condition is also required [122]. Consequently, the above equation is equivalent to
pTdg— PTdQ = (H — K)(¢,p,Q, P, t)dt + dS(q,p, Q, P, 1), (4.28)

which requires on the expression on the left side to be also an exact differential. Further, it
can be verified that the presence of S(.) in (4.21) does not alter the canonical structure of
the Hamiltonian equations. Applying Hamilton’s principle to the right-hand-side of (4.21),
we have from (4.24), the Euler-Lagrange equation (4.3), and the argument following it

iQ 0K
i ﬁ_p(Q’ P,t) (4.29)
dP oK

Hence the canonical nature of the equations is preserved.

4.2.1 The Transformation Generating Function

As proposed in the previous section, the equations of motion of a given Hamiltonian system
can often be simplified significantly by a suitable transformation of variables such that all
the new position and momentum coordinates (Q;, P;) are constants. In this subsection, we
discuss Hamilton’s approach for finding such a transformation.

We have already seen that an arbitrary generating function S does not alter the canonical
nature of the equations of motion. The next step is to show that, first, if such a function
is known, then the transformation we so anxiously seek follows directly. Secondly, that the
function can be obtained by solving a certain partial-differential equation (PDE).

The generating function S relates the old to the new coordinates via the equation

s= [~ Dt =1ar.Q.P0. (4.31)

Therefore, S is a function of 4n + 1 variables of which only 2n are independent. Hence, no
more than four independent sets of relationships among the dependent coordinates can exist.
Two such relationships expressing the old sets of coordinates in terms of the new set are
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given by equations (4.25), (4.26). Consequently, only two independent sets of relationships
among the coordinates remain for defining S and no more than two of the four sets of
coordinates may be involved. Therefore, there are four possibilities:

S1 = fi(q,Q,t); Sa = falq, Pt); (4.32)
Sz = f3(p,Q,t); Si= fa(p,P,t). (4.33)

Any one of the above four types of generating functions may be selected, and a transfor-
mation obtained from it. For example, if we consider the generating function Sp, taking its
differential, we have

851 Z 6S1 a’Svl
3Q1 ot

Again, taking the differential as defined by (4.28), we have

s, = =ty (4.34)

=1

dS1 = pidgi — Y PdQ; + (K — H)dt. (4.35)
=1 1=1

Finally, using the independence of coordinates, we equate coefficients, and obtain the desired
transformation equations

Di = %Sl( , Q1)
P, = 351( Q) pLi=1,...,n. (4.36)
K—-H = 8Sl( ,Q,1)

Similar derivation can be applied to the remaining three types of generating functions, and
in addition, we can also apply Legendre transformation. Thus, for the generating functions
Sa(ey-, ), S3(.,.,.) and Sy(.,.,.), we have

Q’L = ng (q7p7 t) ai = 1’ REENLP (437)
K—H = 652(Q7P7t)

qi = _%Ef(pant)

Pi = _%(pant) 71':17...,71, (438)
K—H = asg(Pth)

qi = _a (p Pt)

Q = SR =l (4.39)
K—H = %4(pPt)

respectively. It should however be remarked that most of the canonical transformations
that are expressed using arbitrary generating functions often have the consequence that
the distinct meaning of the generalized coordinates and momenta is blurred. For example,
consider the generating function S = S;(q, Q) = ¢’ Q. Then, it follows from the foregoing
that

pi G =Qi
P = Ny %k =—qi i=1,...,n, (4.40)
K 51 = H(—P,Q,1)
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which implies that P; and ¢; have the same units except for the sign change.

One canonical transformation that allows only the tranformation of corresponding co-
ordinates is called a point transformation. In this case, Q(g,t) does not depend on p but
only on ¢ and possibly ¢ and the meaning of the coordinates is preserved. This ability of a
point transformation can also be demonstrated using the genarating function S5. Consider
for instance the transformation @ = 1(q,t) of the coordinates among each other such that

S = So(q, Pit) = T (q,t)P. (4.41)

Then, the resulting canonical equations are given by

T
a5 )

p = 6_(]2 = a—,lé} P’

Q = 352 _ ( t), , (442)

K = H+ 2" () 2p

and it is clear that the meaning of the coordinates is preserved in this case.

4.2.2 The Hamilton-Jacobi Equation (HJE)

In this subsection, we turn our attention to the last missing link in the Hamiltonian trans-
formation theory, i.e., an approach for determining the transformation generating function,
S. There is only one equation available

a8

H ) 4+ =
(g,p,t) + 5

= K(P,Q,t). (4.43)
However, there are two unknown functions in this equation, namely, S and K. Therefore,
the best we can do is to assume a solution for one and then solve for the other. A convenient
and intuitive strategy is to arbitrarily set K to be identically zero! Under this condition,
Q and P vanish, resulting in Q = «, and P = 3, as constants. The inverse transformation
then yields the motion ¢(«, 8,t), p(c, 8,t) in terms of these constants of integration.

Consider now generating functions of the first type. Having forced a solution K = 0, we
must now solve the PDE:

oS oS
H(q, —.t)+ — =0 4.44
(@50 t)+ 5 (1.44)
for S, where %:j (g—;, e %)T. This equation is known as the Hamilton-Jacobi equation

(HJE), and was improved and modified by Jacobi in 1838. For a given function H(q,p,t),
this is a first-order PDE in n + 1 variables for the unknown function S(q,«,t) which is
traditionally called Hamilton’s principal function. We need a solution for this equation
which depends on n arbitrary independent constants of integration ag, as, ..., a,. Such a
solution S(q, , t) is called a “complete solution” of the HJE (4.44), and solving the HJE is
equivalent to finding the solution to the equations of motion (4.11), (4.12). On the other
hand, the solution of (4.44) is simply the solution of the equations (4.11), (4.12) using the
method of characteristics [95]. However, it is generally not simpler to solve (4.44) instead
of (4.11), (4.12).

If a complete solution S(q,«,t) of (4.44) can be found and if the generating function
S = 51(q,Q,1) is used, then one obtains

%Z’: = p,i=1,...,n, (4.45)
05 _ —B;,i=1,...,n. (4.46)

80@
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Moreover, since the constants «; are independent, the Jacobian matrix g;g L is nonsingular
and therefore by the Implicit-function Theorem, the above two equations can be solved to
recover the original variables ¢(«, 8,t) and p(«, 3, 1).

4.2.3 Time-Independent Hamilton-Jacobi Equation and Separation of
Variables

The preceding section has laid down a systematic approach to the solution of the equations
of motion via a transformation theory that culminates in the HJE. However, implementation
of the above procedure is difficult, because the chances of success are limited by the lack of
efficient mathematical techniques for solving nonlinear PDEs. At present, the only general
technique is the method of separation of variables. If the Hamiltonian is explicitly a function
of time, then separation of variables is not readily achieved for the HJE. On the other hand,
if the Hamiltonian is not explicitly a function of time or is independent of time, which
arises in many dynamical systems of practical interest, then the HJE separates easily. The
solution to (4.44) can then be formulated in the form

S(q,a,t) = Wi(q,a) — ast. (4.47)

Consequently, the use of (4.47) in (4.44) yields the following restricted time-independent
HJE in W: W

H(q, a—q) = ai, (4.48)
where a1, one of the constants of integration is equal to the constant value of H or is an
energy constant (if the kinetic energy of the system is homogeneous quadratic, the constant
equals the total energy, E). Moreover, since W does not involve time, the new and the old
Hamiltonians are equal, and it follows that K = a;. The function W, known as Hamilton’s
characteristic function, thus generates a canonical transformation in which all the new
coordinates are cyclic.* Further, if we again consider generating functions of the first kind,
ie, S=51(qQ,t), then from (4.45), (4.46) and (4.47), we have the following system

%g = p, t=1,2...,n,
gal _ t"‘ﬂla (449)
G = B, i=2,...,n.

The above system of equations can then be solved for the ¢; in terms of «;, §; and time ¢.

At this point, it might appear that little practical advantage has been gained in solving
a first-order nonlinear PDE, which is notoriously difficult to solve, instead of a system of 2n
ODEs. Nevertheless, under certain conditions, and when the Hamiltonian is independent
of time, it is possible to separate the variables in the HJE, and the solution can then be
obtained by integration. In this event, the HJE becomes a useful computational tool.

Unfortunately, there is no simple criterion (for orthogonal coordinate systems the so-
called Staeckel conditions [115] have proven to be useful) for determining when the HJE
is separable. For some problems, e.g., the three-body problem, it is impossible to separate
the variables, while for others it is transparently easy. Fortunately, a great majority of
systems of current interest in quantum mechanics and atomic physics are of the latter class.
Moreover, it should also be emphasized that the question of whether the HJE is separable
depends on the system of generalized coordinates employed. Indeed, the one-body central
force problem is separable in polar coordinates, but not in cartesian coordinates.

4A coordinate g; is cyclic if it does not enter into the Lagrangian, i.e., % =0.
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To illustrate the Hamilton-Jacobi technique for the time-independent case, we consider
an example of the harmonic oscillator.

Example 4.2.1 [115]. Consider the harmonic oscillator with Hamiltonian function

The corresponding HJE (4.48) is given by

L (OWNEke?
2m \ 0q -@

which can be immediately integrated to yield

W(q,a):\/ﬂ/\/%—cﬁ dg.

S(q,a):\/mk/\/%aﬂf dq — at,
g fm
“oa VNkJ) a2

T 4

The above equation can now be integrated to yield

Y Iy L2
t+ 5=  Cos (q 2a>'

Now, if we let w = /X, then the above equation can be solved for q to get the solution
m

q(t) = \/%cos(wt +5)

with «, B constants of integration.

Thus,

and

4.3 The Theory of Nonlinear Lattices

In this section, we discuss the theory of nonlinear lattices as a special class and an example
of Hamiltonian systems that are integrable. Later, we shall also show how the HJE arising
from the As-Toda lattice can be solved.

Historically, the exact treatment of oscillations in nonlinear lattices became serious in
the early 1950’s when Fermi, Pasta and Ulam (FPU) numerically studied the problem of
energy partition. Fermi et al. wanted to verify by numerical experiment if there is energy flow
between the modes of linear-lattice systems when nonlinear interactions are introduced. He
wanted to verify what is called the equipartition of energy in statistical mechanics. However,
to their disappointment, only a little energy partition occurred, and the state of the systems
was found to return periodically to the initial state.
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Later, Ford and co-workers [258] showed that by using pertubation and by numerical cal-
culation, though resonance generally enhances energy sharing, it has no intimate connection
to a periodic phenomenon, and that nonlinear lattices have rather stable-motion (periodic,
when the energy is not too high) or pulses (also known as solitons), which he called the
nonlinear normal modes. This fact also indicates that there will be some nonlinear lattice
which admits rigorous periodic waves, and certain pulses (lattice solitons) will be stable
there. This remarkable property led to the finding of an integrable one-dimensional lattice
with exponential interaction also known as the Toda lattice.

The Toda lattice as a Hamiltonian system describes the motion of n particles moving in a
straight line with “exponential interaction” between them. Mathematically, it is equivalent
to a problem in which a single particle moves in R™. Let the positions of the particles at
time ¢ (in R) be q1(¢), ..., g (t), respectively. We assume that each particle has mass 1. The
momentum of the i-th particle at time t is therefore p; = ¢;. The Hamiltonian function for
the finite (or non-periodic) lattice is defined to be

n—

n 1
Sop 4 ey, (4.50)
j=1 j=1

Therefore, the canonical equations for the system are given by

N —

H(q,p) =

dg;

i = p; j=1,...,n,

. — _9p2(a1—g2)

dt ) (4.51)
dditf = —2e249+1) 4 2e2(0-1-%)  j =2 . n—1,

% — 9¢2(@n—1—an),

It may be assumed in addition that 2;21 qgj = 2;21 p; = 0, and the coordinates
q1,---,qn can be chosen so that this condition is satisfied. While for the periodic lattice in
which the first particle interacts with the last, the Hamiltonian function is defined by

n n—1
~ 1
lq.p) =5 Y 03+ Y 2w 4 2o, (4.52)
7j=1 j=1

We may also consider the infinite lattice, in which there are infinitely many particles.

Nonlinear lattices can provide models for nonlinear phenomena such as wave propagation
in nerve systems, chemical reactions, certain ecological systems and a host of electrical
and mechanical systems. For example, it is easily shown that a linear lattice is equivalent
to a ladder network composed of capacitors C and inductors L, while a one-dimensional
nonlinear lattice is equivalent to a ladder circuit with nonlinear L or C. To show this, let
I,, denote the current, @,, the charge on the capacitor, ®,, the flux in the inductance, and
write the equations for the circuit as

On = I, —1
S 4.53
& Z ey (4.59
Now assume that the inductors and capacitors are nonlinear in such a way that
Qn = Cug 111(1 —l—Vn/’Uo)
where (C, vy, L, ip) are constants. Then equations (4.53) give
d n . Pt P
fft — 20(6 Liol _ eLiO)
dd, Qn-1 Qn
— 1}0(6 Cug — 60“0)

dt
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which are in the form of a lattice with exponential interaction (or Toda system).

Stimulated by Ford’s numerical work which revealed the likely integrability of the Toda
lattice, Henon and Flaschka [258] independently showed the integrability of the Toda lattice
analytically, and began an analytical survey of the lattice. At the same time, the inverse
scattering method of solving the initial value problem for the Kortoweg-de Vries equation
(KdV) had been firmly formulated by Lax [258], and this method was applied to the infinite
lattice to derive a solution using matrix formalism which led to a simplification of the
equations of motion. To introduce this formalism, define the following matrices

pi Q2 0 .- 0 0
Qi2 p2 Q23 -+ 0 0
0 Q23 p3 - 0 0
L = . . . . . (4.54)
0 0 0 s Pn—1 anl,n
0 0 0 T Qn—l,n Pn
0 Q1,2 0 0 0
Q12 0 Q2,3 0 0
0  —Qos 0 0 0
M = , (4.55)
0 0 0 e 0 Cgnfl,n
0 0 0 - —Quanm O

where Q; ; = e(%:=9) 'We then have the following propoposition [123].

Proposition 4.3.1 The Hamiltonian system for the non-periodic Toda lattice (4.50)-(4.51)
is equivalent to the Lax equation L = [L, M|, where the function L, M take values in sl(n,R)
® and [.,.] is the Lie bracket operation in sl(n,R).

Using the above matrix formalism, the solution of the Toda system (4.51) can be derived
[123, 258].

Theorem 4.3.1 The solution of the Hamiltonian system for the Toda lattice is given by
L(t) = Ad(exp tV);'V,
where V. = L(0), Ad(g)X = %gexp(tX)gilhzo = gXg~! for any X € SL(n,R),

g € sl(n,R), and the subscript 1 represents the projection (exp —tW); = exp —tmW =
exp —tWy onto the first component in the decomposition of W = W1 Wy € sL(n,R).

The solution can be explicitly written in the case of n = 2. Letting ¢ = —q, g2 = ¢, p1 = —p

and po = p, we have
L:(g Qp), M:(OQ g) (4.56)

where Q = ¢~24. Then the solution of L = [L, M] with

o=y ¢ ).

5The Lie-algebra of SL(n,R), the special linear group of matrices on R with determinant +1 [38].
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L(t)zAd[expt(S 8)};1(2 8)

exp # 0 v\ [ coshtv sinhtv
P v 0 ) \ sinhtv coshtv /-

The decomposition SLy(2,R) = SO,N'5 is given by

is

Now

() -l (5 0| [ (b el )]

Hence,
0 v 1 cosh tv  sinh tv
exp ¢ 0|~ inh ¢ hiv )
v 1 /sinh?tv 4 cosh?ty \ —smmhtv coshtv
Therefore,
L(t) = v —2sinh tv cosh tv 1
" sinh? tv + cosh? tv 1 2 sinh tv cosh tv
Which means that b o
sin v v
t) = —v——mm—— t) = ———.
p(t) Y cosh 260’ Q) cosh 2tv

Furthermore, if we recall that Q(t) = e=24(®) | it follows that

q(t) —% log (L)

cosh 2tv

1 1
= -3 log v+ 5 log cosh 2vt. (4.57)

4.3.1 The G>-Periodic Toda Lattice

In the study of the generalized periodic Toda lattice, Bogoyavlensky [72] showed that var-
ious models of the Toda lattice which admit the [L, M]-Lax representation correspond to
certain simple Lie-algebras which he called the A, B, C, D and G, periodic Toda systems. In
particular, the G5 is a two-particle system and corresponds to the Lie algebra go which is 14-
dimensional, and has been studied extensively in the literature [3, 4, 201]. The Hamiltonian
for the go system is given by

1 V3) —(V3/2a1+(1/2) -
H(q,p) = 507 +p8) + /Y0 4 e arDe 4 e, (4.58)

and the Lax equation corresponding to this system is given by dA/dt = [A, B], where

A(t) = m (t)(X—ﬁs + Xﬂs) + a2(t)(X—’Yl + X’Yl) + a’3(t)(s_1X—’Ys + SX’Ya) +
bl(t)Hl + b2H2
B(t) = ai(t)(X-ps — Xp;) +az(t)(X—yy — Xoy) +as(t)(s7 X ng — X)),

s is a parameter, /3;,7 = 1,2,3 and the v;,j = 1,2, 3 are the short and long roots of the g,
root system respectively, while X(_) are the corresponding Chevalley basis vectors. Using
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the following change of coordinates [201]:

a1(t) = —— 12V g (1) = L~ (EMBO+1/Dar(0),

26 2v/2

as(t) = —_e~(1/Daa(t)

bi(t) = 3=pa(0) + gpa). balt) = =i (1),
we can represent the go lattice as
a1 = arbe, a2 = as(by —ba), as = as(—2b; — by),
by =2(a? — a2 4 a?), by = —4a? + 242,
H= %(A(t), A(t)) = 8(3a? + a3 + a3 + a3 + b] + biby + b3).

Here, the coordinate as(t) may be regarded as superfluous, and can be eliminated using
the fact that 4a$a3as = ¢ (a constant) of the motion.

4.4 The Method of Characteristics for First-Order Partial-
Differential Equations

In this section, we present the wellknown method of characteristics for solving first-order
PDEs. It is by far the most generally known method for handling first-order nonlinear PDEs
in n independent variables. It involves converting the PDE into an appropriate system of
first-order ordinary differential-equations (ODE), which are in turn solved together to obtain
the solution of the original PDE. It will be seen during the development that the Hamilton’s
canonical equations are nothing but the characteristic equations of the Hamilton-Jacobi
equation; and thus, solving the canonical equations is equivalent to solving the PDE and
vice-versa. The presentation will follow closely those from Fritz-Johns [109] and Evans [95].

4.4.1 Characteristics for Quasi-Linear Equations

We begin with a motivational discussion of the method by considering quasi-linear equations,
and then we consider the general first-order nonlinear equation.
The general first-order equation for a function v = v(x,y,...,2) in n variables is of the
form
F@,y, .o, 2,000, 0y, ..., 0;) =0, (4.59)

where z,y,...,2 € R, v : R” — R. The HJE and many first-order PDEs in classical and
continuum mechanics, calculus of variations and geometric optics are of the above type. A
simpler case of the above equation is the quasi-linear equation in two variables:

a(x,y,v)vy + b(x,y,v)vy = c(z,y,v) (4.60)

in two independent variables x, y. The function v(z,y) is represented by a surface z =
v(z,y) called an integral surface which corresponds to a solution of the PDE. The functions
a(z,y, z), b(z,y, z) and ¢(z,y, z) define a field of vectors in the zyz-space, while (v, vy, —1)
is the normal to the surface z = v(z, y).
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We associate to the field of characteristic directions (a,b,c) a family of characteristic
curves that are tangent to these directions. Along any characteristic curve (z(t), y(t), z(¢)),
where t is a parameter, the following system of ODEs must be satisfied:

dx dy

= a(l’7y, Z)a a

a - = b(937y, Z)a dz = C(Qj7y, Z) (461)

dt
If a surface S : z = v(x,y) is a union of characteristic curves, then S is an integral surface;
for then through any point P of S, there passes a characteristic curve I' contained in S.
Next, we consider the Cauchy problem for the quasi-linear equation (4.60). It is desired
to find a definite method for finding solutions of the PDE from a given “data” on the
problem. A simple way of selecting a particular candidate solution v(z,y) out of an infinite
set of solutions, consists in prescribing a curve I' in xyz-space which is to be contained
in the integral surface z = v(z,y). Without any loss of generality, we can represent I'
parametrically by

r=f(s) y=g(s) 2= h(s), (4.62)
and we seek for a solution v(z,y) such that
h(s) =v(f(s),9(s)), Vs. (4.63)

The above problem is the Cauchy problem for (4.60). Our first aim is to derive conditions for
a local solution to (4.60) in the vicinity of xo = f(s0), yo = g(s0). Accordingly, assume the
functions f(s), g(s), h(s) € C! in the neighborhood of some point Py that is parameterized
by s, i.e.,

Po = (20, y0,20) = (f(s0), 9(s0), h(s0)). (4.64)

Assume also the coefficients a(z,y, 2), b(x,vy, 2), c(z,y, z) € C! near Py. Then, we can de-
scribe I' near Py by the solution

x=X(s,t), y=Y(s,t), z=2Z(s,t) (4.65)

of the characteristic equations (4.61) which reduces to f(s), g(s), h(s) at t = 0. Therefore,
the functions X, Y, Z must satisfy

X:=a(X,Y,Z), Yi=0X,Y,Z), Z;=c(X,Y,Z) (4.66)
identically in s,t and also satisfy the initial conditions
X(s5,0) = f(s), Y(s,0)=g(s), Z(s,0)=h(s). (4.67)

By the theorem on existence and uniqueness of solutions to systems of ODEs, it follows
that there exists unique set of functions X (s,t), Y (s,t), Z(s,t) of class C! satisfying (4.66),
(4.67) for (s,t) near (sp,0). Further, if we can solve equation (4.65) for s, ¢ in terms of z,y,
say s = S(z,y) and t = T'(z,y), then z can be expressed as

z=v(z,y) = Z(S(z,y), T(x,y)), (4.68)

which represents an integral surface ¥. By (4.64), (4.67), zo = X (s0,0), yo = Y (s0,0), and
by the Implicit-function Theorem, there exist solutions s = S(x,y), t = T'(z,y) of

v =X(S(,y),T(z,y), y=Y(S(y),T(zy)) (4.69)
of class C'! in a neighborhood of (g, o) and satisfying

s0 = S(x0,%0), 0=T(x0,%0)
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provided the Jacobian determinant

Xs(507 O)

Ys(s0,0)
’ 0. 4.70
Xt(80,0)  Yi(s0,0) ‘ 7 (4.70)
By (4.66), (4.67) the above condition is further equivalent to
fs(s0) 9s(s0)
0. 4.71
a(z0,Y0,20)  b(xo, Yo, 20) 7 (4.71)

The above gives the local existence condition for the solution of the Cauchy problem for
the quasi-linear equation. Uniqueness follows from the following theorem [109].

Theorem 4.4.1 Let P = (zg,y0,20) lie on the integral surface z = v(x,y), and T' be the
characteristic curve through P. Then I lies completely on S.

Example 4.4.1 [109] Consider the initial value problem for the quasi-linear equation
vy +cvy =0, ¢ a constant, and v(z,0) = h(zx).

Solution:
Parametrize the initial curve I' corresponding to the initial condition above by

Then the characteristic equations are given by
dx dy 1 dz
— = — = — =
dt Todt Todt
Solving these equations gives

xr=X(s,t)=s+ct, y=Y(s,t)=t, z=Z(s,t)=h(s).

Finally, eliminating s and t from the above solutions, we get the general solution of the
equation
z=v(z,y) = h(z - cy).

Next, we develop the method for the general first-order equation (4.59) in n independent
variables.

4.4.2 Characteristics for the General First-Order Equation

We now consider the general nonlinear first-order PDE (4.59) written in vectorial notation
as

F(Dv,v,z) =0, z € U CR", subject to the boundary condition v =g on O (4.72)

where Dv = (g, , Uy o oy Uz, ), O COU,g: O = R,and F € CP(R"xRxU), g € C°(R).
Now suppose v solves (4.72), and fix any point € U. We wish to calculate v(x) by
finding some curve lying within U, connecting  with a point 2z € O and along which we
can compute v. Since v(z%) = g(2°), we hope to be able to find v along the curve connecting
0 and
2" and x.
To find the characteristic curve, let us suppose that it is described parametrically by
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the function x(s) = (2!(s),22(s),...,2"(s)), the parameter s lying in some subinterval of
R. Assume v is a C? solution of (4.72), and let

z(s) = wv(x(s)), (4.73)
p(s) = Do(x(s)); (4.74)

e, P(s) = (p1(8), P2(5), - 2" () = (v, (5), Vs (), -, vy, (5)) . Then,

5) = szizj (x(s))2’ (s), (4.75)

where the differentiation is with respect to s. On the other hand, differentiating (4.72) with
respect to x;, we get

OF OF
(D o e+ = (Dv, v, z)v,, D —0. 4
Zap] v, 0, T)V 1+az(vvx)vl+azz(vvz) 0 (4.76)

Now, if we set
d oF )
—L(s) = 5—(p(s). 2().X(s)), j=1L,....m, (4.77)

and assuming that the above relation holds, then evaluating (4.76) at = = x(s), we obtain
the identity

3 G BLs).2(5) () GBL8).2(5) () (5) + G (p(). 2(5). x(5) = 0
" (4.78)
Next, substituting (4.77) in (4.75) and using the above identity (4.78), we get
7(5) = =S (0(s),2(5).x(9) = S (B5).26). X(Dp () P = Loocvn (479)

Finally, differentiating z we have
() = i o pr p(s),2(5),x(5)). (4.50)
89:] 8p] ’

Thus, we finally have the following system of ODEs:

p(s) = —D.F(p(s),z(s),x(s)) — D.F(p(s), 2(s), x(s))p(s)
Z(s) = DpF(p ( ),2(s),%(s)).p(s) (4.81)
X(s> = D F( )72(8)’)(( ))’

where D, D, D, are the derivatives with respect to x, p, z respectively. The above system
of 2n + 1 first-order ODEs comprises the characteristic equations of the nonlinear PDE
(4.72). The functions p(s), z(s), x(s) together are called the characteristics while x(s) is
called the projected characteristic onto the physical region U C ™. Furthermore, if v € C?
solves the nonlinear PDE (4.72) in U and assume x solves the last equation in (4.81), then
p(s) solves the first equation and z(s) solves the second for those s such that x(s) € U.

Example 4.4.2 [95] Consider the fully nonlinear equation

Vg Vg =0, x €U ={x1 >0}
v=2a5 onl ={z; =0} =09U.
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Solution
Thus, F(Dv,v,xz) = F(p,z,x) = p1p2 — 2z, and the characteristic equations (4.81) become

po= p
P2 o= p?
ito= p?
2 = pt
2 = 2pip?

Integrating the above system, we get

al(s) = phle®—1),
2(s) = a®+pde —1), 20 €R
pi(s) = pie’
p(s) = phe’
(s) = 2+pipa(e® —1), 2% = (")
We must now determine the initial parametrization: p° = (p9,p3). Since v =23 on T, then

Py = v4,(0,2°) = 22°. Then from the PDE, we get vy, = v/vs, = p{ = (2°)%/22° = 29 /2.
Upon substitution now in the above equations, we get

rl(s) = 22%* —1)
0

P(s) = F(+1)

1 xo s

p(s) = 35 ¢

pi(s) = 2a%:°

2(s) = (29)%e*.

Finally, we must eliminate s and x° in the above system to obtain the general solution. In
this regard, fix (x1,72) € U and select ° such that (z1,x2) = (x1(s),22(s)) = (22%(e® —
1), %O(es +1)). Consequently, we get

0 _ 49327’931 s _ w
= 4 ) = 4$2_$1’

and 2
4

U($17.’172) = Z(S) — (x0)2625 _ %

4.4.3 Characteristics for the Hamilton-Jacobi Equation

Let us now consider the characteristic equations for our Hamilton-Jacobi equation discussed
in the beginning of the chapter, which is a typical nonlinear first-order PDE:

G(Dv,,ve,v,2,t) = vy + H(Dv,x) = 0, (4.82)

where Dv = D,v and the remaining variables have their usual meaning. For convenience,
let q= (DU7 Ut) = (pa pn+1)7 Yy = (gj?t) Therefore?

G(q,2,y) = pns1 + H(p, x); (4.83)
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and
DqG:(DPH(p7$)7 1)7 DyG:(DIH(p7$)7 0)7 DZG:O

Thus, the characteristic equations (4.81) become

it(s) = gg (p(s),x(s)), (i=1,2,...,n),
intls) = 1,
i (s) = *gg (p(s),x(s)), (i=1,2,...,n), (4.84)
pri(s) = 0
i(s) = DyH(p(s),x(s)).p(s) +p"*,
which can be rewritten in vectorial form as
p(s) = 7D1H(p(8),X(S))
x(s) = DpH(p(s) x(s)) (4.85)
Z(s) = DpH(p(s),x(s)).p(s) — H(p(s),x(s)).

The first two of the above equations are clearly Hamilton’s canonical equations, while the
third equation defines the characteristic surface. The variable z is also termed as the action-
variable which represents the cost-functional for the variational problem

z(t) = IJICI(II)l/O L(x(s),x(s))ds

corresponding to the Hamilton-Jacobi equation, where L(x,x) is the Lagrangian function
L(x,x) = px — H(x, p).

Thus, we have made a connection between Hamilton’s canonical equations and the
Hamilton-Jacobi equation, and it is clear that a solution for one implies a solution for
the other. Nevertherless, neither is easy to solve in general, although, for some systems,
the PDE does sometimes offer some leeway, and in fact, this is the motivation behind
Hamilton-Jacobi theory.

4.5 Legendre Transform and Hopf-Lax Formula

Though the method of characteristics provides a remarkable way of integrating the HJE,
in general the characteristic equations and in particular the Hamilton’s canonical equations
(4.85) are very difficult to integrate. Thus, other approaches for integrating the HJE had
to be sought. One method due to Hopf and Lax [95] which applies to Hamiltonians that
are independent of ¢ deserves mention. For simplicity we shall assume that M is an open
subset of 1", and consider the initial-value problem for the HJE

ve+H(Dv) = 0 in R" x (0,00) } (4.86)

v g on N" x {t=0}

where g : R — R and H : R” — R is the Hamiltonian function which is independent of g.
Let the Lagrangian function L : TM — R satisfy the following assumptions.
Llg) _

Assumption 4.5.1 The Lagrangian function is conver and limg_, oo Tq = 00
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Note that the convexity in the above assumption also implies continuity. Furthermore,
for simplicity, we have dropped the ¢ dependence of L. We then have the following definition.

Definition 4.5.1 The Legendre transform of L is the Hamiltonian function H defined by

H(p) = sup{pq—L(g)}, peTyR"=R"
qgeR™
= pq" — L")

= pa(p) — L(a(p)),

for some q* = q(p).

We note that the “sup” in the above definition is really a “max,” i.e., there exists some
q¢* € " for which the mapping g — p.¢ — L(¢) has a maximum at ¢ = ¢*. Further, if L is
differentiable, then the equation p = DL(g*) is solvable for ¢ in terms of p, i.e., ¢* = q(p),
and hence the last expression above.

An important property of the Legendre transform [37] is that it is involutive, i.e., if L, is
the Legendre transform, then £2(L) = L and L,(H) = L. A stronger result is the following.

Theorem 4.5.1 (Convex duality of Hamiltonians and Lagrangians). Assume L satisfies
Assumption 4.5.1, and define H as the Legendre transform of L. Then, H also satisfies the
following:

(i) the mapping p — H(p) is conver,

We now use the variational principle to obtain the solution of the initial-value prob-
lem (4.86), namely, the Hopf-Lax formula. Accordingly, consider the following variational
problem of minimizing the action function:

/0 L(ui(s))ds + g(w(0)) (4.87)

over functions w : [0,¢] — R" with w(¢t) = z. The value-function (or cost-to-go) for this
minimization problem is given by

v(x,t) := inf {/o L(w(s))ds + g(q) |w(0) =y, w(t) = o:} , (4.88)

with the infimum taken over all C* functions w(.) with w(t) = z. Then we have the following
result.

Theorem 4.5.2 (Hopf-Lax Formula). Assume g is Lipschitz continuous, and if © € R",
t > 0, then the solution v = v(x,t) to the variational problem (4.87) is

v(z,t) = min {tL <zt—y> +g(y)}. (4.89)

yeR"

The proof of the above theorem can be found in [95].
The next theorem asserts that the Hopf-Lax formula indeed solves the initial-value
problem of the HJE (4.86) whenever v in (4.89) is differentiable.
H(p)

Theorem 4.5.3 Assume H is conver, lim,_, ﬁ = oo. Further, suppose x € R", t > 0,
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and v in (4.89) is differentiable at a point (x,t) € R™ x (0,00). Then (4.89) satisfies the
HIJE (4.86) with the initial value v(x,0) = g(x).

Again the proof of the above theorem can be found in [95]. The Hopf-Lax formula provides
a reasonably weak solution (a Lipschitz-continuous function which satisfies the PDE almost
everywhere) to the initial-value problem for the HJE. The Hopf-Lax formula is useful for
variational problems and mechanical systems for which the Hamiltonians are independent
of configuration coordinates, but is very limited for the case of more general problems.

4.5.1 Viscosity Solutions of the HJE

It was long recognized that the HJE being nonlinear, may not admit classical (or smooth
solutions) even for simple situations [56, 98, 287]. To overcome this difficulty, Crandall
and Lions [186] introduced the concept of viscosity (or generalized) solutions in the early
1980s [56, 83, 98, 186, 287] which have had wider application. Under the assumption of
differentiability of v, any solution v of the HJE will be referred to as a classical solution if
it satisfies it for all x € X'. In most cases however, the Hamiltonian function H fails to be
differentiable at some point z € X', and hence may not satisfy the HJE everywhere in X'. In
such cases, we would like to consider solutions that are closest to being differentiable in an
extended sense. The closest such idea is that of Lipschitz continuous solutions. This leads
to the concept of generalized solutions which we now define [83, 98].

Definition 4.5.2 Consider the more general form of the Hamiltonian function H : T* M —
R and the Cauchy problem

H(z,Dyv(x)) =0, v(z,0)=g(x) (4.90)

where Dyv(x) denotes some derivative of v at x, which is not necessarily a classical deriva-
tive. Now suppose v is locally Lipschitz on N, i.e., for every compact set O C N and
1, 9 € O there exists a constant ko > 0 such that

[v(z1) — v(@2)] < kollz1 — 22|

(it is Lipschitz if Ko = k, independent of O), then v is a generalized solution of (4.90) if
it satisfies it for almost all x € X.

Moreover, since every locally Lipschitz function is differentiable at almost all points x € IV,
the idea of generalized solutions indeed makes sense. However, the concept also implies the
lack of uniqueness of generalized solutions. Thus, there can be infinitely many generalized
solutions. In this section, we shall restrict ourselves to the class of generalized solutions
referred to as wviscosity solutions, which are unique. Other types of generalized solutions such
as “minimax” and “proximal” are also available in the literature [83]. We define viscosity
solutions next.

Assume v is continuous in N, and define the following sets which are respectively the
superdifferential and subdifferential of v at x € N

AN _ I _
Dty(x) = {p eRN” : lim sup v(@) U(ai) P2’ — ) < O}, (4.91)
=T e N ||gj — 1:”
- noop e V(@) —o(@) —q.(a" —x)
= : > . .
D™ v(x) {q eR a:l/lina: Il/relgv T —ll >0 (4.92)

Remark 4.5.1 If both DYv(z) and D~ v(x) are nonempty at some x, then DVv(z) =
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D v(x) and v is differentiable at x. We now have the following definitions of viscosity
solutions.

Definition 4.5.3 A continuous function v is a viscosity solution of HJE (4.90) if it is both a
viscosity subsolution and supersolution, i.e., it satisfies respectively the following conditions:

H(z,p) < 0; Yz €N, Vpe D" u(z) (4.93)
H(z,q) > 0; Yx € N, Vqge D v(x) (4.94)

respectively.

An alternative definition of viscosity subsolutions and supersolutions is given in terms of
test functions as follows.

Definition 4.5.4 A continuous function v is a viscosity subsolution of HJE (4.90) if for
any p € C1,
H(z,Dp(x)) <0

at any local mazimum point x of v — @. Similarly, v is a viscosity supersolution if for any
peCl,
H(z,Dy(z)) = 0

at any local minimum point x of v — .

Finally, for the theory of viscosity solutions to be meaningful, it should be consistent with
the notion of classical solutions. Thus, we have the following relationship between viscosity
solutions and classical solutions [56].

Proposition 4.5.1 If v € C(N) is a classical solution of HIE (4.90), then v(z) is a vis-
cosity solution, and conversely if v € C1(N) is a viscosity solution of (4.90), then v is a
classical solution.

Which states in essense that, every classical solution is a viscosity solution. Furthermore,
the following proposition gives a connection with Lipschitz-continuous solutions [56].

Proposition 4.5.2 (a) If v € C(N) is a viscosity solution of (4.90), then
H(z,Dyv) =0

at any point x € N where v is differentiable; (b) if v is locally Lipschitz-continuous and it
is a viscosity solution of (4.90), then

H(z,Dyv) =0

almost everywhere in N.
Lastly, the following proposition guarantees uniqueness of viscosity solutions [95, 98].
Proposition 4.5.3 Suppose H(x,p) satisfies the following Lipschitz conditions:

|H(z,p) — H(z,q)] < klp—dl

|H(z,p) — H(z',p)] < klz—2'|[(1+]pl)
for some k>0, x,x',p,q € R™, then there exists at most one viscosity solution to the HJE
(4.90).

The theory of viscosity solutions is however not limited to the HJE. Indeed, the theory
applies to any first-order equation of the types that we have discussed in the beginning of
the chapter and also second-order equations of parabolic type.
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4.6 Notes and Bibliography

The material in Sections 1-4 on Hamiltonian mechanics is collected from the References
[1, 37, 115, 122, 200] and [127], though we have relied more heavily on [122, 127] and [115].
On the other hand, the geometry of the Hamilton-Jacobi equation and a deeper discussion
of its associated Lagrangian-submanifolds can be found in [1, 37, 200]. In fact, these are
the standard references on the subject. A more classical treatment of the HJE can also be
found in Whittaker [271] and a host of hundreds of excellent books in many libraries.
Section 4.3, dealing with an introduction to nonlinear lattices is mainly from [258], and
more advanced discussions on the subject can be found in the References [3]-[5, 72, 123, 201].
Finally, Section 4.4 on first-order PDEs is mainly from [95, 109]. More exhaustive dis-
cussion on viscosity and generalized solutions of HJEs can be found in [56, 83] from the
deterministic point of view, and in [98, 287] from the stochastic point of view.
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State-Feedback Nonlinear H..-Control for
Continuous-Time Systems

In this chapter, we discuss the nonlinear H., sub-optimal control problem for continuous-
time affine nonlinear systems using state-feedback. This problem arises when the states
of the system are available, or can be measured directly and used for feedback. We de-
rive sufficient conditions for the solvability of the problem, and we discuss the results for
both time-invariant (or autonomous) systems and time-varying (or nonautonomous) sys-
tems, as well as systems with a delay in the state. We also give a parametrization of all
full-information stabilizing controllers for each system. Moreover, understanding the state-
feedback problem will facilitate the understanding of the dynamic measurement-feedback
problem which is discussed in the subsequent chapter.

The problem of robust control in the presence of modelling errors and/or parameter
variations is also discussed. Sufficient conditions for the solvability of this problem are
given, and a class of controllers is presented.

5.1 State-Feedback #H.-Control for Affine Nonlinear Systems

The set-up for this configuration is shown in Figure 5.1, where the plant is represented by
an affine causal state-space system defined on a smooth n-dimensional manifold X C R™ in
local coordinates x = (x1,...,zy):

t = f(x)+an@w+ ge(z)u; z(to) =0
DI y x (5.1)
z hi(x) + ki2(x)u

where x € X is the state vector, u € U C RP is the p-dimensional control input, which
belongs to the set of admissible controls U, w € W is the disturbance signal, which belongs
to the set W C Ly([to, o), R") of admissible disturbances, the output y € R™ is the states-
vector of the system which is measured directly, and z € R*® is the output to be controlled.
The functions f : X — V°(X), g1 : X = M™*"(X), g2 : X = M™*P(X), hy : X — R5,
and k12 : X — MP*™(X) are assumed to be real C*°-functions of z. Furthermore, we
assume without loss of generality that x = 0 is a unique equilibrium point of the system
with u = 0, w = 0, and is such that f(0) = 0, hy1(0) = 0. We also assume that the system
is well defined, i.e., for any initial state z(tg) € X and any admissible input u(t) € U, there
exists a unique solution x(t, to, xg, u) to (5.1) on [ty, 00) which continuously depends on the
initial conditions, or the system satisfies the local existence and uniqueness theorem for
ordinary differential-equations [157].

Again Figure 5.1 also shows that for this configuration, the states of the plant are
accessible and can be directly measured for the purpose of feedback control. We begin with
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FIGURE 5.1
Feedback Configuration for State-Feedback Nonlinear H..-Control

the definition of smooth-stabilizability and also recall the definition of Ls-gain of the system
4.

Definition 5.1.1 (Smooth-stabilizability). The nonlinear system %% (or simply [f,g2]) is
locally smoothly-stabilizable if there exists a C°-function F : U C X — RP, F(0) = 0, such
that @ = f(x)+ge(x)F () is locally asymptotically stable. The system is smoothly-stabilizable
iU =X.

Definition 5.1.2 The nonlinear system 3¢ is said to have locally Lo-gain from w to z in
U C X, less than or equal to vy, if for any xo € U and fized u, the response z of the system
corresponding to any w € W satisfies:

T T
/ =()|%dt < o2 / lw(®)[2dt + B(zo), VT > to,

to t(J

for some bounded C° function B :U — R such that 3(0) = 0. The system has La-gain < 7y
if the above inequality is satisfied for all x € X, or U = X.

Since we are interested in designing smooth feedback laws for the system to make it asymp-
totically or internally stable, the requirement of smooth-stabilizability for the system will
obviously be necessary for the solvability of the problem before anything else. The subop-
timal state-feedback nonlinear H.,-control or local disturbance-attenuation problem with
internal stability, can then be formally defined as follows.

Definition 5.1.3 (State-Feedback Nonlinear Hoo (Suboptimal)-Control Problem (SFBNL-
HICP)). The state-feedback Hoo suboptimal control or local disturbance-attenuation problem
with internal stability for the system 3%, is to find a static state-feedback control function
of the form

u=ax,t), a:RyxN->R, NCX (5.2)

for some smooth function o depending on x and possibly t only, such that the closed-loop
system:

z = hi(z) + ka(z)a(z,t) (5.3)

o . { = f(@)+gi(x)w+ ga(z)e(z,t); x(to) = o
clp - 1
has, for all initial conditions x(ty) € N, locally Lo-gain from the disturbance signal w to
the output z less than or equal to some prescribed number v* > 0 with internal stability, or
equivalently, the closed-loop system achieves local disturbance-attenuation less than or equal
to v* with internal stability.
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Internal stability of the system in the above definition means that all internal signals
in the system, or trajectories, are bounded, which is also equivalent to local asymptotic-
stability of the closed-loop system with w = 0 in this case.

Remark 5.1.1 The optimal problem in the above definition is to find the minimum v* > 0
for which the Ls-gain is minimized. This problem is however more difficult to solve.

One way to measure the £o-gain (or with an abuse of the terminology, Heo-norm) of the
system (5.1), is to excite it with a periodic input wr € W, where W C W is the subspace
of periodic continuous-time functions (e.g., a sinusoidal signal), and to measure the steady-
state output response zgs(.) corresponding to the steady-state state response x4s(.). Then
the Lo-gain can be calculated as

l|zss T
weW Hw”T

1 to+T ) 1 to+T ) %
ol = = / lw()Pds | lzslr = / lw(s)|%ds |
T to T to

Returning now to the SFBNLHICP, to derive sufficient conditions for the solvability
of this problem, we apply the theory of differential games developed in Chapter 2. It is
fairly clear that the problem of choosing a control function u*(.) such that the Ls-gain
of the closed-loop system from w to z is less than or equal to v > 0, can be formulated
as a two-player zero-sum differential game with u the minimizing player’s decision, w the
maximizing player’s decision, and the objective functional:

12 e =

where

N

min max.J(u, w) = %/ﬁ =@ = 7 llw(®)]|)dt, (5.4)

ued wew

subject to the dynamical equations (5.1) over a finite time-horizon T' > t.

At this point, we separate the problem into two subproblems; namely, (i) achieving lo-
cal disturbance-attenuation and (ii) achieving local asymptotic-stability. To solve the first
problem, we allow w to vary over all possible disturbances including the worst-case distur-
bance, and search for a feedback control function v : X X ® — U depending on the current
state information, that minimizes the objective functional J(.,.) and renders it nonpositive
for all w starting from x¢ = 0. By so doing, we have the following result.

Proposition 5.1.1 Suppose for v = v* there exists a locally defined feedback-control func-
tion u* : N xR — R, 0 € N C X, which is possibly time-varying, and renders J(.,.)
nonpositive for the worst possible disturbance w* € W (and hence for all w € W) for all
T > 0. Then the closed-loop system has locally Lo-gain < v*.

Proof:
Tt w) < 0= (2l apior) < v lllcafeory VT > 0. O

To derive the sufficient conditions for the solvability of the first sub-problem, we define
the value-function for the game V : X x [0,T] — R as

T
Vita) = intsup g [ 12(7) = ()l
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and apply Theorem 2.4.2 from Chapter 2. Consequently, we have the following theorem.

Theorem 5.1.1 Consider the SFBNLHICP problem as a two-player zero-sum differential
game with the cost functional (5.4). A pair of strategies (u*(z,t), w*(x,t)) provides, under
feedback information structure, a saddle-point solution to the game such that

JW, w) < J(uw') < J(u,w?),

if the value-function V is C' and satisfies the HJI-PDE (HJIE):

—

Vie,t) = minsup { V(o0 (@) + or (oo + il + 5117~ 2ol

uow

— swpmin { V(. 01/() + ) + gnlol + 3 21P - 507ul?}

w

= Vol O (@) + g1 @ () + g2 ()] + 5 (2) + iz (0 -
Sl @ )5 V) =o0. (55)

Next, to find the pair of feedback strategy (u*,w*) that satisfies Isaac’s equation (5.5), we
form the Hamiltonian function H : T*X x U x W — R for the problem:

1 1
H(z,p,u,w) = p" (f(2) + gi(2)w + g2(@)u) + 5171 (@) + kra(@)ull* = 572 [w]?, (5.6)
and search for a unique saddle-point (u*, w*) such that
H(z,p,u*,w) < H(z,p,u*,w*) < H(z,p,u, w") (5.7)

for each (u,w) and each (x,p), where p is the adjoint variable.

Since the function H(.,.,.,.) is C? in both v and w, the above problem can be solved by
applying the necessary conditions for an unconstrained optimization problem. However, the
only problem that might arise is if the coefficient matrix of u is singular. This more general
problem will be discussed in Chapter 9. But in the meantime to overcome this problem, we
need the following assumption.

Assumption 5.1.1 The matriz
R(z) = ki3 (2)k12 ()
is nonsingular for all x € X.

Under the above assumption, the necessary conditions for optimality for v and w provided
by the minimum (maximum) principle [175] are

0H , | B OH o
%(U 7’(1})—07 6—w(u,w )—0
for all (u,w). Application of these conditions gives

u(z,p) = —R7N(2)(g3 (2)p + kip(2)hi(2)), (5.8)

%ﬁ@:)p. (5.9)

w*(z,p)
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Moreover, since by assumption R(.) is nonsingular and therefore positive-definite, and v > 0,
the above equilibrium-point is clearly an optimizer of J(u,w). Further, we can write
1

1 x
H{(z,p,u,w) = H*(2,p) + 5llu = [y = 577w — w7, (5.10)

where

H*(z,p) = H(z,p, u"(z,p), w"(z,p))
and the notation ||a||¢ stands for a” Qa for any a € R", Q € R™*". Substituting u* and w*
in turns in (5.10) show that the saddle-point conditions (5.7) are satisfied.

Now assume that there exists a C' positive-semidefinite solution V : X — R to Isaac’s
equation (5.5) which is defined in a neighborhood N of the origin, that vanishes at 2z = 0
and is time-invariant (this assumption is plausible since H(., ., .,.) is time-invariant). Then
the feedbacks (u*, w*) necessarily exist, and choosing

p="V) (x)

in (5.10) yields the identity:

e, VI @) wn) = Val@)(F(@) +ga(@hw + ga(au) + 5l (@) + kra()ul® — 557wl

* 1 * 1 *
B @, VI @) + 3w i) + 57w = w2
Finally, notice that for u = v* and w = w*, the above identity yields
H(z, VI (2),w*,u*) = H*(z, V. (2))

which is exactly the right-hand-side of (5.5), and for this equation to be satisfied, V'(.) must
be such that
H*(z, VI (z)) = 0. (5.11)

The above condition (5.11) is the time-invariant HJIE for the disturbance-attenuation prob-
lem. Integration of (5.11) along the trajectories of the closed-loop system with a(x) =
u*(z, V,I'(x)) (independent of t!) starting from ¢ = tq and z(tg) = 29, to t = T > t and
x(T) yields

1 T
V(a(T)) ~ V(o) < 5 / (Pl = 217)dt > 0 v e W.

This means J(u*,w) is nonpositive for all w € W, and consequently implies the Lo-gain
of the system is less than or equal to . This also solves part (i) of the state-feedback
suboptimal H.-control problem. Before we consider part (ii) of the problem, we make the
following simplifying assumption.

Assumption 5.1.2 The output vector hi(.) and weighting matriz ki2(.) are such that
kiy(@)kia(x) = 1

and

R (2)k12(z) =0

for all x € X. Equivalently, we shall henceforth write z = [ h1l(tl") } under this assumption.
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Remark 5.1.2 The above assumption implies that there are no cross-product terms in the
performance or cost-functional (5.4), and the weighting on the control is unity.

Under the above assumption 5.1.2, the HJIE (5.11) becomes

Va(o) (@) + 3Vo(@) 501 (2)o] (@) — ga(wgd @IV () + 5hT (@) =0, V() =0,

(5.12)

and the feedbacks (5.8), (5.9) become
u(z) = —g3 @)V (2) (5.13)
W@ = el @V . (514)

Thus, the above condition (5.12) together with the associated feedbacks (5.13), (5.14) pro-
vide a sufficient condition for the solvability of the state-feedback suboptimal ., problem
on the infinite-time horizon when T — oo.

On the other hand, let us consider the finite-horizon problem as defined by the cost
functional (5.4) with T' < oo. Assuming there exists a time-varying positive-semidefinite C'*
solution V : X x ® — R to the HIIE (5.5) such that

p =V, (z,1),
then substituting in (5.8), (5.9) and the HJIE (5.5) under the Assumption 5.1.2, we have
u(z,t) = —g3 (2)V (2,) (5.15)
W () = %gf(x)vf(m,t), (5.16)

where V satisfies the HJIE
1 1
Vilz,t) + Va(z, ) f () + SValz, t)[?gl(ﬂf)gf(z) — g2(x)g3 ()]V,] (1) +
%hT(x)hl(z) =0, V(z,T)=0. (5.17)

Therefore, the above HJIE (5.17) gives a sufficient condition for the solvability of the finite-
horizon suboptimal H, control problem and the associated feedbacks.
Let us consider an example at this point.

Example 5.1.1 Consider the nonlinear system with the associated penalty function
j?l = X2

. 1 3
To = fx1—§z2+z2w+u

z = .
u
The HJIE (5.12) corresponding to this system and penalty function is given by

1 1 22(z2 —~2
2oV, — 21V, — 53;%1/” 4 _2(277) 4

2 _
3 2 x5 = 0.

DN | =

Let v =1 and choose
Vw1 = T, ng = T2.
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Then we see that the HJIE is solved with V(x) = (2% 4+ x3) which is positive-definite. The
associated feedbacks are given by

u* = —xp, w* = 3.

It is also interesting to notice that the above solution V' to the HJIE (5.12) is also a

Lyapunov-function candidate for the free system: 1 = xo, &9 = —T1 — %z%

Next, we consider the problem of asymptotic-stability for the closed-loop system (5.3),
which is part (ii) of the problem. For this, let

a(z) = u*(zx) = —g3 (2)V, (2),

where V(.) is a smooth positive-semidefinite solution of the HJIE (5.12). Then differentiating
V along the trajectories of the closed-loop system with w = 0 and using (5.12), we get

V) = Ve@)(() - ga(e)gd (0)Vae)
= 3l = 37t I = AT @) (@) <,

where use has been made of the HJIE (5.12). Therefore, V is nonincreasing along trajectories
of the closed-loop system, and hence the system is stable in the sense of Lyapunov. To
prove local asymptotic-stability however, an additional assumption on the system will be
necessary.

Definition 5.1.4 The nonlinear system 3¢ is said to be locally zero-state detectable if there
exists a neighborhood U C X of x = 0 such that, for all x(ty) € U, if z(t) =0, u(t) =0 for
all t > tg, it implies that imy_,o (L, to, xo,u) = 0. It is zero-state detectable if U = X.

Thus, if we assume the system 3¢ to be locally zero-state detectable, then it is seen that
for any trajectory of the system z(t) € U such that V (z(t)) = 0 for all t > t, for some t, > to,
it is necessary that u(t) = 0 and z(t) = 0 for all ¢ > t,. This by zero-state detectability
implies that lims_, o x(t) = 0. Finally, since 2 = 0 is the only equilibrium-point of the
system in U, by LaSalle’s invariance-principle, we can conclude local asymptotic-stability.

The above result is summarized as the solution to the state-feedback H, sub-optimal
control problem (SFBNLHICP) in the next theorem after the following definition.

Definition 5.1.5 A nonnegative function V : X — R is proper if the level set V—1([0,a]) =
{z € X|0 < V(x) <a} is compact for each a > 0.

Theorem 5.1.2 Consider the nonlinear system %% and the SFBNLHICP for the system.
Assume the system is smoothly-stabilizable and locally zero-state detectable in N C X.
Suppose also there exists a smooth positive-semidefinite solution to the HJIE (5.12) in N.
Then the control law

u* = a(r) = —g3 (x)V,I(z), 2 €N (5.18)

solves the SFBNLHICP locally in N. If in addition X% is globally zero-state detectable
and 'V is proper, then u* solves the problem globally.

Proof: The first part of the theorem has already been proven in the above developments.
For the second part regarding global asymptotic-stability, note that, if V' is proper, then
V is a global solution of the HJIE (5.11), and the result follows by application of LaSalle’s
invariance-principle from Chapter 1 (see also the References [157, 268]). O
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The existence of a C? solution to the HJIE (5.12) is related to the existence of an
invariant-manifold for the corresponding Hamiltonian system:

dz  _ OH ) (x,p)
da ox ’
where
* T 1 T 1 T T 1 T
Hi(z,p) =p flz) +5p [?91(93)91 (@) = g2(2)g2 ()l + 5 h1 (2)ha(2).

It can be seen then that, if V' is a C? solution of the Isaacs equation, then differentiating
H*(z,p) in (5.11) with respect to x we get

<8H:;> N (8Hf;> vk _o,
ox p=VT Op p=VT ox

and since the Hessian matrix

ovr
Jx
is symmetric, it implies that the submanifold
M = {(z,p) : p=V, (2)} (5.20)

is invariant under the flow of the Hamiltonian vector-field X H:, 1e.,

(5), ),
O ) ,_yr B p ) peyr Ox ’
The above developments have considered the SFBNLHICP from a differential games

perspective. In the next section, we consider the same problem from a dissipative point of
view.

Remark 5.1.3 With p = VI (), for some smooth solution V > 0 of the HIIE (5.12), the
disturbance w* = %gl(x)VzT(:Z:), x € X is referred to as the worst-case disturbance affecting
the system. Hence the title “worst-case” design for Hso-control design.

Let us now specialize the results of Theorem 5.1.2 to the linear system

& = Fax+Gw+ Gau; x(0) =z
DI Lo {Hlaz} (5.21)
u )

where F' € R"*" G € R, Gy € R™*P and H; € R™*"™ are constant matrices. Also,
let the transfer function w +— z be T.,, and assume x(0) = 0. Then the Hoo-norm of the
system from w to z is defined by

A z
Toulle 2 sup lzll2
0#weL2[0,00) ||w||2

We then have the following corollary to the theorem.

Corollary 5.1.1 Consider the linear system (5.21) and the SFBNLHICP for it. Assume
(F,G3) is stabilizable and (Hy, F) is detectable. Further, suppose for some v > 0, there
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exists a symmetric positive-semidefinite solution P > 0 to the algebraic-Riccati equation
(ARE):

1

FTP+ PF + P[5 GG — G2G5 P+ H{ H; =0. (5.22)

v

Then the control law
U = —GgP:z:

solves the SFBNLHICP for the system X!, i.e., renders its Hoo-norm less than or equal to
a prescribed number v > 0 and (F — GoGE P) is asymptotically-stable or Hurwitz.

Remark 5.1.4 Note that the assumptions (F,Gz) stabilizable and (Hy, F') detectable in the
above corollary actually guarantee the existence of a symmetric solution P > 0 to the Riccati
equation (5.22) [292]. Moreover, any solution P = PT >0 of (5.22) is stabilizing.

Remark 5.1.5 Again, the assumption (Hy, F) detectable in the corollary can be replaced
by the linear equivalent of the zero-state detectability assumption for the nonlinear case,

which is
A— jwl G2 o
rank( " I )ner Yw € R.
This condition also means that the system does not have a stable unobservable mode on the

Jw-axis.

The converse of Corollary 5.1.1 also holds, and is stated in the following theorem which
is also known as the Bounded-real lemma [160].

Theorem 5.1.3 Assume (Hy, F) is detectable and let v > 0. Then there exists a linear
feedback-control
u=Kux

such that the closed-loop system (5.21) with this feedback is asymptotically-stable and has
Lo-gain < ~ if, and only if, there exists a solution P > 0 to (5.22). In addition, if P =
PT >0 is such that

o (F — GoGT P+ iQGlGITP> ccC,
gl

where o(.) denotes the spectrum of (.), then ||Tewllco < 7-

5.1.1 Dissipative Analysis

In this section, we reconsider the SFBNLHIC'P for the affine nonlinear system (5.1) from a
dissipative system’s perspective developed in Chapter 3 (see also [131, 223]). In this respect,
the first part of the problem (subproblem (i)) can be regarded as that of finding a static
state-feedback control function u = a(x) such that the closed-loop system (5.3) is rendered
dissipative with respect to the supply-rate

s(w(t), 2(t)) = %(VQIIUJ(t)II2 = llz®1%)

and a suitable storage-function. For this purpose, we first recall the following definition from
Chapter 3.

Definition 5.1.6 The nonlinear system (5.1) is locally dissipative with respect to the
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supply-rate s(w, z) = $(v2|lw||® = ||z||?), if there exists a storage-function V : N C X — Ry
such that for any initial state x(to) = xo € N, the inequality

Vi) = Vo) < [ 507 le® - 0P (5.23)

to
is satisfied for all w € Lalto, 00), where x1 = x(t1,to, o, u).
Remark 5.1.6 Rewriting the above dissipation-inequality (5.23) as (since V> 0)

(s 2 L, 2
3 [ IR < 5 [P le@lRdr + V)
2 to 2 to

and allowing t1 — oo, it immediately follows that dissipativity of the system with respect to
the supply-rate s(w, z) implies finite Lo-gain <~ for the system.

We can now state the following proposition.

Proposition 5.1.2 Consider the nonlinear system (5.3) and the the SFBNLHICP using
static state-feedback control. Suppose for some v > 0, there exists a smooth solution V' > 0
to the HJIE (5.12) or the HJI-inequality:

Va(@)f(@) + 5V @)l @)a] @) — g2()ad @IV @)+ 5H @)hi@) <0, V(0) =0,

(5.24)
in N C X. Then, the control function (5.18) solves the problem for the system in N.

Proof: The equivalence of the solvability of the HJIE (5.12) and the inequality (5.24)
has been shown in Chapter 3. For the local disturbance-attenuation property, rewrite the
HJ-inequality as

V(z) = Va(@)f(2) +gi(@)w — g2(2)gz (2)V, (2)], z €N

1 ~2 1 1
—3lIAl? = e = a1 @)V @)1° + 577 lwll® -

1 * (12
—|lu” " 5.25
S [lw” |l (5.25)

2

IN

Integrating now the above inequality from ¢ = t( to t = t1 > t¢, and starting from z(t¢),
we get

Vialt) = Viatto) < [ 502l = [Pt a(t), altr) € N,

where z* = [ hlu(*m ) } . Hence, the system is locally dissipative with respect to the supply-
rate s(w, z), and consequently by Remark 5.1.6 has the local disturbance-attenuation prop-

erty. OJ

Remark 5.1.7 Note that the inequality (5.25) is obtained whether the HJIE is used or the
HJI-inequality is used.

To prove asymptotic-stability for the closed-loop system, part (ii) of the problem, we have
the following theorem.

Theorem 5.1.4 Consider the nonlinear system (5.3) and the SFBNLHICP. Suppose the
system 1is smoothly-stabilizable, zero-state detectable, and the assumptions of Proposition
5.1.1 hold for the system. Then the control law (5.18) renders the closed-loop system (5.3)
locally asymptotically-stable in N with w = 0 and therefore solves the SFBNLHICP for
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the system locally in N. If in addition the solution V' > 0 of the HJIE (or inequality) is
proper, then the system is globally asymptotically-stable with w = 0, and the problem 1is
solved globally.

Proof: Substituting w = 0 in the inequality (5.25), it implies that V' (£) < 0 and the system
is stable. Further, if the system is zero-state detectable, then for any trajectory of the system
such that V (z(t)) = 0, for all t > t, for some t, > to, it implies that z(t) = 0, u*(t) = 0, for
all t > t,, which in turn implies that lim; . (¢) = 0. The result now follows by application
of Lasalle’s invariance-principle. For the global asymptotic-stability of the system, we note
that if V' is proper, then V' is a global solution of the HJI-inequality (5.24), and the result
follows by applying the same arguments as above. [J
We consider another example.

Example 5.1.2 Consider the nonlinear system defined on the half-space N1 = {x|z1 >

32}

1
2

, —32% — 3
I = —= 4w
21‘1 — T2
To = Xot+w-+u
2 = [z xpu)”.

The HJI-inequality (5.24) corresponding to this system for v = \/2 is given by

—1a? — 23 1., 1 Lo, 1,4
(H)Vm +(@2)Voo + Vi, + 5V Vi, — Ve, + 5 (@1 +23) 0.

Then, it can be checked that the positive-definite function
1 1
Vi(z) = 597? + (e - )

globally solves the above HJI-inequality in N with v = /2. Moreover, since the system is
zero-state detectable, then the control law

U =T, — T2
asymptotically stabilizes the system over N 1

Next, we investigate the relationship between the solvability of the SEFBNLHICP for
the nonlinear system X and its linearization about x = 0:

8

- = Fr+ Giw+ Gau; 9_3(0) = Ty
DL S { H\Z } (5.26)
U

where F' = %(0) e R Gy = 1(0) € R, Ga = ¢g2(0) € R**P, Hy = %(O)7 and
u € R,z € R, w € RN'. A number of interesting results relating the Lo-gain of the
linearized system Y! and that of the system ¥ can be concluded [264]. We summarize here

one of these results.

Theorem 5.1.5 Consider the linearized system Y', and assume the pair (Hy, F) is de-
tectable [292]. Suppose there exists a state-feedback uw = KT for some p x n matriz K,
such that the closed-loop system is asymptotically-stable and has Lo-gain from w to Z
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less than ~v > 0. Then, there exists a neighborhood O of x = 0 and a smooth positive-
semidefinite function V : O — R that solves the HJIE (5.12). Furthermore, the control law
u* = —go(x)V,I (z) renders the Lo-gain of the closed-loop system (5.3) less than or equal to
v in O.

We defer a full study of the solvability and algorithms for solving the HJIE (5.12)
which are crucial to the solvability of the SFBNLHICP, to a later chapter. However, it is
sufficient to observe that, based on the results of Theorems 5.1.3 and 5.1.5, it follows that
the existence of a stabilizing solution to the ARE (5.22) guarantees the local existence of
a positive-semidefinite solution to the HIJIE (5.12). Thus, any necessary condition for the
existence of a symmetric solution P > 0 to the ARE (5.22) becomes also necessary for the
local existence of solutions to (5.11). In particular, the stabilizability of (F, G3) is necessary,
and together with the detectability of (Hy, F') are sufficient. Further, it is well known from
linear systems theory and the theory of Riccati equations [292, 68] that the existence of a
stabilizing solution P = PT to the ARE (5.22) implies that the two subspaces

X_(A?) and Im{ﬂ

are complementary and the Hamiltonian matrix

=1 _pru —FT

. F (32G1GT — G2GY) }

does not have imaginary eigenvalues, where X,(EQ ) is the stable eigenspace of H; Trans-
lated to the nonlinear case, this requires that the stable invariant-manifold M~ of the
Hamiltonian vector-field X through (z, V.I(z)) = (0,0) (which is of the form (5.20)) to

IID } at (z,V.I') = (0,0), and the matrix

ﬁf; corresponding to the linearization of HJ does not have purely imaginary eigenvalues.
The latter condition is referred to as being hyperbolic and this situation will be regarded
as the noncritical case. Thus, the detectability of (Hy, F) excludes the condition that H
has imaginary eigenvalues, but this is not necessary. Indeed, the HJIE (5.12) can also have
smooth solutions in the critical case in which the Hamiltonian matrix H. 3 is nonhyperbolic.
In this case, the manifold M is not entirely the stable-manifold, but will contain a nontrivial
center-stable manifold.

Proof: (of Theorem 5.1.5): By Theorem 5.1.3 there exists a solution P > 0 to (5.22).
It follows that the stable invariant manifold M~ is tangent to X_(H2) at (x,p) = (0,0).
Hence, locally about = = 0, there exists a smooth solution V'~ to the HJIE (5.12) satisfying

PV (0) = P. In addition, since F — G2GT P is asymptotically-stable, the vector-field

0z?

f— 9297 82)/; is asymptotically-stable. Rewriting the HJIE (5.12) as

be n-dimensional and tangent to X_(H3) := span [

_ _ 1. 1 N
Vo (@)(f(2) = g2(2)93 (2)V; T (2)) + Ve (x)[?gl(l’)ng(I) +ga(x)g3 ()] V, T (@) +
1
SHT @) (@) =0,
it implies by the Bounded-real lemma (Chapter 3) that locally about x = 0, V~ > 0 and

the closed-loop system has Lo-gain < « for all w € W such that x(¢) remains in 0. O
In the next section, we discuss controller parametrization.
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FIGURE 5.2
Controller Parametrization for FI-State-Feedback Nonlinear H,.-Control

5.1.2 Controller Parametrization

In this subsection, we discuss the state-feedback Ho controller parametrization problem
which deals with the problem of specifying a set (or all the sets) of possible state-feedback
controllers that solves the SFBNLHICP for the system (5.1) locally.

The basis for the controller parametrization we discuss is the Youla (or @Q)-
parametrization for all stabilizing controllers for the linear problem [92, 195, 292] which
has been extended to the nonlinear case [188, 215, 214]. Although the original Youla-
parametrization uses coprime factorization, the modified version presented in [92] does not
use coprime-factorization. The structure of the prametrization is shown in Figure 5.2. Its
advantage is that it is given in terms of a free parameter which belongs to a linear space,
and the closed-loop map is affine in this free parameter. Thus, this gives an additional
degree-of-freedom to further optimize the closed-loop maps in order to achieve other design
objectives.

Now, assuming %¢ is smoothly-stabilizable and the disturbance signal w € L2]0, 00) is
fully measurable, also referred to as the full-information (FI) structure, then the following
proposition gives a parametrization of a family of full-information controllers that solves
the SFBNLHICP for X¢.

Proposition 5.1.3 Assume the nonlinear system X% is smoothly stabilizable and zero-state
detectable. Suppose further, the disturbance signal is measurable and there exists a smooth
(local) solution V' > 0 to the HJIE (5.12) or inequality (5.24) such that the SFBNLHICP is
(locally) solvable. Let FG denote the set of finite-gain (in the Lo sense) asymptotically-stable
(with zero input and disturbances) input-affine nonlinear plants, i.e.,

FG 2 {Z%2%u = 0,w = 0) is asymptotically-stable and has Lo-gain < ~}.
Then, the set
Krr={uju=u"+Q(w—w"), Q€ FG, Q :inputs— outputs} (5.27)

is a paremetrization of all Fl-state-feedback controllers that solves (locally) the SFBNLHICP
for the system X°.

Proof: Apply u € Kg; to the system X% resulting in the closed-loop system:

= f(z)+gi(z)w+ g2(2)(u* + Qw —w¥)); z(0) = =0
2°.(Q) - B { ha(z) } (5.28)

z =
u
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If Q@ = 0, then the result follows from Theorem 5.1.2 or 5.1.4. So assume @ # 0, and since

QeFg, r Q(w — w*) € L3]0,00). Let V> 0 be a (local) solution of (5.12) or (5.24) in
N for some v > 0. Then, differentiating this along a trajectory of the closed-loop system,
completing the squares and using (5.12) or (5.24), we have

d

EV = VW [f + 1w — gQggVIT + gQr]

1 1 1 1
= Vuf+ §Vz[?glng — 9202 Vi + §||hl||2 - §||h1||2 -
2 1 1 1 1
Fllw = gl VI + 557l = 5l = g2 VI @) + 5 i)
15 2 1 2 1 2 1 2 72 1 772
< gl = Il = gl + Gl = e = ot V. (5.29)

Now, integrating the above inequality (5.29) from ¢ = t¢ to ¢ = t1 > to, starting from x(to)
and using the fact that

t1 ty
/ |7|%dt < 72/ lw — w*||*dt Yt1 > to,Yw € W,
to to

we get
"1 2 2 2
V(a(h)) - V(ato)) < / SOl = ll2]?)dt, Valto), a(t1) € N. (5.30)

This implies that the closed-loop system (5.28) has Lo-gain < « from w to z. Finally, the
part dealing with local asymptotic-stability can be proven as in Theorems 5.1.2, 5.1.4. [

Remark 5.1.8 Notice that the set FG can also be defined as the set of all smooth input-
affine plants Q : v — v with the realization

6 = al@+bE)r
Yo : { 0 = cd) (5.31)

where § € X, a: X = VO(X), b: X = M" P, ¢c: X = R™ are smooth functions, with
a(0) = 0, ¢(0) = 0, and such that there exists a positive-definite function ¢ : X — Rp
satisfying the bounded-real condition:

pe(a(6) + 5z ee MODT O (€) + 5T (E)clE) =0,

5.2 State-Feedback Nonlinear H., Tracking Control

In this section, we consider the traditional state-feedback tracking, model-following or ser-
vomechanism problem. This involves the tracking of a given reference signal which may be
any one of the classes of reference signals usually encountered in control systems, such as
steps, ramps, parabolic or sinusoidal signals. The objective is to keep the error between the
system output y and the reference signal arbitrarily small. Thus, the problem can be treated
in the general framework discussed in the previous section with the penalty variable z rep-
resenting the tracking error. However, a more elaborate design scheme may be necessary in
order to keep the error as desired above.
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The system is represented by the model (5.1) with the penalty variable

2= { () ] , (5.32)

u

while the signal to be tracked is generated as the output y,, of a reference model defined by

. T = fm(mm)a CEm(tO):l'mO
Zm.{ Y = () (5.33)

T €RY frn : RE— VR, by : R — R™ and we assume that this system is completely
observable [212]. The problem can then be defined as follows.

Definition 5.2.1 (State-Feedback Nonlinear Hoo (Suboptimal) Tracking Control Problem
(SFBNLHITCP)). Find if possible, a static state-feedback control function of the form

U= (T, T )y gk : Np X Ny — RP (5.34)

N, C X, N,, C R, for some smooth function cuyi, such that the closed-loop system (5.1),
(5.84), (5.33) has, for all initial conditions starting in N, X N, neighborhood of (0,0),
locally Lo-gain from the disturbance signal w to the output z less than or equal to some
prescribed number v* > 0 and the tracking error satisfies limy_oo{y — ym} = 0.

To solve the above problem, we follow a two-step procedure:
Step 1: Find a feedforward-control law uy, = wu.(x,z,,) so that the equilibrium point
x = 0 of the closed-loop system

&= f(x) + ga(z)u(x,0) (5.35)

is exponentially stable, and there exists a neighborhood U = N, x N, of (0,0) such that
for all initial conditions (g, Zmo) € U the trajectories (x(t), 2m (t)) of

& f(z) + go(z)us (2, Tm)
{ PAVASC (5.36)

satisty
Jim (s (02 () = b (1)} = 0.

To solve this step, we seek for an invariant-manifold
My ={z|z =0(zm)}

and a control law u, = ay(x,x,,) such that the submanifold My is invariant under the
closed-loop dynamics (5.36) and hy(0(zp(t))) — hm(xm(t)) = 0. Fortunately, there is a
wealth of literature on how to solve this problem [143]. Under some suitable assumptions,
the following equations give necessary and sufficient conditions for the solvability of this
problem:

00

%(Im)(fm(xm) = J(0(@m)) + g2(0(zm ) s (zm) (5.37)

h1(0(2m (1)) — hon (@ (t)) = 0, (5.38)

where U, () = af(0(zm), Tm).
The next step is to design an auxiliary feedback control v so as to drive the system
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onto the above submanifold and to achieve disturbance-attenuation as well as asymptotic
tracking. To formulate this step, we consider the combined system

= f(@)+gi(z)w+ ga(z)u
{j?m = fm(xm)’ (539)

and introduce the following change of variables

§ = z—0(zm)

vo= u— ﬁ*(mm)
Then
£ = F(&xm)+Gi(& zm)w + Ga(E, xm)v
where
00 _
F(¢, mm) = f(§+ Q(mm)) - %(mm)fm(xM) + 92(5 + e(xm»u*(xm)
Gi(§zm) = gi(§+0(zm))
Ga(§am) = g2(€+0(zm)).

Similarly, we redefine the tracking error and the new penalty variable as

o [ e ten) —hmien) ]

v

Step 2: Find an auxiliary feedback control v, = v, (&, ;) so that along any trajectory
(&(t), zm (1)) of the closed-loop system (5.40), the L3-gain condition

T T
/ 12(0)]12dt < 2 / lw(®)|[2dt + £(E(to). o)

to t(J
T

T
= | A€+ 0(@m)) = han(@m)|® + [J0]*}dt < WQ/t lw(®)]?dt + K(E(to), Zmo)

to

is satisfied for some function &, for all w € W, for all T' < oo and all initial conditions
(£(tg), Tmo) in a neighborhood N, x N, of the origin (0,0). Moreover, if £(tg) = 0 and
w(t) =0, then we may set v,(t) = 0 to achieve perfect tracking.

Clearly, the above problem is now a standard state-feedback H.-control problem, and
the techniques discussed in the previous sections can be employed to solve it. The following
theorem then summarizes the solution to the SFBNLHITCP.

Theorem 5.2.1 Consider the nonlinear system (5.1) and the SEBNLHITCP for this
system. Suppose the control law uy, = ux(x,zy) and invariant-manifold My can be found
that solve Step 1 of the solution to the tracking problem. Suppose in addition, there exists a

smooth solution ¥ : N, X Ny, = R, U(E, ) > 0 to the HJI-inequality

SV 20) [5G 62 )GT (61m) — Gal€, )G (6.0) | 0T (€, +

1 _
5||hl(§ +Zm) = h(x)||? <0, x€N,, £€N,,, ¥(0,0)=0. (5.40)
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Then the SEFBNLHITCP is locally solvable with the control laws u = Uy and
ve = —GE (& 2n) VL (€ 2m).

Moreover, if U is proper with respect to & (i.e., if U(, ) — o0 when ||E|| — o0) and
the system is zero-state detectable, then lim;— &(t) = 0 also for all initial conditions
(g(tO)aImO) S No X Nm

5.3 Robust Nonlinear H,, State-Feedback Control

In this section, we consider the state-feedback H.o-control problem for the affine nonlin-
ear system 3 in the presence of unmodelled dynamics and/or parameter variations. This
problem has been considered in many references [6, 7, 209, 223, 245, 261, 265, 284]. The
approach presented here is based on [6, 7] and is known as guaranteed-cost control. It is
an extension of quadratic-stabilization, and was first developed by Chang [78] and later
popularized by Petersen [226, 227, 235]. For this purpose, the system is represented by the
model:

i o= @)+ AF(@,0,6) + gi(@hw + [ga(a) + Aga(a, 0, D]us
I(to):IO

DI y = = (5.41)
L2 o)

where all the variables and functions have their previous meanings and in addition Af :
X = V2(X), Age : X = M™*P(X) are unknown functions which belong to the set E of
admissible uncertainties, and § € © C R" are the system parameters which may vary over
time within the set ©. Usually, a knowledge of the sets = and © is necessary in order to be
able to synthesize robust control laws.

Definition 5.3.1 (Robust State-Feedback Nonlinear Hoo-Control Problem (RSFBNL-
HICP)) Find (if possible!) a static control function of the form

= p(x,t), B:NxR—=>R (5.42)
for some smooth function 8 depending on x and t only, such that the closed-loop system:

i = fgx))—k Af(z,0,t) + g1(z)w + [g2(x) + Aga(z, 0,1)]B(x, t);

xZ to =X
o [ hi () ] (5.43)
Bz, 1)

has locally Lo-gain from the disturbance signal w to the output z less than or equal to some
prescribed number v* > 0 with internal-stability, or equivalently, the closed-loop system
achieves local disturbance-attenuation less than or equal to v* with internal stability, for all
perturbations Af, Ags € Z and all parameter variations in ©.

a .
Al -

To solve the above problem, we first characterize the sets of admissible uncertainties of the
system = and ©.
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Assumption 5.3.1 The admissible uncertainties of the system are structured and matched,
and they belong to the following sets:

Ea = {Af,Aga|Af(x,0,t) = Ho(x)F(x,0,t)E1(x), Aga(x,0,t) = ga(x)F(x,0,t)Ex(x),
|F(z,0,1)]> <1 VzeX,0€0,tcR}
© = {0l0<0<0,}

where Ha(.), F(.,.), E1(.), FE2(.) have appropriate dimensions.

Remark 5.3.1 The conditions of Assumption 5.53.1 are called “matching-conditions” and
these types of uncertainties are known as “structured uncertainties.”

Now, define the following cost functional:

T
Ttww) = 5 [ (=1 = Jo®IP)at, T >t (5.4

Then we have the following definition:

Definition 5.3.2 The function B(.,.) is a guaranteed-cost control for the system (5.43)
if there exists a positive-(semi)definite C1 function V. : N C X — Ry that satisfies the
inequality
oV (z,t) n OV (z,t)
ot Jx

1
§(||z||2 —w||?) €0 Vo € N, Yw € L3[0,00), VAF, Ags € En,0 € O. (5.45)

{£@)+AF@,0,0) + g1(@)w + [g2(2) + Aga(a, 0,0))B(z, 1) } +

It can now be observed that, since the cost function Jy. is exactly the Hoo-control cost
function (equation (5.4)), then a guaranteed cost control §(.,.) which stabilizes the system
(5.43) clearly solves the robust Hs.-control problem. Moreover, integrating the inequality
(5.45) from ¢ = to to t = t1 > to and starting at x(fp), we get the dissipation inequal-
ity (5.23). Thus, a guaranteed-cost control with cost function (5.44) renders the system
(5.43) dissipative with respect to the supply-rate s(w, z). Consequently, the guaranteed-
cost framework solves the RSFBNLHICP for the nonlinear uncertain system (5.43) from
both perspectives. In addition, we also have the following proposition for the optimal cost
of this policy.

Proposition 5.3.1 If the control law 5(.,.) satisfies the guaranteed-cost criteria, then the
optimal cost J;C(u*,w*) of the policy is bounded by

Vi (z,t) < Jy(u*,w*) < V(to,zo)

where

VO (x,t) = sup /0 s(w(r), z(1))dr

z(0)=z,u€U,t>0

is the available-storage of the system defined in Chapter 3.

Proof: Taking the supremum of —Jy.(., ) over U and starting at xo, we get the lower bound.
To get the upper bound, we integrate the inequality (5.45) from ¢t = to to t = ¢ to get the
disssipation inequality (5.23) which can be expressed as

Vit a(t) + / Sl = AP hl?)de <V (to, 2(t0)), Valto), x(tr) € N.



State-Feedback Nonlinear Hoo-Control for Continuous-Time Systems 121

Since V(.,.) > 0, the result follows. O
The following lemma is a nonlinear generalization of [226, 227] and will be needed in
the sequel.

Lemma 5.3.1 For any matriz functions Hy(.), F(.,.,.) and E(.) of appropriate dimensions
such that ||F(x,0,t)|| <1 forallz € X, 0 €O, andt € R, then

Vo(@) Ha(2)F (2,0, ) E(z) < 5[Va(2)Ha(2)H{ (2)V, (2) + ET (2) E()]

1
2
I+ iET(m)E(x)

for some C' function V: X =R, forallz € X, 0 €O andt € N.

F(x,0,t)E(x) <

Proof: For the first inequality, note that

0 < [[Hy @)V, (2) = F(z,0,)E()|* = Vi(z)Ha(2)Hy (2)V, (z) —
2V, (z)Hy (x)F(z,0,t)E(x) + ET (2)E(x),

from which the result follows. Similarly, to get the second inequality, we have

0<||I— %F(m, 0,)E(2)|2 = I — F(x,0,t)E(x) + EET(x)E(x)

and the result follows. [
Next we present one approach to the solution of the RSF BN LHIC P which is the main
result of this section.

Theorem 5.3.1 Consider the nonlinear uncertain system X} and the problem of synthesiz-
ing a guaranteed-cost control (., .) that solves the RSFBNLHICP locally. Suppose the system
is smoothly-stabilizable, zero-state detectable, and there exists a positive-(semi)definite C*

function V.: N C X —» R, 0 € N satisfying the following HJIE (inequality):
~ 1~ 1 ~
Va(2)f(2) + 5 Vo (@) ;91@)9?(@ + Hy(2)Hy () — ga(w)g3 (2)| Vo () +
1 1 ~
5th(gc)hl(a:) + §E1(z)E1T(9:) <0, V(0)=0, = €N. (5.46)
Then the problem s solved by the control law

i = B(z) = —g3 (2)V,] (). (5.47)

Proof: Consider the left-hand-side (LHS) of the inequality (5.45). Using the results of

Lemma 5.3.1 and noting that it is sufficient to have the function V' dependent on x only,
then

LHS = V(o)f(x) + 5Ve(o) Ho() BY @)V (1) + 5 Y () Fa(a) +
Vo (w)gn (2 + Va(@)ga )T + 15 (@) Ba())i + 5 12]12 — 42w
= @) @) + 5V @lor(@)o] (@) + Ho() B () — gale)g" ()7 ) +

ST @h@) + 3B @B (@) = 5l = 3] @V @) -

%~Igg(z)[31 + %EQT (2)Ey(2)]g2 (2)VI(z), Vo € N,Yw € L3]0,00).



122 Nonlinear Hoo-Control, Hamiltonian Systems and Hamilton-Jacobi Equations
Now using the HJIE (5.46), we obtain
1 1 ~ 1~ 1 ~
LHS = —lw- ol @V @ - 5Vea(o)B] + 3B @) Bala)led ()7 <0,
Vo € N,Vw € L£2[0, c0),

which implies that the control law (5.47) is a guaranteed-cost control for the system (5.41)
and hence solves the RSFBNLHICP. [J

Theorem 5.3.1 above gives sufficient conditions for the existence of a guaranteed-cost
control law for the uncertain system X% . With a little more effort, one can obtain a necessary
and sufficient condition in the following theorem.

Theorem 5.3.2 Consider the nonlinear uncertain system XX and the problem of synthe-
sizing a guaranteed-cost control [3(.,.) that solves the RSFBNLHICP locally. Assume the
system is smoothly-stabilizable and zero-state detectable. Then, a mecessary and sufficient
condition for the existence of such a control law is that there exists a positive-(semi)definite
C! function V: N C X — R, 0 € N satisfying the following HJIE (inequality)
V(@) f () + $Va(x) [71291(93)91T(I) + Ha () Hy (z) — ga(2) (21 +
L] () > ()08 ()] VT () + 3HT (@) (2) + SEA(e) ET () < 0. V(0) =0, (5.48)
Moreover, the problem is solved by the optimal feedback control law:
it = B(x) = —g; (2)V, (@). (5.49)

Proof: We shall only give the proof for the necessity part of the theorem only. The sufficiency
part can be proven similarly to Theorem 5.3.1. Define the Hamiltonian of the system H :
T*X xU x W — R by

H(x, IZCT, u,w) = XN/I(x)[f(x) + Af(x,0,t) + g1(x)w + Aga(z)(x, 0, t)u] +
1 1
Slzl? = 52l
Then from Theorem 5.1.1, a necessary condition for an optimal control is that the inequality

min sup H(a:,ffm,u,w)g(), (5.50)
U W,.Ex,0

or equivalently, the saddle-point condition:
Jge(u,w) < Jge(u*,w*) < Jge(u,w*) Yu e U,w € W,Af, Ags € En, 0 €0, (5.51)

be satisfied for all admissible uncertainties. Further, by Lemma 5.3.1,

sup H(z,Vo,u,w) < Va(a)f(z)+ %Vz(x)HQ(x)HQT @)V (2) + %Ef () E1(z) +

2,0
Vo) (@ + Vo ()2 (@) (21 4+ (2) Bo(w))u +
1 T T 1 2 2
ST @i (@) + ) = 292

Setting the above inequality to an equality and differentiating with respect to u and w
respectively, results in the optimal feedbacks:

w = (20 + 1B (@) Ba(e) o ()T (2)

* 1 7
w' = W—QT(I)VIT(OS)-

2
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It can also be checked that the above feedbacks satisfy the saddle-point conditions (5.51)
and that «* minimizes Jg. while w* maximizes it. Finally, substituting the above optimal
feedbacks in (5.50) we obtain the HJIE (5.48). O

The above result, Theorem 5.3.1, can be specialized to linear uncertain systems of the
form

&t = [F4+AF(x,0,t)x + Giw + [G2 + AGa(z, 0,t)]u; x(0) =z
DINEE Lo [ Hyx } (5.52)
m )

where the matrices ', G1, G and Hj are as defined in (5.21) and AF(., .,.), Aga(.,.,.) € Ea
have compatible dimensions. Moreover, Za, © in this case are defined as

Ea; = {AF AG|AF(x,0,t) = HoF(z,0,t)Ey, AGy(x,0,t) = GoF(z,0,t)Fs,
| EF(z,0,t)|> <1Vz e X,0 € O,t e R},

where Ho, F(.,.), E1, E5(.) have appropriate dimensions. Then we have the following corol-
lary to the theorem.

Corollary 5.3.1 Consider the linear uncertain system (5.52) and the RSFBNLHICP for
it. Assume (F,G3) is stabilizable and (H, F') is detectable. Suppose there exists a symmetric
positive-semidefinite solution P > 0 to the ARE:

1
FTP+ PF+ P[?GlGlT + HoH] — GoGE|P + HI H, + E{ E; = 0. (5.53)
Then the control law
i = —G3 Px
solves the RSFBNLHICP for the system 4.

The above results for the linear uncertain system can be further extended to a class of
nonlinear uncertain systems with nonlinearities in the system matrices AF', AG2 and some
additional unknown C° drift vector-field f : X x ® — V°°(R4), which is Caratheodory,! as
described by the following model:

& = [F+4+ AF(x,0,t)|z + Giw + [G2 + AGa(x, 0,t)|u + Ga f (x,1);
ro. z(to) = o
sh  THa (5.54)
z = w |

where all the variables and matrices have their previous meanings, and in addition, the set
of admissible uncertainties is characterized by
EAf = {AF,AG27f|AF(I,9,t) :HQF(x707t)Ela AGQ(Iaaat) :GQR(Ia
0,t), ||F($79’t)||2 <QVE > to, ||f(2,0,t)|] < p(w,t) € class K wrt =,
positive wrt ¢ and tlim p(z,t) < oo, |R(x,0,t)]|ec <m,0<n<1
—00
Ve e X, 0 € O}.

LA function o : R® x ® — R7 is a Caratheodory function if: (i) o(z,.) is Lebesgue measurable for all
x € R"; (ii) o(.,t) is continuous for each ¢ € R; and (iii) for each compact set O C R™ x R, there exists a
Lebesgue integrable function m : ® — R such that ||o(x,t)|| < m(t) V(z,t) € O.
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We can now state the following theorem.

Theorem 5.3.3 Consider the nonlinear uncertain system Z“Af and the RSFBNLHICP for
it. Assume the nominal system (F,G3) is stabilizable and (Hy, F) is detectable. Suppose

further there exists an € > 0 and a symmetric positive-definite matriz QQ € R"*"™ such that
the ARE:

1
FTP 4+ PF + PleCHoHY — 2G2GT +~472G,GT|P + ZElTE1 +H{H +Q=0 (5.55)

has a symmetric positive-definite solution P. Then the control law

ur = Kz ko)
_ (p(z,t)+nl| Kz||)
or(z,t) = Ka:(p(a:,t)+77|\KIH)+e*HIH2KI (5.56)
K = G¥p
E* < Aml;(Q)

solves the RSFBNLHICP for the system.
Proof: Suppose there exist a solution P > 0 to the ARE (5.55) for some ¢ > 0, @ > 0. Let
V(x(t)) = T (t) Pa(t)

be a Lyapunov function candidate for the closed-loop system (5.54), (5.56). We need to
show that the closed-loop system is dissipative with this storage-function and the supply-
rate s(w, z) = (v?||wl]|? — ||z]|?) for all admissible uncertainties and disturbances, i.e.,

V(z(t) — (Vw|® = |z]*) <0, Yw € W, VAF, AGa, f € Ea,, 0 € O.

Differentiating V' (.) along a trajectory of this closed-loop system and completing the squares,
we get

V(z(t) = 2T[(F+AF)TP+ P(F+ AF)|z + 22T P(Gy + AGo)u +
2 2TPGw+ 20T PGy f(x,t) A1 (x,t) + Ag(x,t) + As(z,t) —
121>+ ~2||w]®
where
Ay(z,t) = 2T[(F+AF)TP+ P(F+AF)+~*PG,GT P+ H'H, —
2PGLGY Pl
1
AQ(J:7 t) = 721‘TP |:(G2 + AGQ) 1= ngbr(:z:, t) + AGQG;PJ: — Ggf(llf, t):|
Az(z,w) = —4?lw—472G] Pa]"[w — 4 *GY Pa.

Consider the terms A;(x,t), As(z,t), As(x,t), and noting that
1 1
tT PAFz = 2" PHyF (2, t) By < §xT {6<PH2H2TP + ZElTEl} T Vo e R",
€ > 0. Then,

1
Ay(z,t) < 2T[(FTP+ PF + e PHHI P+ ~ETE, ++*PG,GTP + HT H, —
€
2PGLGY Pl

—.’ETQl‘,

IN
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where the last inequality follows from the ARE (5.53). Next,

Ag(x,t) = —22TPGy(I + R(:E,t))rlan)r(x,t) — 22T PGy[R(x, t)Kx — f(x,1)]
< 22T PGy¢.(x,t) — 20T PGo[R(x,t)Kx — f(,1))]
T PG font) - Rio. )] — I plt) £l Kal)?

" TRall(o(6) + nlKal) + e a2
VK|, 1) + | Kz ])?
< {”“”(”(I’” ) = R ol ) + alRal) + e*||x||2}
) { IKel(ple. ) + K al)e*]al }
T2 l(p(a.0) T alKa]) + e al?

2¢* ||z||2.

IN

Therefore,
V(@) < —2"Qu+2e Tz — |2[* + 4 |lw]
= —[2l? +Pllwl® - 2"(Q — 2¢* ) (5.57)

and )
V(@) + [12)* = ¥ llwl* < —2"(Q — 2¢" Iz < 0.

Thus, the closed-loop system is dissipative and hence has Lo-gain < v from w to z for all
admissible uncertainties and all disturbances w € W. Moreover, from the above inequality,
with w = 0, we have

V(z(t) < —27(Q —2¢* )z < 0

since €* < %@) Consequently, by Lyapunov’s theorem, we have exponential-stability of
the closed-loop system. [

Example 5.3.1 [209]. Consider the system (5.54) with

) e Y P Y

1
Hy =[0.5 0], E1=[0.1 0.2], [|f(z,t)]| < |§z2|3.
Applying the result of Theorem 5.83.83 with v =1, e =1 and
0.5 0
@= [ 0 05 } ’
the ARE (5.55) has a symmetric positive-definite solution

P [ 3.7136 2.7514 } — K = [2.7514 2.6671].

2.7514 2.6671

|
5.4 State-Feedback H,-Control for Time-Varying Affine Nonlinear
Systems

In this section, we consider the state-feedback H.,-control problem for affine nonlinear
time-varying systems (T'VSFBNLHICP). Such systems are called nonautonomous, as the
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dynamics of the system is explicitly a function of time and can be represented by the model:

azgtg = fgzv), t) 4+ g1(z, )w + go(z, )u; x(0) = 29
yo . Yl =zl (5.59)
2(t) = { h(i’ t) }

where all the variables have their usual meanings, while the functions f : X x ® — V=,
g1 XX R -5 MPT(X X R), g2t XA XR - M™PX xR), h : X xR — R°, and
hy : X x ® — R™ are real C°%(X,R) functions, i.e., are smooth with respect to = and
continuous with respect to t. We also assume without any loss of generality that x = 0 is
the only equilibrium point of the system with u = 0, w = 0, and is such that f(0,¢) = 0,
h(0,t) = 0.

Furthermore, since the system is time-varying, we are here interested in finding control
laws that solve the TV.SFNLHICP for any finite time-horizon [0, T']. Moreover, since most
of the results on the state-feedback Ho-control problem for the time-invariant case carry
through to the time-varying case with only slight modifications to account for the time
variation, we shall only summarize here the main result [189).

Theorem 5.4.1 Consider the nonlinear system (5.59) and the TVSFBNLHICP for it.
Assume the system is uniformly (for all t) smoothly-stabilizable and uniformly zero-state
detectable, and for some v > 0, there exists a positive-definite function V : N1 C X X
[0,T] — R4 such that V(x,T) > Pr(x) and V(x,0) < Py(x) Yo € Ny, for some nonnegative
functions Pr, Py : X — R, with Pr(0) = Py(0) = 0, which satisfies the time-varying HJIE
(inequality):

1 1
Vilz,t) + Va(z,t) f(2,t) + SVal, t)[?m(% t)gi (w,t) — ga(w, t)gs (x, IV, (1) +
1
5hT(gc,t)h(gc,t) <0, z€ Ny, tel0,T). (5.60)
Then, the problem is solved by the feedback
u* = —g¥ (2, )V (z,1),
and .
w* = ?ng(Lt)VIT(m,t)
is the worst-case disturbance affecting the system.

Similarly, a parametrization of a set of full-information state-feedback controls for such
systems can be given as

KFIT = {u|u = 7Q§(I,t)vT(I,t) + Q(t)(w - g?(gj7t)vT(I7t))a Q S -T'.gT7
Q : inputs — outputs}

where

1>

FGr {Z¢12¢ (u = 0,w = 0) is uniformly asymptotically stable and has

L5([0,T])-gain < yVT > 0}.

In the next section, we consider the state-feedback problem for affine nonlinear systems
with state-delay.
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|
5.5 State-Feedback H.-Control for State-Delayed Affine Nonlinear
Systems

In this section, we present the state-feedback H..-control problem and its solution for
affine nonlinear state-delayed systems (SEBNLHICPSDS). These are system that have
memory and in which the dynamics of the system is affected by past values of the state
variable. Therefore their qualitative behavior is significantly richer, and their analysis is
more complicated. The dynamics of this class of systems is also intimately related to that
of time-varying systems that we have studied in the previous section.

We consider at the outset the following autonomous affine nonlinear state-space system
with state-delay defined over an open subset X of R with X containing the origin x = 0:

() = f((f)(t)yz((;f)*tdo))[;r 910({:v(tt)])W(2 ; g2§;slé§t)))U(t);
a . € = ) € |to — do, o), x(lo) = 0) = Zo,
A (5.61)
2(t) = hi(z(t)) + kia(z(t))u(t) + kiz(@(t))u(t — do),

where z(.) € X is the state vector, u(.) € U C RP is the p-dimensional control input, which
belongs to the set of admissible controls U, w(.) € W is the disturbance signal which has to
be tracked or rejected and belongs to the set W C " of admissible disturbances, the output
y € ™ is the measured output of the system, z(.) € R* is the output to be controlled,
do > 0 is the state delay which is constant, and ¢(t) € C[—d,to] is the initial function.
Further, the functions f(.,.) : X x X = V>, ¢1(.) : X = R"*"(X), g2 : X = R"*P(X),
hi : X = R hy : X = R™ and kia, k13 : X — R¥*P are real C*° functions of x(.) such
that the system (5.61) is well defined. That is, for any initial states z(to —d), z(t9) € X and
any admissible input u(t) € U, there exists a unique solution x (¢, %o, xo, Tty—d, u) to (5.61)
on [tg,00) which continuously depends on the initial data, or the system satisfies the local
existence and uniqueness theorem for functional differential equations. Without any loss of
generality we also assume that the system has an equilibrium at z = 0, and is such that
f(0,0) =0, h1(0) = 0.
We introduce the following definition of L£s-gain for the affine delay system (5.61).

Definition 5.5.1 The system (5.61) is said to have La-gain from u(t) to y(t) less than
or equal to some positive number v > 0, if for all (to,t1) € [—d,0), initial state vector
xo € X, the response of the system z(t) due to any u(t) € La[to, t1] satisfies

t1 ,7/2 t1
/ (o) Par < 2 / (I + [t — do)[2)dt + Blzo) Ve > fo (5.62)
to t(J

and some nonnegative function 8 : X — Ry, 4(0) = 0.

The following definition will also be required in the sequel.

Definition 5.5.2 The system (5.61) with u(t) = 0 is said to be locally zero-state detectable,
if for any trajectory of the system with initial condition x(ty) € U C X and a neighborhood
of the origin, such that z(t) = 0Vt > tg = lims— 00 (¢, to, X0, Ttg—dy, 0) = 0.

The problem can then be defined as follows.

Definition 5.5.3 (State-Feedback Suboptimal Hoo-Control Problem for State-Delayed Sys-
tems (SFBHICPSDS)). The problem is to find a smooth state-feedback control law of the
form

u(t) = alt,z(t),z(t — do)), a € C*(Rx N x N), «(t,0,0)=0Vt, N CX,
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which is possibly time-varying, such that the closed-loop system has La-gain from w(.) to z(.)
less than or equal to some prescribed positive number v > 0, and s locally asymptotically-
stable with w(t) = 0.

For this purpose, we make the following simplifying assumptions on the system.

Assumption 5.5.1 The matrices hi(.), ki2(.), k13(.) of the system (5.61) are such that
VE, i F# gt §=2,3

ha(z(t)ki;(z(t)) =0, ki;(x()kiy(z(t) =1, ki;(2(t))ky;(x(t) = 0.
Under the above assumption, we can without loss of generality represent z(.) as

ha(2(1))
2(t) = u(t)
u(t — do)

Assumption 5.5.2 The system X = or the pair [f, g2] is locally smoothly-stabilizable, if
there exists a feedback control function o = a(t, x(t), x(t —dy)) such that @:(t) = f(x(t), x(t—
do)) + g2(z(t))au(t, x(t), x(t — do)) is locally asymptotically stable for all initial conditions in
some neighborhood U of x = 0.

The following theorem then gives sufficient conditions for the solvability of this problem.
Note also that in the sequel we shall use the notation z; for x(t) and x;_4, for z(t — dy) for
convenience.

Theorem 5.5.1 Consider the nonlinear system g~ and assume it is zero-state detectable.
Suppose the Assumptions 5.5.1, 5.5.2 hold, and for some v > 0 there exists a smooth
positive-(semi)definite solution to the Hamilton-Jacobi-Isaacs inequality (HJII):

‘/t(ta T, Itfd(]) + th (ta Tt xtfdo)f(xh xtfdo) + Vzt—dg (t7 T, l't,do)f(.rt,do ) It72d) +

11
2 e Vet e)gl ROV + Ve a1 era)of (e VL, ) =

2
1
Ve 92(x0)g3 (@) Ve, + Va,_y, gQ(It*do)gg(gjt*do)Vm{,do]} + ih{(ft)hl(zt) <0,
V(£,0,0) = 0 Vay, 2r_g, € X. (5.63)

Then, the control law

u*(t) = —g3 (@())Vy, (8, 2(t), 2(t — do)) (5.64)
solves the SEBNLHICPSDS for the system X7 .
Proof: Rewriting the HJII (5.63) as

Vit e, me—aq) + Vi, (8 T4, T—do) [ (T4, T—dy) + g1 (x)w(t) + g2(z4)u(t)] +
Vi ag lf (Tt—do» Tr—2a) + g1 (T1—a,)w(t — do) + g2(21—a,)u(t — do)] <

Slu(e) — et (@17 + Slhutt — do) —w (¢ — do)|* — L-lhwte) — w (1)) -
Dt — do) — w (¢ — do)> — gl ~ Llhutt — o) + L ho(e)” +

2
1
T lhw(t = do)|I” = 5 l1ha ()
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where
N 1
wi(t) = ?ng(ﬂf(t))Vth(ﬂﬂ(t)w(t — do)),

u”(t = do) =93 (-0, Vi, _, (t,2(t), 2(t = do)),

and in the above, we have suppressed the dependence of u*(.), w*(.) on z(¢) for convenience.
Then, the above inequality further implies

‘/t(t7 Lty xt*do) + Vo, (t7 Lty It*do)[f(xh xtfdo) + 0 (xt)w(t) + g2 (It)u(t)] +
Vaoag [f (Tt—dy, Tt—24) + g1(T1—ay)w(t — do) + g2(@i—a,)u(t — do)] <

1 1 . 1 1

S lu®) = w* O + Sllult = do) — (¢ = do) |2 = 5 [u(®) 2 = 5 u(t - do)|* +
2 2 1

T lhw®)|2 + St = do)|I* = 5 llha ae)]2

Substituting now u(t) = u*(¢t) and integrating from ¢ =ty to t = t1 > to, starting from z,
we get

Vitra(tn). ot = @) = Vito.o.atto = do) < 5 [ {7l +
et = o)) — s () = [l ()17 — [ (6 — o)

which implies that the closed-loop system is dissipative with respect to the supply rate
s(w(t),z(t)) = [ (lw®)[* + [[w(t — do)||*) — |z(1)||?], and hence has Lo-gain from w(t)
to z(t) less than or equal to 7. Finally, for local asymptotic-stability, differentiating V' from
above along the trajectories of the closed-loop system with w(.) = 0, we get

. 1
V<=5l

which implies that the system is stable. In addition the condition when V=0Vt >t
corresponds to z(t) = 0Vt > t,. By zero-state detectability, this implies that lim; ,~ z(t) =
0, and thus by LaSalle’s invariance-principle, we conclude asymptotic-stability. O

A parametrization of all stabilizing state-feedback H .,-controllers for the system in the
full-information (FI) case (when the disturbance can be measured) can also be given.

Proposition 5.5.1 Assume the nonlinear system 39 satisfies Assumptions 5.5.1, 5.5.2 and
is zero-state detectable. Suppose the SEFBNLHICPSDS is solvable and the disturbance
signal w € L5]0,00) is fully measurable. Let FG denote the set of finite-gain (in the Lo
sense) asymptotically-stable (with zero input and disturbances) input-affine nonlinear plants

of the form:
e { 5
v

Kpr = {u(®)|u(t) =u*(t) + Qw(t) —w*(t)), Q € FG, Q : inputs — outputs}  (5.66)

!
Q
2
A2
™
-
S
=
A2
™
Q\

(5.65)

\
o
PN
™
o

Then the set

is a paremetrization of all Fl-state-feedback controllers that solves (locally) the

SFBNLHICPSDS for the system %.
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Proof: Apply u(t) € Ky to the system 23, resulting in the closed-loop system:

w(t) = fla(t),z(t —do)) + gr(x(t))w(t) + g2(2(t)) (u )+
Q(w(t) — w*(t)); x(to) = o
i(u(Q)) ha(x(t)) (5.67)
2(t) = u(t) .
u(t — do)

If @ = 0, then the result follows from Theorem 5.5.1. So assume @ # 0, and since @) € FG,
r(t) 2 Q(w(t) — w*(t)) € L2][0,00). Then differentiating V'(.,.,.) along the trajectories of
the closed-loop system (5.67),(5.66) and completing the squares, we have
d
2V = Vit Valf(e, zea,) + gr(w)w(t) - 92(x4)93 (20)Va, + ga(ae)r(t)] +
th—do [f(xt*dm ‘Tt*Qdo) + 5 (It*do)w(t - do) - gQ(zt*do)gg(gjt*do) X
Vi (62, @) + g2(e—a, )7 (t — do)]

= ‘/t(txhxt*do) + Vfﬁt (t7xt7xt*d0)f(zta‘rt*do) +

1 N 1
Verag (6 8 Timao) (1o, @1-20) = 577 [w(t) —w* @) + 57w (@) +

2
1y, . 1
SN O = 5lr(0) = F @OV (20,012 +
1 1 1
S = 3 Vauga(@)ga(w) Vil = 9%t = do) — w* (¢ — do)|* +

1 1,
5V llw(t = do)|* + 5w (t = do)|I* = Vo, —ao 92 (w1092 (@140 Vi, _,,

1 1 1.,
St = do) = gF (w-an VAL, 12+ 5 lir(t = do)|[> + 51wt — o)

Tt—dg
Using now the HJI-inequality (5.63), in the above equation we get

d 1 1 1 1
a < _1.2 ok 2, 1 9 2 1 2, L 2
=V < =57 lw®) =t @O + 5 Ilw®l” = @I + Sl @l

1 ) 1 1

52wt = do) —w* (t = do) |2 + 37 lw(t = do)|1? = 5 u(t — do)||* +
1 1

7t — do)||? = =||hq(8)||?.

Slirt = do) 2 = S (1)

Integrating now the above inequality from ¢t =t to t = t1 > tg, starting from z(tg), and
using the fact that
t1 tl
| IrolPde <? [ - ot @),
t(J t(J

we get
Vitr.alt),a(ts = d) = Vito.aoalto = do)) < 5 [ {30l +

lw(t = do)lI*) = ly@)II* = lu(®)]|* — [lu(t - do)llz}dt

which implies that the closed-loop system is dissipative with respect to the supply-rate
s(w(t), 2(t)) = 2[V2(lw(®)]|* + [w(t — do)||*) — [|2(t)|?], and therefore, the system has Lo-
gain from w(t) to z(t) less than or equal to . Finally, asymptotic-stability of the system

can similarly be concluded as in 5.5.1. [J
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|
5.6 State-Feedback H.-Control for a General Class of Nonlinear
Systems

In this section, we look at the state-feedback problem for a more general class of nonlinear
systems which is not necessarily affine. We consider the following class of nonlinear systems

defined on a manifold X C R™ containing the origin in local coordinates x = (x1,...,z,) :
t = F(x,w,u), z(ty) =2z
iy = x (5.68)
z = Z(z,u)

where all the variables have their previous meanings, while F' : X x W x U — V= is the
state dynamics function and Z : X x U — R° is the controlled output function. Moreover,
the functions F'(., .,.) and Z(.,.) are smooth C", r > 1 functions of their arguments, and the
point z = 0 is a unique equilibrium-point for the system %9 and is such that F'(0,0,0) = 0,
Z(0,0) = 0. The following assumption will also be required in the sequel.

Assumption 5.6.1 The linearization of the function Z(x,u) is such that
Z
rank(Dz1) = rank (aa—((),())) =p.
u

Define now the Hamiltonian function for the above system H:T*"X xWxU— R as

1 1
H(z,p,w,u) = p" F(z,w,u) + 512z, w)|* = 577wl (5.69)

Then it can be seen that the above function is locally convex with respect to v and concave
with respect to w about (x,p,w,u) = (0,0,0,0), and therefore has a unique local saddle-
point (w, u) for each (z,p) in a neighborhood of this point. Thus, by Assumption 5.6.1 and
the Implicit-function Theorem, there exist unique smooth functions w*(z, p) and u*(z,p),
defined in a neighborhood of (0,0) such that w*(0,0) = 0, «*(0,0) = 0 and satisfying

o wpw @p)wt@p) = 0 (570)
%—IZ(%% w*(z,p),u*(z,p)) = 0. (5.71)

Moreover, suppose there exists a nonnegative C'-function VX > R, f/(O) = 0 which
satisfies the inequality

H*(2, VT (2)) = H(z, VI (2), w* (2, VL (2)), u* (2, VI (2))) <0, (5.72)

x

and define the feedbacks

v o= a(x) =u(z, VI (2)), (5.73)
w* = w(z, V. (z)). (5.74)
Then, substituting v* in (5.68) yields a closed-loop system satisfying

Va@)F (o, w,0(2) + 312, ()| — 322wl <0,
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which is dissipative with respect to the supply-rate §(w, z) = & (v?||w||*—||z|?) with storage-
function V in the neighborhood of (x,w) = (0,0).

The local asymptotic-stability of the system with w = 0 can also be proven as in the pre-
vious sections if the system is assumed to be zero-state detectable, or satisfies the following
hypothesis.

Assumption 5.6.2 Any bounded trajectory x(t) of the system
(t) = F(x(t),0,u(t))
satisfying
Z(x(t),u(t)) =0
for all t > tg, is such that lim;_,o x(t) = 0.
We summarize the above results in the following theorem.

Theorem 5.6.1 Consider the nonlinear system (5.68) and the SFBNLHICP for it. Assume
the system is smoothly-stabilizable and zero-state detectable or satisfies Assumptions 5.6.1
and 5.6.2. Suppose further there exists a C* nonnegative function V.: N C X — R, locally
defined in a neighborhood N of x = 0 with f/(O) = 0 satisfying the following HJI-inequality:

1 1 .
Ve (2) F (@, w*,u*) + S |1 2z, u)||* + 572||w*||2 <0, V(0)=0, z € N. (5.75)

Then the feedback control law (5.73) solves the SEFBNLHICP for the system.

Proof: It has been shown in the preceding that if V exists and locally solves the HJI-
inequality (5.75), then the system is dissipative with V as storage-function and supply-rate
5(w, z). Consequently, the system has the local disturbance-attenuation property. Finally,
if the system is zero-state detectable or satisfies Assumption 5.6.2, then local asymptotic-
stability can be proven along the same lines as in Sections 5.1-5.5. [J

Remark 5.6.1 Similarly, the function w* = w*(z, f/wT(z)) is also interpreted as the worst-
case disturbance affecting the system.

5.7 Nonlinear H,, Almost-Disturbance-Decoupling

In this section, we discuss the state-feedback nonlinear H., almost-disturbance-decoupling
problem (SFBNLHIADDP) which is very closely related to the Ls-gain disturbance-
attenuation problem except that it is formulated from a geometric perspective. This prob-
lem is an off-shoot of the geometric (exact) disturbance-decoupling problem which has
been discussed extensively in the literature [140, 146, 212, 277] and was first formulated
by Willems [276] to characterize those systems for which disturbance-decoupling can be
achieved approximately with an arbitrary degree of accuracy.

The SFBNLHIADDP is more recently formulated [198, 199] and is defined as follows.
Consider the affine nonlinear system (5.1) with single-input single-output (SISO) repre-
sented in the form:

z - igi;—|—gg($)u+Z::191i(m)wi(t)5 (to) = wo } (5.76)
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where all the variables have their previous meanings with v € &/ C R and output function
h: X — R

Definition 5.7.1 (State-Feedback Lo-Gain Almost-Disturbance-Decoupling Problem (SFB
Lo-gainADDP)). Find (if possible!) a parametrized set of smooth state-feedback controls

u=u(x,\), \€ Ry X\ arbitrarily large

such that for every t € [to, T},

| <5 [ ke (5.77)

for the closed-loop system with initial condition xog = 0 and for any disturbance function
w(t) defined on an open interval [to,T) for which there exists a solution for the system
(5.76).

Definition 5.7.2 (State-Feedback Nonlinear Hoo Almost-Disturbance-Decoupling Problem
(SFBNLHIADDP)). The SEFBNLHIADDP s said to be solvable for the SISO system
(5.76) if the SFBLo-gainADDP for the system is solvable with u = u(x, \), u(0,A) =0V €
R+ and the origin is globally asymptotically-stable for the closed-loop system with w(t) = 0.

In the following, we shall give sufficient conditions for the solvability of the above two
problems for SISO nonlinear systems that are in the “strict-feedback” form. It would be
shown that, if the system possesses a structure such that it is strictly feedback-equivalent
to a linear system, is globally minimum-phase and has zero-dynamics that are independent
of the disturbances, then the SFBNLHIADDP is solvable. We first recall the following
definitions [140, 212].

Definition 5.7.3 The strong control characteristic index of the system (5.43) is defined as
the integer p such that

Lg,Lih(z) =0, 0<i<p—2,VreX
Lg, L h(z) # 0, Yz € X.
Otherwise, p = oo if L92L3}h(z) =0Vi,Vo € X.

Definition 5.7.4 The disturbance characteristic index of the system (5.43) is defined as
the integer v such that

Ly, Lih(z) =0, 1<j<r0<i<v—-2VrelX
Lgle;flh(a:) #£0, for some x € X, and some j, 1 < j<r.

We assume in the sequel that v < p.

Theorem 5.7.1 Suppose for the system (5.76) the following hold:

(1) p is well defined;

(i) Gr—1 = span{gs,adysgs, ..., ad‘}flgg} is involutive and of constant rank p in X;

(iii) adg,,G;, C G, 1 <i<r,0<j<p—2, with G; = span{g2, adsgs,.. .,ad;gg};
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(iv) the vector-fields

= 1 1

= —7Lph’ 0 — ———
f=1 T R T

are complete,
then the SFBLso-gainADDP is solvable.

Proof: See Appendix A.

Remark 5.7.1 Conditions (it),(iii) of the above theorem require the z,-dynamics of the
system to be independent of za, ..., z,. Moreover, condition (iii) is referred to as the “strict-
feedback” condition in the literature [155].

From the proof of the theorem, one arrives also at an alternative set of sufficient conditions
for the solvability of the SFBLy-gainADDP.

Theorem 5.7.2 Suppose for the system (5.76) the following hold:

(1) p is well defined;

(ii) d(Lg,,Ly) € span{dh,d(Lysh),...,d(L}h)}, v —1<i<p—1,1<j<1Vre X;
(iii) the vector-fields

1 1

f=f———IPh, o= —"—
f=1 T R T

are complete.
Then the SFBLy-gainADDP is solvable.

Proof: Conditions (i)-(iii) guarantee the existence of a global change of coordinates by
augmenting the p linearly-independent set

z1 = h(x), z0 = Lyh(x),..., 2, = L‘}_lh(x)

with an arbitrary n—p linearly-independent set 2,41 = ¥p41(x), ..., 2n = ¥y, with ¢;(0) = 0,
(dip;, g2) = 0, p4+1 < i < n. Then the state feedback

1

globally transforms the system into the form:

Zi = Zig1+ \I/lT(z)w 1<i<p—1,
2, = v+ \Ilf(z)w
2, 0= Y(z1,24) + 7 (2)w,
where 2z, = (2p41,...,2n). The rest of the proof follows along the same lines as Theorem

5.7.1.0

Remark 5.7.2 Condition (i) in the above Theorem 5.7.2 requires that the functions
Wy,...,¥, do not depend on the z, dynamics of the system.
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The following theorem now sums-up all the sufficient conditions for the solvability of the
SFBNLHIADDP.

Theorem 5.7.3 Assume the conditions (i)-(iv) of Theorem 5.7.1 hold for the system
(5.76), and the zero-dynamics

Zy = 1/)(0, ZM)
are independent of w and globally asymptotically-stable about the origin z, = 0 (i.e. globally
minimum-phase). Then the SFBNLHIADDP is solvable.

Proof: From the first part of the proof of Theorem 5.7.1 and the fact that the zero-dynamics
are independent of w, (5.76) can be transformed into the form:

o= zig1+ U (21, z)w 1<i<p-—1,
i, = v+ Uz, 2, 50w (5.78)
Zu o= (0, 2) + 21 (Y121, 2) + 10 (21, 20)w),

for some suitable functions v, II;. Moreover, since the system is globally minimum-phase,
by a converse theorem of Lyapunov [157], there exists a radially-unbounded Lyapunov-
function V,,0(2,,) such that

Liy(0,2,) Vo = (dV3uo, (0, 2,)) < 0.

In that case, we can consider the Lyapunov-function candidate
L,
Vior = Vo (zp) + 541
Its time-derivative along the trajectories of (5.78) is given by

Vior = (dViuo, (0, 2,)) + 21(dVo, 1)) + 2122 + 21(¥] + (Vo IIT (21, 2.)))w.  (5.79)

Now let -
\11(217 Z}L) = \II{ + <dvﬂoa H{(Zla ZH)>a
and define
282(217 ZM) = —<dVM0, 1/)1)) — 21 — —)\Zl(l + @?@1)

Subsituting the above in (5.79) yields
. 1
Vior < =21 + S [[wll* + (dVio, (0, 24))- (5.80)

The last term in the above expression (5.80) is negative, and therefore by standard
Lyapunov-theorem, it implies global asymptotic-stability of the origin z = 0 with w = 0.
Moreover, upon integration from z(ty) = 0 to some arbitrary value z(t), we get

- [ vear 5 [l = Vo) - Vi 0) = 0

which implies the L£3-gain condition holds, and hence the SFBLy-gainADDP is solvable
for the system with p = 1. Therefore the auxiliary control v = z{,(21,2,) solves the
SFBHIADDP for the system with p = 1. Using an inductive argument as in the proof of
Theorem 5.7.1 the result can be shown to hold also for p > 1. [J

Remark 5.7.3 It is instructive to observe the relationship between the SEBNLHIADDP
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and the SFBNLHICP discussed in Section 5.1. It is clear that if we take z =y = h(x) in
the ADDP, and seek to find a parametrized control law u = o (x), a(0) = 0 and the mini-
mum y = \/; such that the inequality (5.77) is satisfied for all t > 0 and all w € L2(0,1)

with internal-stability for the closed-loop system, then this amounts to a SFBNLHICP.
However, the problem is “singular” since the function z does not contain w. Moreover,
making X arbitrarily large A — oo corresponds to making v arbitrarily small, v — 0.

5.8 Notes and Bibliography

The results presented in Sections 5.1 and 5.6 are mainly based on the valuable papers by
Isidori et al. [138, 139, 145, 263, 264], while the controller parametrization is based on [188].
Results for the controller parametrization based on coprime factorizations can be found in
[215, 214]. More extensive results on the SFBNLHICP for different system configurations
along the lines of [92] are given in [223], while results on a special class of nonlinear systems
is given in [191]. In addition, a J-dissipative approach is presented in [224]. Similarly, more
results on the RSFBNLHICP which uses more or less similar techniques presented in
Section 5.3 are given in the following references [192, 147, 148, 245, 261, 223, 284, 285].
Moreover, the results on the tracking problem presented in Section 5.2 are based on the
reference [50].

The results for the state-delayed systems are based on [15], and for the general class of
nonlinear systems presented in Section 5.6 are based on the paper by Isidori and Kang
[145]. While results on stochastic systems, in particular systems with Markovian jump
disturbances, can be found in the references [12, 13, 14].

Lastly, Section 5.7 on the SFBHIADDP is based on [198, 199].



6

Output-Feedback Nonlinear H ,-Control for
Continuous-Time Systems

In this chapter, we discuss the nonlinear H., sub-optimal control problem for continuous-
time nonlinear systems using output-feedback. This problem arises when the states of the
system are not available for feedback, and so have to be estimated in some way and then
used for feedback, or the output of the system itself is used for feedback. The estimator is
basically an observer that satisfies an H ., requirement. In the former case, the observer uses
the measured output of the system to estimate the states, and the whole arrangement is
referred to as an observer-based controller or more generally a dynamic controller. The set-
up is depicted in Figure 6.1 in this case. For the most part, this chapter will be devoted to
this problem. On the other hand, the latter problem is referred to as a static output-feedback
controller and will be discussed in the last section of the chapter.

We derive sufficient conditions for the solvability of the above problem for time-invariant
(or autonomous) affine nonlinear systems, as well as for a general class of systems. The
parametrization of stabilizing controllers is also discussed. The problem of robust control
in the presence of modelling errors and/or parameter variations is also considered, as well
as the reliable control of sytems in the event of sensor and/or actuator failure.

6.1 Output Measurement-Feedback H.-Control for Affine Nonlin-
ear Systems

We begin in this section with the output-measurement feedback problem in which it is
desired to synthesize a dynamic observer-based controller using the output measurements.
To this effect, we consider first an affine causal state-space system defined on a smooth
n-dimensional manifold X C R"™ in local coordinates x = (x1,...,2,):

f(@) + g1(z)w + g2(x)u; z(to) = 2o
() + k11 (2)w + k2 (x)u (6.1)
() + ko1 (2)w

z
e z
Yy

hy
ho

where © € X is the state vector, u € U C RP is the p-dimensional control input, which
belongs to the set of admissible controls U, w € W is the disturbance signal, which belongs
to the set W C Lo([to, 00),R") of admissible disturbances, the output y € Y C R™ is the
measured output of the system, and z € R?® is the output to be controlled. The functions
f: X =2VRX), g1 : X = MP(X),92: X = M™P(X), hy : X = R, hg : X = R™,
and k11 : X = M7 kgt X = ME*P(X), koy : X — M™*7(X) are real C*° functions of
x. Furthermore, we assume without any loss of generality that the system (6.1) has a unique
equilibrium-point at = = 0 such that f(0) = 0, 21(0) = h2(0) = 0, and for simplicity we have
the following assumptions which are the nonlinear versions of the standing assumptions in
[92]:

137
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Z

, x4,

- K

FIGURE 6.1
Configuration for Nonlinear Ho.-Control with Measurement-Feedback

Assumption 6.1.1 The system matrices are such that

= 0

(6.2)

=~
3
[\v]
PRy
EREEE
Il
~Oo ~o

Remark 6.1.1 The first of these assumptions corresponds to the case in which there is no
direct feed-through between w and z; while the second and third ones mean that there are no
cross-product terms and the control weighting matrix is identity in the norm function for z
respectively. Lastly, the fourth and fifth ones are dual to the second and third ones.

We begin with the following definition.

Definition 6.1.1 (Measurement-Feedback (Sub-Optimal) Hoo-Control Problem (MFBNL-
HICP)). Find (if possible!) a dynamic feedback-controller of the form:

e f € n(&,y)
G { ¢ e (6.3)

where & € Z C X a neighborhood of the origin, and n : = x R™ — V°(Z), n(0,0) = 0,
0:ZExR™ — RP, 0(0,0) = 0, are some smooth functions, which processes the measured
variable y of the plant (6.1) and generates the appropriate control action u, such that the
closed-loop system (6.1), (6.3) has locally Lo-gain from the disturbance signal w to the
output z less than or equal to some prescribed number v* > 0 with internal stability, or
equivalently, the closed-loop system achieves local disturbance-attenuation less than or equal
to v* with internal-stability.

Since the state information is not available for measurement in contrast with the previous
chapter, the simplest thing to do is to estimate the states with an observer, and then use this
estimate for feedback. From previous experience on the classical theory of state observation,
the “estimator” usually comprises of an exact copy of the dynamics of z, corrected by a term
proportional to the error between the actual output y of the plant (6.1) and an estimated
output y. Such a system can be described by the equations:

c L€ = O+ 0(Ow+ p(Ou+ GEy - )
e { § = ha(€) + ke (O, (64

where G(.) is the output-injection gain matrix which is to be determined. A state-feedback
control law can then be imposed on the system based on this estimated state (and the
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results from Chapter 5) as:

u = (&) = —g3 (E)VE (), (6.5)

where V solves the HJIE (5.12). The combination of (6.4) and (6.5) will then represent our
postulated dynamic-controller (6.3). With the above feedback, the estimator (6.4) becomes

€= f(&) + g1(w + g2(E)az(§) + G(E)(y — §)- (6.6)

Besides the fact that we still have to determine an appropriate value for G(.), we also
require an explicit knowledge of the disturbance w. Since the knowledge of w is generally
not available, it is reasonable to replace its actual value by the “worst-case” value, which is
given (from Chapter 5) by

w = on(z) = EQT(I)VIT(I)
for some v > 0. Substituting this expression in (6.6) and replacing x by &, results in the
following certainty-equivalence worst-case estimator

€= f(&) + g1()ar(€) + g2(8)az(€) + G(E)(y — ha(€) — kar(€)ar (€)). (6.7)

Next, we return to the problem of selecting an appropriate gain matrix G(.), which is
another of our design parameters, to achieve the objectives stated in Definition 6.1.1. It will
be shown in the following that, if some appropriate sufficient conditions are fulfilled, then
the matrix G(.) can be chosen to achieve this.

We begin with the closed-loop system describing the dynamics of the plant (6.1) and
the dynamic-feedback controller (6.7), (6.5) which has the form

i = fla)+g@w+g(r)oz(§); x(to) =x0
Yep 0y § = &)+ 92(82(8) + G(§)(ha(z) + b (z)w — ha(€)) (6.8)

3
z = hi(z) + kia(z)aa(§)

where

F© = 5@+ a@mne
ha(€) ha (&) + ka1 (§)an (§)-
If we can choose G(.) such that the above closed-loop system (6.8) is dissipative with a C*

storage-function, with respect to the supply-rate s(w,z) = (v*[|w||*> — [|z]|*) and is locally
asymptotically-stable about (z, ) = (0,0), then we would have solved the MFBNLHICP

for (6.1).

To proceed, let us further combine the x and £ dynamics in the dynamics ¢ as follows.

z¢ = f(2°) + g°(2°) (w — a1 (2)) (6.9)
where
1€ = ( T ) fe(xe) _ ( N f(:l?) +92(I)O‘2££) N )
£ )’ f(@) + g2(@)02(§) + G(§) (h2(x) — h2(§)) )~
e(pe) — 91()
6= odintn )

and let
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Apply now the change of input variable » = w — ay(x) in (6.9) and set the output to v
obtaining the following equivalent system:

o= )
{ v = he(x°). (6.10)

The problem would then be solved if we can choose G(.) such that the above system (6.10) is
dissipative with respect to the supply-rate s(r,v) = 3(¥?(|7||* — [|v||*) and internally-stable.
A necessary and sufficient condition for this to happen is if the following bounded-real
condition [139] is satisfied:

Wae () f€(x°) + #er(xe)ge(xe)gET(xe)Wg; (z°) + %haT(xe)he(ze) <0 (6.11)

for some C'* nonnegative function W : N x N — R locally defined in a neighborhood N C X
of ¢ = 0, and which vanishes at £ = 0. The above inequality further implies that

—

Wae (z9)(f(2°) + g% (@%)r) < 5271 = [lol]?) vrew, (6.12)

\V]

which means, W is a storage-function for the equivalent system with respect to the supply-
rate s(r,v) = 3(¥?|r[|* — [|[v/[?). Now assuming that W exists, then it can be seen that the
closed-loop system (6.8) is locally dissipative, with the storage-function

U(z®) = V(z) + W(z°),

with respect to the supply-rate s(w,z) = £(v%||w||? — [|z]|?), where V(.) solves the HJIE
(5.12). Indeed,

() |

1 o (2 1 2 2 2
2 oo (F5(@%) + (@) (w = a1 (@) + 5 (12112 = 1?lle]]?)

= Va(@)(f(2) + 91(x)w + g2(2)a2(£)) +
Weae (f(2) + g°(2%)r) + %Ilhl(l’) + k1a(2)a2 (€)1

(1% = 7*llwl*)

1
~57wl?
1
< 3{lle2(®) — @) = 1w - ax @) + +r?
—[loll?}
< 0,

which proves dissipativity. The next step is to show that the closed-loop system (6.9) has a
locally asymptotically-stable equilibrium-point at (x, &) = (0, 0). For this, we need additional
assumptions on the system (6.1).

Assumption 6.1.2 Any bounded trajectory x(t) of the system
o(t) = f(x(t) + g2 (x(t))u(t)

satisfying
ha(x(t)) + k2 (2(t))u(t)) =0

for all t > ts, is such that lim;_, » x(t) = 0.
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Assumption 6.1.3 The equilibrium-point £ = 0 of the system

€= (&)~ GEh() (6.13)
is locally asymptotically-stable.
Then from above, with w = 0,

AW (z°(t))

= = W, (f(x°) + g°(z°) (—au(x)))

—%th(ﬂc(t)) + ka2 (1) a2 (6(1) (6.14)

IN

along any trajectory (x(.),&(.)) of the closed-loop system. This proves that the equilibrium-
point (2(.),&(.)) = (0, 0) is stable. To prove asymptotic-stability, observe that any trajectory
x¢(t) such that
dU(ze(t
WEW) _ o sy
dt

is necessarily a trajectory of
&= f(x) + g2(x)az(§)
such that z(¢) is bounded and

ha(x(t)) + k12 (2(t))e2(£(2)) = 0

for all ¢ > ts. By Assumption 6.1.2; this implies lim; ,~ x(t) = 0. Moreover, since k12(x)
has full column rank, the above also implies that lim; ,oc @2(£(¢)) = 0. Thus, the w-limit
set of such a trajectory is a subset of

Qo = {(z,8)]x =0, a2(§) = 0}.

Any initial condition on this limit-set yields a trajectory

for all ¢ > ¢4, which corresponds to the trajectory £(¢) of

€= f(&) — GE)ha(&).

By Assumption 6.1.3, this implies lim; o £(¢t) = 0, and local asymptotic-stability follows
from the invariance-principle.
The above result can now be summarized in the following lemma.

Theorem 6.1.1 Consider the nonlinear system (6.1) and suppose Assumptions 6.1.1, 6.1.2
hold. Suppose also there exists a C' positive-(semi)definite function V : N — Ry locally
defined in a neighborhood N of x = 0, vanishing at x = 0 and satisfying the HJIE (5.12).
Further, suppose there exists also a C' real-valued function W : Ny x Ny — R locally defined
in a neighborhood N1 x Ny of ¢ = 0, vanishing at ¢ = 0 and is such that W(xz¢) > 0
for all © # &, together with an n x m smooth matriz function G(§) : No — M™ ™ locally
defined in a neighborhood Ny of & =0, such that

(1) the HJIE (6.11) holds;
(i) Assumption 6.1.3 holds;
(iii) NN Ny NNy # 0.
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Then the MEBNLHICP for the system (6.1) is locally solvable.

A modified result to the above Theorem 6.1.1 as given in [141, 147] can also be proven along
the same lines as the above. We first have the following definition.

Definition 6.1.2 Suppose f(0) = 0, h(0) = 0, then the pair {f,h} is locally zero-state
detectable, if there exists a neighborhood O of x = 0 such that, if x(t) is a trajectory of the
free-system & = f(x) with x(ty) € O, then h(x(t)) is defined for all t > 0 and h(xz(t)) =0
for all t > to, implies limy_,o0 () =0

Theorem 6.1.2 Consider the nonlinear system (6.1) and assume that koy(z)kI (x) = I in
(6.2). Assume also the following:

(i) The pair {f, h1} is locally zero-state detectable.

(ii) There exists a smooth positive-(semi)definite function V locally defined in a neigh-
borhood N of the origin © =0 with V(0) = 0 and satisfying the HIIE (5.12).

(iii) There exists an n X m smooth matriz function G(&) such that the equilibrium-point
& =0 of the system .
§=f()+a1(&ai(§) — G(§)h2(E) (6.15)

1s locally asymptotically-stable.

(iv) There exists a smooth positive-semidefinite function W(x,&) locally defined in a
neighborhood N1 x N1 C X x X of the origin such that W(0,&) > 0 for each £ # 0, and
satisfying the HJIE :

[Ww(mag) Wg(aﬁ,f)]fe(ai,f) +

1 g1(2)g{ (z) 0[] Wi(z¢)
W[Wm(zag) Wg(x,f)] 0 G(f)GT(f) } { Wg(iﬁ,f) :| +
%hf(m,g)he(x,g) =0, W(0,00=0, (z,8)€ N, xN. (6.16)

Then, the MEBNLHICP for the system is solved by the output-feedback controller:

e {5 : £i§()§;—gl(§)al(§)+92(§)a2(§)+G(§)(y_h2(§)) (6.17)

where fe(x,€), he(x,§), are given by:

- £(2) + g1(@)on (@) + ga(z)aa (€)
fe(@,€) = ( £(6) + 91(6)a1(6) + 92()a (€) + G(E) (ha(x) — ha(€)) )

he(mag) = a2(§) —042(37)~
Example 6.1.1 We specialize the result of Theorem 6.1.2 to linear systems and compare

it with some standard results obtained in other references, e.g., [92] (see also [101, 292]).
Consider the linear time-invariant system (LTI):

r = Fz+ Giw+ Gou
! 2z = Hiz+ Kpu (6.18)
y = Hr+ Knw

for constant matrices F € R"*", Gy € R"*", Gy € R"*P, H; € R*", Hy € RM*",
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Ko € R%*P and Ko1 € R™*" satisfying Assumption 6.1.1. Then, we have the following
result.

Proposition 6.1.1 Consider the linear system (6.18) and suppose the following hold:
(a) the pair (F, G1) is stabilizable;
(b) the pair (F, Hy) is detectable;

(c) there exist positive-definite symmetric solutions X, Y of the ARFEs:

1
FTX+XF+X[$G1G1T — GoGY + HI H, =0, (6.19)

1
YF" + FY + Y[ HH| — HyHj ] + G{ Gy = 0; (6.20)
gl

(d) p(XY) <2
Then, the hypotheses (i)-(iv) in Theorem 6.1.2 also hold, with

G = ZHY
Vi) = %xTXas
1
Wwe) = 37@-9z -9,
where
1 -1
Z=Y <I — —2XY> .
v

Proof: (i) is identical to (b). To show (ii) holds, we note that, if X is a solution of the
ARE (6.19), then the positive-definite function V(x) = %.%‘TXQT is a solution of the HJIE
(6.16). To show that (iii) holds, observe that, if X is a solution of ARE (6.19) and Y a
solution of ARE (6.20), then the matric

1 _
Z=Y(~- EXY) !

is a solution of the ARE [292]:
1
Z(F+GiR)' +(F+GiF)Z + Z(?FZTFQ — HI'H))Z + G1GT =0, (6.21)

where Fy = %GlTX and Fy = —GT X. Moreover, Z is symmetric and by hypothesis (d) Z
is positive-definite. Hence we can take V(€) = ¢TZ¢ as a Lyapunov-function for the system

{=(F+GiFy — GHy)"¢, (6.22)

which is the linear equivalent of (6.15). Using the ARE (6.21), it can be shown that
. 1
L=—(IGT¢ll” + IGT&l” + ?||F225||2),

which implies that the equilibrium-point £ =0 for the system (6.22) is stable. Furthermore,
the condition L(£(t)) = 0 implies G1£(t) = 0 and GE(t) = 0, which results in

£(t) = FTE(t).
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Finally, since (A, G1) is stabilizable, together with the fact that G1£(t) = 0, and the standard
invariance-principle, we conclude that lim;_, o £(t) = 0 or asymptotic-stability of the system
(6.22). Thus, (iii) also holds.

Lastly, it remains to show that (iv) also holds. Choosing

W) = 57— 72z ~ )

and substituting in the HJIE (6.16), we get four AREs which are all identical to the ARE
(6.21), and the result follows. O

Remark 6.1.2 Based on the result of the above proposition, it follows that the linear
dynamic-controller

£ = (F4+GFi+GyF, — GH){+ Gy
= F¢

with Fy, = %GITX, Fy, = —-GTX and G = ZHYT solves the linear MFBNLHICP for the
system (6.18).

The preceding results, Theorems 6.1.1, 6.1.2, establish sufficient conditions for the solv-
ability of the output measurement-feedback problem. However, they are not satisfactory in
that, firstly, they do not give any hint on how to select the output-injection gain-matrix G(.)
such that the HJIE (6.11) or (6.16) is satisfied and the closed-loop system (6.13) is locally
asymptotically-stable. Secondly, the HJIEs (6.11), (6.16) have twice as many independent
variables as the HJIE (5.12). Thus, a final step in the above design procedure would be to
partially address these concerns.

Accordingly, an alternative set of sufficient conditions can be provided which involve an
additional HJI-inequality having the same number of independent variables as the dimension
of the plant and not involving the gain matrix G(.). For this, we begin with the following
lemma.

Lemma 6.1.1 Suppose V is a C? solution of the HJIE (5.12) and Q : O — R is a C3
positive-definite function locally defined in a neighborhood of x = 0, vanishing at x = 0 and
satisfying

S(x) <0

where

S@) = Qul@)(f(0) ~ Glha(o) + 35Qs(0)(01(x) ~ Gladkar () 1(o) -
Gk ()7 QL () + 50f (@) (),

or each x # 0 and such that the Hessian matrizc 82—“2 is nonsingular at x = 0. Then the
ox 9

function
W(z%) = Q(x —¢)
satisfies the conditions (i), (ii) of Theorem 6.1.1.

Proof: Let W(z°) = Q(z — &) and let

LW (2%)g°(2%)g T (2)WE () + 2heT (29)he(2°).

T(z,8) = Wae (2°) () + 92 2
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Thus, to show that W(.) as defined above satisfies condition (i) of Theorem 6.1.1, is to show
that Y is nonpositive. For this, set
e=x—¢&
and let
(e, ) = [T (2, &)]a=¢re-
It can then be shown by simple calculations that

Oll(e, §)

H(0.6) =0, -

= ()7
e=0

which means II(z, £) can be expressed in the form
I(e, €) = e"Ale, E)e
for some C° matrix function A(.,.). Moreover, it can also be verified that

028 (x)
Ox?

A(0,0) = <0

=0

by assumption. Thus, II(e, ) is nonpositive in the neighborhood of (z,&) = (0,0) and (i)
follows.
To establish (ii), note that by hypothesis S(z) < 0 implies

Qo (2)(f(x) — G(a)ha(z)) < 0.

Therefore, Q(x) > 0 is a Lyapunov-function for the system (6.13), and the equilibrium-point
& = 0 of this system is locally asymptotically-stable. Hence the result. [J

As a consequence of the above lemma, we can now present alternative sufficient condi-
tions for the solvability of the M FBNLHICP. We begin with the following assumption.

Assumption 6.1.4 The matriz
Ry (2) = kg (¢)ka1 (2)
is nonsingular (and positive-definite) for each x.

Theorem 6.1.3 Consider the nonlinear system (6.1) and suppose Assumptions 6.1.1, 6.1.2
and 6.1.4 hold. Suppose also the following hold:

(i) there exists a C* positive-definite function V, locally defined in a neighborhood N of
x =0 and satisfying the HJIE (5.12);

(ii) there exists a C3 positive-definite function Q : Ny C X — Ry locally defined in a
neighborhood N1 of x = 0, vanishing at x = 0, and satisfying the HJ-inequality
1

Qu(@)f* () + #Qm@)g?(z)g?(z)@f(r) + 5 HA () <0 (6:23)

together with the coupling condition
Qu(x)L(z) = h] (x) (6.24)
for some n x m smooth C% matriz function L(x), where
fiae) = J(@) = i(@)kg (@) Ry (2)ha(2),

F@) = q@I - k@R @)k )],
Hi@) = (of @)az(e) —v?h(e) By (@)ha(@)),
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and such that the Hessian matriz of the right-hand-side of (6.23) is nonsingular for all
T € Ni.

Then the MEBNLHICP for the system is solvable with the controller (6.7), (6.5) if G(.)
15 selected as
G(x) = (V’L(x) + g1(2)k3 (2)) Ry (). (6.25)

Proof: (Sketch, see [139] for details). By standard completion of squares arguments, it can
be shown that the function S(x) satisfies the inequality
S@) > F(2) — g1 @)k (@) Ry (@)ha(@)) + 5 [od — 2 (@) Ry @)h
(@) 2 Qu(@)(f(2) = g1(2)k21 (2) By (2)ha(2)) + Saz (2)az(z) — v"hy (2) By (x)he()] +
1 _
32 (@ @Il - ko (@) Ry (2)kar ()] g1 (2)Q7 (),
and equality holds if and only if
Qu(2)G(2) = (Y2ha() + Qugi (2)k21 () By * (x).

Therefore, in order to make S(z) < 0, it is sufficient for the new HlJ-inequality (6.23) to
hold for each x and G(x) to be chosen as in (6.25). In this event, the matrix G(x) exists if
and only if Q(z) satisfies (6.24). Finally, application of the results of Theorem 6.1.1, Lemma
6.1.1 yield the result. OJ

Example 6.1.2 We consider the case of the linear system (6.18) in which case the simpli-
fying assumptions (6.2) reduce to:

K1TQK12 =1, H1TK12 =0, KglG’{ =0, K2TlK21 =Ry > 0.
The existence of a C® positive-definite function Q satisfying the strict HJ-inequality

(6.23) is equivalent to the existence of a symmetric positive-definite matriz Z satisfying the
bounded-real inequality

1
FTZ 4 ZFf 4 ?ZGﬁGulTZ +H' <0 (6.26)

where
FY = F— G KLR Hy, GF =Gi(I— KLRT'Ky), H=FFy, —y*HI Ry H,
and
F=F+GF, Hy,=Hy+KnF
F = %GlTP, F,=-GYP
v
with P a symmetric positive-definite solution of the ARE (5.22). Moreover, if Z satisfies
the bounded-real inequality (6.26), then the output-injection gain G is given by
G= (27 Hy + GiKa)R;
with L = 1Z—1HY .

Remark 6.1.3 From the discussion in [264] regarding the necessary conditions for the
existence of smooth solutions to the HJE (inequalities) characterizing the solution to the
state-feedback nonlinear Hoo-control problem, it is reasonable to expect that, if the linear
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MFBNLHICP corresponding to the linearization of the system (6.1) at x =0 is solvable,
then the nonlinear problem should be locally solvable. As a consequence, the linear approz-
imation of the plant (6.1) at x = 0 must satisfy any necessary conditions for the existence
of a stabilizing linear controller which solves the linear MFBNLHICP.

Remark 6.1.4 Notice that the controller derived in Theorem 6.1.3 involves the solution of
two uncoupled HJ-inequalities and a coupling-condition. This is quite in agreement with the
linear results as derived in [92], [101], [292].

In the next subsection, we discuss the problem of controller parametrization.

6.1.1 Controller Parameterization

In this subsection, we discuss the parametrization of a set of stabilizing controllers that
locally solves the MFBNLHICP. As seen in the case of the state-feedback problem, this
set is a linear set, parametrized by a free parameter system, (), which varies over the set
of all finite-gain asymptotically-stable input-affine systems. However, unlike the linear case,
the closed-loop map is not affine in this free parameter.

Following the results in [92] for the linear case, the nonlinear case has also been discussed
extensively in references [188, 190, 215]. While the References [188, 190] employ direct state-
space tools, the Reference [215] employs coprime factorizations. In this subsection we give
a state-space characterization.

The problem at hand is the following. Suppose a controller ¢ (herein-after referred to
as the “central controller”) of the form (6.3) solves the M FBNLHICP for the nonlinear
system (6.1). Find the set of all controllers (or a subset), that solves the MFBNLHICP
for the system.

As in the state-feedback case, this problem can be solved by an affine parametrization
of the central controller with a system @ € FG having the realization

) 4@ = alg) +blg)r, a(0)=0,
S0 ¢ { . (), c(0) =0 (6.27)

where g € XY and a: X - VX, b: X - M™*P ¢: X — R™ are smooth functions. Then
the family of controllers

& = n&y)
X519 ¢ = alg) +ble)(y—19) (6.28)
u = 0(&y) +clqg)

where ¥ varies over all Q € FG and g is the estimated output, also solves the
MFBNLHICP for the system (6.1). The structure of this parametrization is also shown
on Figure 6.2, and we have the following result.

Proposition 6.1.2 Assume X% is locally smoothly-stabilizable and locally zero-state de-
tectable. Suppose there exists a controller of the form X° that locally solves the
MFBNLHICP for the system, then the family of controllers 3¢, given by (6.28), where
Q € FG is a parametrization of the set of all input-affine controllers that locally solves the
problem for ¥®.

Proof: We defer the proof of this proposition to the next theorem, where we give an explicit
form for the controller Xf,.
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Za

4

FIGURE 6.2

Parametrization of Nonlinear H,-Controllers with Measurement-Feedback; Adopted from
IEEE Transactions on Automatic Control, vol. 40, no. 9, (© 1995, “A state-space approach
to parametrization of stabilizing controllers for nonlinear systems,” by Lu W.-M.

Theorem 6.1.4 Suppose all the hypotheses (i)-(iv) of Theorem 6.1.2 hold, and
ko1 (2)kd, (z) = I. In addition, assume the following hypothesis also holds:

(V) There exists an input-affine system g as defined above, whose equilibrium-point ¢ = 0
18 locally asymptotically-stable, and is such that there exists a smooth positive-definite
function U : Ny — Ry, locally defined in a neighborhood of ¢ = 0 in X satisfying the
HJE:

Uq(g)alq) + Q_;Uq(Q)b(Q)bT(Q)UqT(Q) + 5" (q)e(g) = 0. (6.29)
Then the family of controllers

£ = fO+Gly—h()+T( v

¢ = a(q)+blgr

564 v — o) (6.30)
ro= Y=y
u = (&) +v

where

F(€) = F©) + g1()an(§) + ga(§)aa(§), § = ha(€) = ha(§) + kar(§)a (€)
solves the MFBNLHICP locally.

Proof: First observe that the controller (6.30) is exactly the controller given in (6.28) with
explicit state-space realization for 3¢. Thus, proving the result of this theorem also proves
the result of Proposition 6.1.2.

Accordingly, we divide the proof into several steps:
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(a) Consider the Hamiltonian function defined in Chapter 5:

H () = V() (@) + g1+ gaeyu) + L IRF 1P+ 2l = 54l

which is quadratic in (w,u). Observe that

H H
() ()
W /) w=a, (x) u u=az ()

Therefore for every (w,u) we have

Va(2)(f(2) + g1(@)w + g2()u) = %[||u—042($)||2—72||w—041(3?)||2—

[ull® + 2 [lwl|* = 1A ]1%]-
(b) Consider now the closed-loop system:

T = f(x)+91($)W+92($)(042(§)+U)}
£ = [ +GEy—ha6) +T(E)v

and the augmented pseudo-Hamiltonian function

Hb($,§7’u7’w7)\,,u,) = )‘T[f(x) +gl(x)w+gg(x)(a2(§) +U>] +
f1f(€) + GE)(y — ha(€)) +T(E)v] +

Sllas(€) + v — (@) ~ 377w — o (@)

By setting (0, @) such that

OH" oH’
(W)U—f) B O’ <%)w—u~1 B O’

then for every (v, w) we have

1 . 1 -
Hb(I,§7’U7U}) = HE(I,&,’U,U}) + 5”0 - U”Q - 572”11} - w||27

where
HY(z,&v,w) = H(2,&, 5,9, W, W) <o.

Furthermore, along any trajectory of the closed-loop system (6.31),

. . 1 1
W= Wi + Wef = Hi w6 0,w) + g0~ 812 = 572w — ] -
1 1
Sllas(€) + v — az(@)|F = 39w — as (@)

(c) Similarly, consider now the system (6.27). By hypothesis (v), we have
1
Ug(9)(alg) +b(a)r) = S[=7*lr = I = [0l + 72 [r°]

where r* = W—12bT(q)UT(q).

149

(6.31)
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(d) Then, consider the Lyapunov-function candidate
Qz,&,q) = Vi(z) + W(z,£) + Ulg),

which is locally positive-definite by construction. Differentiating €2 along the trajectories
of the closed-loop system (6.31), (6.27), we get

O = Vo(a)i + Walw, ©)F + We(z, € +Uy(a)d
= & v w)+ 3l ax@)? — 2w - e @)~ ul? +
Pl = s @)+ o = 3 = 12l — &I — llu— as (@) +
Pl = ar@)IP] + =2 = 112 = ol + 427171}

Notice that
lv = 3l|* <+*lr — |
since ||Q||x.. < ~. Therefore

Q<SP + lwll®) = [loll® = 12017 (6.32)

DO | =

Integrating now the above inequality from ¢ =ty to t =T, we have
1 T
Qz(T),T) =~ Qx(to), to) < 5 / 2P + llwl?) = lloll* = 1]2]*]dt.
to

Which implies that the closed-loop system has Lo-gain < ~ from { Z) } to { Z } as

desired.

(e) To show closed-loop stability, set w =0, r = 0, in (6.32) to get
. 1
Q< *§(||Z||2 + [loll?).

This proves that the equilibrium-point (z,&,¢q) = (0,0,0) is stable. Further, the condition
that © = 0 implies that w = 0, 7 =0, 2 =0, v = 0 = u = 0, hy(z) = 0, aa(€) = 0.
Thus, any trajectory of the system (xz°(t),£°(t), ¢°(t)) satisfying the above conditions, is
necessarily a trajectory of the system

= f(z)
= (&) + (& ai(§) + G(€)(ha(z) — h2(£))
= a(qg).

Therefore, by Assumption (i) and the fact that ¢ = a(q) is locally asymptotically-stable
about ¢ = 0, we have lim;_, o (2(t), ¢(t)) = 0. Similarly, by Assumption (iii) and a well known
stability property of cascade systems, we also have lim;_, ., £(¢t) = 0. Finally, by LaSalle’s
invariance-principle we conclude that the closed-loop system is locally asymptotically-stable.
O
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6.2 Output Measurement-Feedback Nonlinear H, Tracking Con-
trol

In this section, we discuss the output measurement-feedback tracking problem which was
discussed in Section 5.2 for the state-feedback problem. The objective is to design an output-
feedback controller for the system (6.1) to track a reference signal which is generated as the
output y,, of a reference model defined by

. Ty = fm(ilfm)7 xm(tO)zsz
Ym { P hm(l"m) (6.33)

T € R frn - RE — RE We assume also for simplicity that this system is completely
observable (see References [268, 212]). The problem can then be defined as follows.

Definition 6.2.1 (Measurement-Feedback Nonlinear Hoo (Suboptimal) Tracking Control
Problem (MFBNLHITCP)). Find (if possible!) a dynamic output-feedback controller of the
form

{a’cc = Ne(Te,xm), xe(to) = Teo (6.34)

u = O‘dyntrk(zmxm)a Adyntrk * Nl X Nm — RP

r. CR", N C X, Nm C R, for some smooth function Odyntrk, such that the closed-loop
system (6.1), (6.34), (6.33) is exponentially stable about (x,xc,Zm) = (0,0,0), and has for
all initial conditions starting in N1 x N, neighborhood of (0,0), locally Lo-gain from the
disturbance signal w to the output z less than or equal to some prescribed number v* > 0,
as well as the tracking error satisfies imy oo {y — Yym} = 0.

To solve the above problem, we consider the system (6.1) with

[

u

and follow as in Section 5.2 a two-step design procedure.
Step 1: We seek a feedforward dynamic-controller of the form

{:'Ec = a(z:) +b(zc)y (6.35)

u = (TeyTm)

where z. € %", so that the equilibrium point (z, z.) = (0,0) of the closed-loop system with
w =0,
&= f(@)+ ga(x)c(re, Tm)
T = alze)+ blx)ha(x)

is exponentially stable and there exists a neighborhood UcCX xR xR of (0,0,0) such
that, for all initial conditions (x¢, Zco, Tmo) € U, the solution (x(t), xc(t), Zm (t)) of

T = f(aj) +92($)C(xc;mm)
T = a(xe)+b(xe)ha(x)
jzm = fm(xm)

satisfies
lim hy(0(x(t))) — ham(m(t)) = 0.

t—o00
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To solve this step, we similarly seek an invariant-manifold
My o = {z]z = 0(zm), Tc=0(xm)}

which is invariant under the closed-loop dynamics (6.36) and is such that the error e =
hi(x(t)) — hpm (2m (t)) vanishes identically on this submanifold. Again, this requires that the
following necessary conditions are satisfied by the control law u = @, (2,)

2 (@) fon () = F(O(@m)) + g2(0(2n )t (1)

22 () f(2m) = a(0(2m)) + b0 (2m) )y (2m)
hl(Q(CE( ))) - hm(l‘m( )) =0,

where U, (T,) = c(0(Tm); Tm); Yx(Tm) = h2(0(z)).

Now, assuming the submanifold My, is found and the control law @, (z,,) has been
designed to maintain the system on this submanifold, the next step is to design a feedback
control v so as to drive the system onto the above submanifold and to achieve disturbance-
attenuation and asymptotic-tracking. To formulate this step, we reconsider the combined
system with the disturbances

& = f(x)+g1(z)w+ g2 (2)u
y = ha(x) +ka(@)w
and introduce the following change of variables
& = z—0(zp)
2 = Tc— 0(337n)
vo= u—Us(zy).
Then
& = Fi(€1,&,2m) + G161, m)w + Gra(Er, 2 )v
£ = Fu(61,6,2m) + Gor (&2, Tm)w
T = fm(x )
B ho(&1,@m) + ko1 (&1, ) w
o= P (Zm,)
where
ﬁl(fla Tm) = f(&+0(xm)) — ;Ta(zm)fm(zm) + 92(&1 + 0(zm) ) s (Tm)
ﬁ2(§2a mm) = a(§+ U(JJM)) + b(€2 + U(xm»]w(gl + 9(37"1)) - ;To(mm)fm($7n)
Gult,zm) = g1 +0(xm))
Gia(&1,2m) = g2(&1 +0(xm))
Gor(&2,7m) = b(&+0(zm))ka (€1 + 0(zm)).

Similarly, we redefine the tracking error and the new penalty variable as

= hi (€ + 9(37m)) - hm(mm)

Z =
v
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Step 2: Find a dynamic feedback compensator of the form (6.35) with an auxiliary
output v, = v4(&, ., ) so that the closed-loop system (6.35), (6.36) is exponentially stable
and along any trajectory (£(t), z, (t)) of the closed-loop system, the L£o-gain condition

T T B
/ 1207 <+ / leo(®)|Pd + BE(to), Zmo)
0 0
T T
s / ha(E 4+ 6(2m)) — b (@) |2 + I0]2} < 2 / leo(e)|12dt + B(E(to), @umo)
0 0

is satisfied for some function B, for all w € W, for all T < oo and all initial conditions
(&1(t0),&2(t0), Tmo) in a sufficiently small neighborhood of the origin (0, 0).

The above problem is now a standard measurement-feedback H., control problem, and
can be solved using the techniques developed in the previous section.

6.3 Robust Output Measurement-Feedback Nonlinear H.-Control

In this section, we consider the robust output measurement-feedback nonlinear H..-control
problem for the affine nonlinear system (6.1) in the presence of unmodelled dynamics and/or
parameter variations. This problem has been considered in many references [34, 208, 223,
265, 284], and the set-up is shown in Figure 6.3. The approach presented here is based on
[208]. For this purpose, the system is represented by the model:

& = f(x)+Af(2,0.1) + gr(@)w + [92(x) + Aga(z, 0, 1)]u;
A z = ZS(Z:)Z:):+IIE3)12(9:)1L (6.37)
y = [ha(z)+ Aho(z,0,t)] + ko1 (x)w

where all the variables and functions have their previous meanings and in addition Af :
X = V>X(X), Age : X - M™P(X), and Ahy : X — R™ are unknown functions which
belong to the set =; of admissible uncertainties, and § € © C R" are the system parameters
which may vary over time within the set ©.

Definition 6.3.1 (Robust Output Measurement-Feedback Nonlinear Hoo-Control Problem
(RMFBNLHICP)). Find (if possible!) a dynamic controller of the form (6.3) such that the
closed-loop system (6.37), (6.3) has locally Lo-gain from the disturbance signal w to the
output z less than or equal to some prescribed number v* > 0 with internal stability, for all
admissible uncertainties Af, Ags, Ahs, € Z1 and all parameter variations in ©.

We begin by first characterizing the sets of admissible uncertainties of the system =; and
O, as

Assumption 6.3.1 The sets of admissible uncertainties of the system are characterized as

El = {Af, A927 Ahg | Af(.%‘7 9, If) = H1 (.%‘)F(.%‘7 9, t)E1 (.%‘)7
Ago(x,0,t) = go(x)F(x,0,t)Ey (), Ahy = Hs(x)F(z,0,t)Fs(x), ||F(z,0,1))* < 1,
Ve e X, 0€0,teR},

01 = {0]10<0<0,, 9] <k <o},
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FIGURE 6.3
Configuration for Robust Nonlinear H..-Control with Measurement-Feedback

for some known matrices Hy(.), F(.,.), E1(.), Ex(.), Hs(.), Es of appropriate dimensions.

Then, to solve the RM FBNLHIC P, we clearly only have to modify the solution to the
nominal MFBNLHICP given in Theorems 6.1.1, 6.1.2, 6.1.3, and in particular, modify
the HJIEs (inequalities) (6.39), (6.23), (5.12) to account for the uncertainties in Af, Agy
and Ahs.

The HJI-inequality (5.24) has already been modified in the form of the HJI-inequality
(5.46) to obtain the solution to the RSFBNLHICP for all admissible uncertainties Af,
Ags in Z. Therefore, it only remains to modify the HJI-inequality (6.23), or equation (6.16)
to account for the uncertainties Af, Ags, and Ahs in =1, O. If we choose to modify HJIE
(6.16) to accomodate the uncertainties, then the result can be stated as a corollary to
Theorem 6.1.3 as follows.

Corollary 6.3.1 Consider the nonlinear system (6.37) and assume that ko (z)kd; (z) = 1
in (6.2). Suppose also the following hold:

(i) The pair {f, h1} is locally detectable.

(ii) There exists a smooth positive-definite function 1% locally defined about the origin with
V(0) = 0 and satisfying the HJIE (5.46).

(iii) There exists an n X m matric Ga : X — M"™ ™ such that the equilibrium & = 0 of
the system

€= f(&) + Hi()EL(€) + g1(§)ar (€) — Gal€)(ha(€) + H3(§)Es(€)) (6.38)
is locally asymptotically-stable.

(iv) There exists a smooth positive-semidefinite function W(L €) locally defined in a neigh-
borhood N1 x Ny C X x X of the origin (x,€) = (0,0) such that W(0,€) > 0 for each
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& # 0, and satisfying the HJIE

Wz, &) We(z, )] fe(x,€) +

R 7 g1()gi (z) + H{ () H1() 0
2+2 [Wz(x7§) Wg(m,f)] [ ! 0 ! G(S)GT(f)JFHlT(f)Hﬂf) X
~ )
[ e e) | 307 @R w9 + B @B @) + B ©Fs() =0
W(0,0) =0, (,€) € Ny x Ny, (6.39)
where fe(x,£), he(x,&) are as defined previously.

Then, the RMFBNLHICP for the system is solved by the output-feedback controller:

- § = (O +HiOE(E) +91(§)ar(€) + 92(6)02(8) + Gal©)ly—

Y5 ha(§) — Hz(§) E3(6)] (6.40)

u = a(f),

Proof: The proof can be pursued along the same lines as Theorem 6.1.3. [J
In the next section we discuss another aspect of robust control known as reliable control.

6.3.1 Reliable Robust Output-Feedback Nonlinear #,,-Control

In this subsection, we discuss reliable control which is another aspect of robust control. The
aim however in this case is to maintain control and stability in the event of a set of actuator
or sensor failures. Failure detection is also another aspect of reliable control.

For the purpose of elucidating the scheme, let us represent the system on X C R" in
the form

i = f(z)+g(x)wo + 37, 925(2)uy; 2(0) = o,
Yi = h21($)+w17 izla"'7m7
hi(x)
yar . U (641)
z = ,
Up

where all the variables have their usual meanings and dimensions, and in addition w =

[wl wl ... wl]T € R* is the overall disturbance input vector,
92(z) = [921(z) g22(x) ... g2p()],
hg(:l?) = [hgl(z) hgg(l‘) N hgm(z)]T

Without any loss of generality, we can also assume that f(0) = 0, hy(0) = 0 and hs;(0) =
0,2 =1,...,m. The problem is the following.

Definition 6.3.2 (Reliable Measurement-Feedback Nonlinear H - Control Problem (RLMF-
BNLHICP)). Suppose Z, C {1,...,p} and Z, C {1,...,m} are the subsets of actuators and

sensors respectively that are prone to failure. Find (if possible!) a dynamic controller of the

form:

|
S
2
I
o
+
=
—
I
o
<

re . C =
5 {u o (6.42)
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where € Y, such that the closed-loop system denoted by 3" o3¢ is locally asymptotically-
stable and has locally Lo-gain <~ for all initial conditions in N C X and for all actuator
and sensor failures in Z, and Z4 respectively.

To solve the above problem let i, € Za, 1, € Z., Js € Zs, js € Z, denote the indices of
the elements in Z,, Z,, Z, and Z, respectively, where the “bar” denotes “set complement.”
Accordingly, introduce the following decomposition

g2(z) = 92ia(m)@92i;(m)
u = ui,l@ui:l
ha(z) = hQis(m)@hQi;(m)
y = v ®yy
w o= [w ... wy]" =w, S wy
b(z) = [b1(z)ba(2) ... b ()] = bs, (z) © by (2)
where
92i.(x) = [0i,(1)ga1(x) 6i,(2)g22(x) ... 0, (p)g2p(x)]
ui, () = [0s, (Dur(z) 0, (2)uz(z) ... 5za(P)Up( )"
hoi () = [0i,(L)ho1(2) 6i,(2haa(z) ... 6i (m)ham(2)]"
yi.(@) = [0, Dy 6i,(2)yz - b (m)ym]”
wi, () = [0, (Dwy 6, 2wy ... &, (m)wy,]"
bi,(x) = [0, (V)bi(z) 6, (2)ba(x) ... &i (m)byn()]"
and

Applying the controller X" to the system when actuator and/or sensor failures corre-
sponding to the indices i, € Z, and 15 € Z4 occur, results in the closed-loop system
Y(Z,) 0 XT(2,):

@ f(@) + g1(@)wo + gor (x)ey (Q); x(0) = o
¢ = alQ)+ bi;(oyi;
= a(Q) + by (Qhyy (x) + by (Qwy (6.43)
(z)
)

Zliz = |:

The aim now is to find the controller parameters a(.), b(.) and ¢(.), such that in the event of
any actuator or sensor failure for any i, € Z, and i; € Z; respectively, the resulting closed-
loop system above still has locally L2-gain < v from w;, to z;; and is locally asymptotically-
stable. In this regard, define the Hamiltonian functions in the local coordinates (x,p) on
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T*X by

Hep) = @)+ 3" | 0@l @) - 6z, @l (@) 0+
ST @ () + 57°h, (@)haz, (),

H0($7p)

1 1
p'fz) + WpTgl(m)gf(w)p + 50" 922,(2)g3z, ()p +

1 1
§h1T(37)h1 (z) - §’YQhQTzS (2)hyz, (2).

Then, the following theorem gives a sufficient condition for the solvability of the reliable
control problem.

Theorem 6.3.1 Consider the nonlinear system (6.41) and assume the following hold:
(1) The pair {f,h1} is locally zero-state detectable.

(ii) There exists a smooth C? function ) > 0, 1(0) = 0 and a C® positive-definite function
V locally defined in a neighborhood Ny of x = 0 with V(0) = 0 and satisfying the HJIE:

Hy(z, V) 4 () = 0. (6.44)

(iii) There exists a C3 positive-definite function U locally defined in a neighborhood Ny
of x = 0 with U(0) = 0 and satisfying the HJI-inequality:

Ho(a, UT) + (z) <0, (6.45)

and such that No "Ny # 0, Ho(z, ﬁwT) +(x) has nonsingular Hessian matriz at x = 0.

(iv) U(z) — V(x) is positive definite, and there exists an n x m matriz function L(.) that
satisfies the equation B _

(Us = Va)(@)L(z) = 7?h3 (x). (6.46)

Then, the controller "¢ solves the RLM FBNLHICP for the system %" with

aQ) = f(<)+$gl<c>gf<o17£(ofgzza@)ggga(o?f(o7L<c>h2(<)
o = Q)
(0 = gl OVTQ).

Proof: The proof is lengthy, but can be found in Reference [285]. O

Remark 6.3.1 Theorem 6.3.1 provides a sufficient condition for the solvability of reliable
controller design problem for the case of the primary contingency problem, where the set of
sensors and actuators that are susceptible to failure is known a priori. Nevertheless by en-
larging the sets Z,, Zs to {1,...,p} and {1,...,m} respectively, the scheme can be extended
to include all actuators and sensors.

We consider now an example.
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Example 6.3.1 [285]. Consider the following second-order system.

T . —2x1 + 1‘13?% 1 0 1 U1
R I B B P E P | P
y = 2x1 + 220 +wy (648)
z = [x1 25 ur uo]”. (6.49)

The index sets are given by Z, = {2}, Z; = {0}, and the system is locally zero-state
detectable. With v = 0.81 and
2

8y 6

1
U(@) = Sai + 53,
v —af

2

approzimate solutions to the HJI-inequalities (6.44), (6.45) can be obtained as

2 2
0.453322 + 0.34632222 + ﬁmg (6.50)
1

<

—_
B

S~—
|

U(x) = 1.5938z7 4 0.3496x125 + 1.266723 (6.51)
respectively. Finally, equation (6.46) is solved to get
L(x) = [1.0132 0.8961]".

The controller can then be realized by computing the values of a(x), b(x) and c(x) accord-
ingly.

6.4 Output Measurement-Feedback H.-Control for a General
Class of Nonlinear Systems

In this section, we look at the output measurement-feedback problem for a more general class
of nonlinear systems. For this purpose, we consider the following class of nonlinear systems

defined on a manifold X C R™ containing the origin in coordinates x = (x1,...,2,):
r = F(Iawau)v I(to) = Zo
39 z = Z(z,u) (6.52)
y = Y(z,w)

where all the variables have their previous meanings, while F': X x W xU — X is the state
dynamics function, Z : X x U — R* is the controlled output function and Y : X x W — ™
is the measurement output function. Moreover, the functions F(.,.,.), Z(.,.) and Y'(.,.) are
smooth C”, r > 1 functions of their arguments, and the point = = 0 is a unique equilibrium-
point for the system %9 such that F(0,0,0) = 0, Z(0,0) = 0, Y(0,0) = 0. The following
assumptions will also be adopted in the sequel.

Assumption 6.4.1 The linearization of the function Z(x,u) is such that

rank(Di2) 2 rank (ZZ (0,0)) =p.

u
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The control action to X9 is to be provided by a controller of the form (6.3). Motivated
by the results of Section 6.1, we can conjecture a dynamic-controller of the form:

ge [ ¢ = FCwu)+Gy—Y(w)
9 .{u — ) (6.53)

where ( is an estimate of x and G’() is the output-injection gain matrix which is to be
determined.

Again, since w is not directly available, we use its worst-case value in equation (6.53).
Denote this value by w* = &;(z), where &;(.) is determined according to the procedure
explained in Chapter 5. Then, substituting this in (6.53) we obtain

{ ¢ = F(¢a()a(0) + G~ Y(¢a(0)) (6.54)
u = a(Q). '
Now, let 2¢ = < Z ) so that the closed-loop system (6.52) and (6.54) is represented by
¢ = F°(@°,w)
{ z = Ze(fe) (655)

where
o B F(z,w,a2(¢)
Fe(icw) = (F(g,a1(<)7d2(<))+0(< (a;,w)—G(C)Y(le(C)))’

The objective then is to render the above closed-loop system dissipative with respect to the
supply-rate s(w, Z) = 3(v*||w|* — || Z¢(2*)||?) with some suitable storage-function and an

7€) =

appropriate output-injection gain matrix G (.). To this end, we make the following assump-
tion.

Assumption 6.4.2 Any bounded trajectory x(t) of the system (6.52)
x(t) = F(x(t),0,u(t))

satisfyin,
o Z(x(t),u(t)) =0

for all t > to, is such that lims_, oo 2(t) = 0.
Then we have the following proposition.

Proposition 6.4.1 Consider the system (6.55) and suppose Assumptions 6.4.1, 6.4.2 hold.
Suppose also the system

¢ =F(¢,a1(0),0) = GOY (¢ a1(¢) (6.56)
has a locally asymptotically-stable equilibrium-point at (= 0, and there exists a locally

defined C* positive-definite function U : O x O — Ry, U(0) = 0, O C X, satisfying the

dissipation inequality

T se e(se 1 e(~e 1
Uie (5°)F (3 w) + 51253 | = 592w < 0 (6.57)
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for w = 0. Then, the system (6.55) has a locally asymptotically-stable equilibrium-point at
¢ =0.

Proof: Set w = 0 in the dissipation-inequality (6.57) and rewrite it as
~e T ~€e\ e (e 1 ~
U3 (1)) = Use () (3, w) = —5]12(2,62(Q)) <0,

which implies that ¢ = 0 is stable for (6.55). Further, any bounded trajectory z¢(t) of
(6.55) with w = 0 resulting in U(z¢(t)) = 0 for all ¢ > t for some t, > to, implies that

Z(x(t),a2(C(1)) =0 Vit > ts.

By Assumption 6.4.2 we have lim;_, x(t) = 0. Moreover, Assumption 6.4.1 implies that
there exists a smooth function u = u(x) locally defined in a neighborhood of = = 0 such
that

Z(x,u(t)) =0 and u(0) = 0.

Therefore, lim;_, o 2(t) = 0 and Z(x(t), &2((2(t))) = 0 imply lim; o0 @2(¢(t)) = 0. Finally,
lim; o0 G2(C(t)) = 0 implies lim; o ((t) = 0 since ¢ is a trajectory of (6.56). Hence, by
LaSalle’s invariance-principle, we conclude that z¢ = 0 is asymptotically-stable. [J

Remark 6.4.1 As a consequence of the above proposition, the design of the injection-
gain matriz G(C) should be such that: (a) the dissipation-inequality (6.57) is satis-
fied for the closed-loop system (6.55) and for some storage-function (7((); (b) system
(6.56) is asymptotically-stable. If this happens, then the controller (6.53) will solve the
MFBNLHICP.

In the next several lines, we present the main result for the solution of the
MFBNLHICP for the class of systems (6.52). We begin with the following assumption.

Assumption 6.4.3 The linearization of the output function Y (x,w) is such that
Y
rank(Daz1) 2 rank <g_w(070)) =m.
Define now the Hamiltonian function K : T*X x W x R™ — R by
1 1
K(z,p,w,y) = p" Flw,w,0) =y Y (z,w) + 5[ Z(2, 0)[* = 577wl (6.58)

Then, K is concave with respect to w and convex with respect to y by construction. This
implies the existence of a smooth maximizing function @ (z,p,y) and a smooth minimizing
function y, (z,p) defined in a neighborhood of (0,0,0) and (0,0) respectively, such that

0K
( M) = 0, @(0,0,00=0,  (6.59)
w w=w(z,p,y)
(M) — 2 (6.60)
aw2 (z,p,w,y)=(0,0,0,0)
ay y:y*(xvp)
32K(x7p,ﬁ1($7pa y)vy) 1
Yy (z,p,w,y)=(0,0,0,0) v
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Finally, setting
Wik (2, p) = (2, p, Y (T, D)),

we have the following main result.

Theorem 6.4.1 Consider the system (6.52) and let the Assumptions 6.4.1, 6.4.2, 6.4.3
hold. Suppose there exists a smooth positive-definite solution V' to the HJI-inequality (5.75)
and the inequality

K (2, W] (2), w2, W] (@), yu (0, W) (2))) = H* (@, V] (2)) <0, (6.63)

where H*(.,.) is given by (5.72), has a smooth positive-definite solution W (z) defined in
the neighborhood of x = 0 with W (0) = 0. Suppose also in addition that

(i) W(z) - V(z) > 0Vz #0;
(il) the Hessian matriz of
K (2, W) (@), wee (@, W (@), g (2, W (2)))) = Holw, V()
18 nonsingular at x = 0; and

(iii) the equation ) )
(Wa(2) = Va(2))G (@) =y (z, W, (2)) (6.64)

has a smooth solution G(z).
Then the controller (6.54) solves the MFBNLHICP for the system.
Proof: Let Q(z) = W(z) — V(z) and define
S(z,w) 2 QulF(z,w,0) — G@)Y (z,w)] + H(x, V. w,0) — H*(x, V.T)

where H(.,.,.,.) is as defined in (5.69). Then,

S(l‘,U)) = WﬁF(I7w7O) - y*T(a:,WIT)Y(a:,w) - VIF(QS7’LU7O) +
H(x, VI w,0) — H*(z, V.

1 1 ~ -
WoF(2,w,0) — y! (z, W)Y (z,0) + 12,0 - 572||U}|| — H*(z,V,)

= Ko, W) w,y.(a, W) — H*(,V,])
K(LWf,w**(m, Wf),y*(x,WwT)) - ff*(.LVIT)
= 2" (2)z

IN

where Y(.) is some smooth matrix function which is negative-definite at z = 0.
Now, let

U(z%) = Q(z = ) + V().
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Then, by construction, U is such that the conditions (a), (b) of Remark 6.4.1 are satisfied.
Moreover, if G is chosen as in (6.64), then

O Fla ) + 51257~ Slull? = Qule — QIF(r,w,62(0)) ~
F(C,a1(¢), a2()) ~G(C) (,w) +
12, a2 — 7w
Qule — OF (2w, 35(0)) -
F(6,01(0), 32(0)) — GQ)Y (w,w) +
GOV (¢ @ (O] + Hw, T w,82(0)) -
H*(z, VD).

IN

If we denote the right-hand-side (RHS) of the above inequality by L(z,(, w), and observe
that this function is concave with respect to w, then there exists a unique maximizing
function w(z, ¢) such that

()
ow w=1(z,()

for all (x,(,w) in the neighborhood of (0,0,0). Moreover, in this neighbohood, it can be
shown (it involves some lengthy calculations) that L(x, (,w(x,()) can be represented as

for some smooth matrix function R(.,.) such that R(0,0) = YT(0). Hence, R(.,.) is locally
negative-definite about (0,0), and thus the dissipation-inequality
- 1 1 -
Upe P2, w) + 511 2°@)* = llwll* < Lz, ¢, i(w, () <0
is satisfied locally. This guarantees that condition (a) of the remark holds.
Finally, setting w = & () in the expression for S(x,w), we get
0> S(z,a1(x)) > Qu(F(z,01(x),0) — G(2)Y (z, a1 (2))),

which implies that Q(z) is a Lyapunov-function for (6.56), and consequently the condition
(b) also holds. O

Remark 6.4.2 Notice that solving the M FBNLHICP involves the solution of two HJI-
inequalities (5.75), (6.63) together with a coupling condition (6.64). This agrees well with
the linear theory [92, 101, 292].

6.4.1 Controller Parametrization

In this subsection, we consider the controller parametrization problem for the general class of
nonlinear systems represented by the model ¥9. For this purpose, we introduce the following
additional assumptions.

Assumption 6.4.4 The matriz DI, D1 — +*I is negative-definite for some v > 0, where
D11 = 92(0,0).
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Define similarly the following

~ 1 1
H(map7w7u) = pTF(:E,w,u) + §||Z(x,w,u)||2 - 5’}/2||’LU||2 (665)
95 -
ru(r) = <8 H(”E’gjﬁw’“)) (6.66)
w=a&1(x),u=daz(x)
O*H z, Vy(2), w,u
w=a&1(z),u=asz(zx)
0%H €, f/w(x LW, U
roi(z) = < ( - 3u) )> (6.68)
w=ad&1(x),u=daz(x)
27 V,
7’22(;p) _ <3 (,I, ‘a/u(;:)7 w, U)) ; (669)
w=a&1(z),u=asz(zx)

where V solves the HJ I-inequality (5.75), while &; and @&z are the corresponding worst-case
disturbance and optimal feedback control as defined by equations (5.73), (5.74) in Section

5.6. Set also ( s (@) (@)
= 1-— €1)r11(T T12(X
R p—
(@) [ 7oy (z) (1 + €2)raz(x) }
where 0 < ¢; < 1 and e > 0, and define also K : T*X x L3(R4) x R™ — R by

K(z,p,w,y) = p'Flz,w+o1(2),0) = y"Y (@, 0+ ai(2)) +

5| o r%) e |

Further, let the functions wq(x,p,y) and y;(z,p) defined in the neighborhood of (0,0,0)
and (0,0) respectively, be such that

(am,p, w, y)

o ) =0, w(0,0,0)=0, (6.70)

8[?(1‘,]?7@01(3?,]773/)7@ _ =
( . ~0, 3:(0,0)=0. (6.71)
Y=y1

Then we make the following assumption.

Assumption 6.4.5 There exists a smooth positive-definite function Q(aj) locally defined in
a neighborhood of x = 0 such that the inequality

Ya(z) = K (2, QF (), w1 (2, Q7 (x), 91 (x, Q7 (x)), y1 (z, Q7 () < 0 (6.72)
is satisfied, and the Hessian matriz of the LHS of the inequality is nonsingular at x = 0.

Now, consider the following family of controllers defined by

§ = F(é’)gz(f) a2(8) +c(q) +G(E)(y — Y (& ai(§))) + g1(§)clq)+
[ g2 q
BN 4= aley - YIE@E) (6.73)
u = az(§)+clq),
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where £ € X and ¢ € R¥ C X are defined in the neighborhoods of the origin in X and R
respectively, while G(.) satisfies the equation

Qu(2)G () = y1 (2, Q7 () (6.74)

with Q(.) satisfying Assumption 6.4.5. The functions a(., ), ¢(.) are smooth, with a(0,0) = 0,
¢(0) = 0, while §1(.), g2(.) and d(.) are C*, k > 1 of compatible dimensions.
Define also the following Hamiltonian function J : R2"T% x R2"+v x R™ — R by

J(za,pa,w) = pfFa(za,w) =+
1 w — &1 (x) T~x w — a(x)
2 | 026 + lg) - () } R() { G2(€) + cla) — Ga(a) |
where
xT B F(l‘, w, d2(§) + C(q))
o= | & |, Falze,w)=| F(&q)+GEY (z,0) + §1(§)c(q) + g2(£)d(q)
q CL((],Y(.%‘7IU) _Y(Evdl))
and

F(&q) = F(&,a1,02(6) + c(q)) — GOY (£, 61 (), d2(8) + c(q)).

Note also that, since

(62J($a7paa w)

= (1 —e))(Df, D1y —7%1),
Ow? > (Ta,Pa,w)=(0,0,0)

there exists a unique smooth solution wa(x,,p,) defined on a neighborhood of (x4, p.) =

(0,0) satistying
aJ ay as
(M) _0, w(0,0)=0.
ow w=w2(Tq,pPa)

The following proposition then gives the parametrization of the set of output measurement-
feedback controllers for the system X9.

Proposition 6.4.2 Consider the system 39 and suppose the Assumptions 6.4.1-6.4.5 hold.
Suppose the following also hold:

(H1) there exists a smooth solution V to the HJI-inequality (5.75), i.e.,
Yi(z) := H(z, VI (2), a1 (2), dz(z)) <0
for all x about x = 0;

(H2) there exists a smooth real-valued function M (x,) locally defined in the neighborhood
of the origin in R?"*U which vanishes at ¥, = col(x,z,0) and is positive everywhere,
and is such that

Y3(24) i= J (€0, My, (2a), wo(2a, M, (24)) <0
and vanishes at xq = (z,z,0).
Then the family of controllers X9 solves the MFBNLHICP for the system ¥9.
Proof: Consider the Lyapunov-function candidate

Uo(ze) = V(z) + M(xq)
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which is positive-definite by construction. Along the trajectories of the closed-loop system
(6.1), (6.73):

gc . jja = Fa(ma;w)
D G ) (679)

and by employing Taylor-series approximation of J(zq, M ,ws(zq, ML (24)) about w =
wa(.,.), we have

T2 1 2 12(2,2(6) + @) ~ 577wl = Yi(2) + Valaa) +

1 w— a(x) T e1711 () 0 w — a(x)

2 | @(&) +clg) — aa(x) } [ 0 —€aT22(T) } [ @z (§) + c(q) — dz(x) ] +

1 9 w — o (x ?

o(|lw — w2 (xa, My, (za))[%), (6.76)

where

trg = (P20 M ) 0)

)
dw w=ws (2a,ME, (22))
and I'(0) = (1 — €1)(DT, D11 — 42I). Further, setting w = 0 in the above equation, we get

av,

2= S)2,2(6) + @) + Vi) + Yalea) +
1 —ay(z) T errii(a) 0 —an(z)
5 |: dg(&) + c(q) — 042(33) ] |: 0 —627“22(3?) ] [

—6(1(33‘)
aa(§) + c(q) — ()

1
(e M @) + 0 (\

ol||wa (wa, My, (za))I?)

which is negative-semidefinite near x, = 0 by hypothesis and Assumption 6.4.1 as well as
the fact that r11(2) < 0, rea(x) > 0 about z, = 0. This proves that the equilibrium-point
xq =0 of (6.75) is stable.

To conclude asymptotic-stability, observe that any trajectory (z(t),£(t), ¢(t)) satisfying

AUy

— (@(1),£(1),q(8)) =0 ¥t >t

(say!), is necessarily a trajectory of

x(t> = F($7 0, d2(§) + C(Q))a

and is such that z(¢) is bounded and Z(x,0, &2(€) + ¢(q)) = 0 for all ¢ > ¢5. Furthermore,
by hypotheses H1 and H2 and Assumption 6.4.1, Wo(z(t), (1), q(t)) = 0 for all t > t,
implies x(t) = £(t) and ¢(t) = 0 for all ¢ > t,. Consequently, by Assumption 6.4.2 we
have lim; o0 2(t) = 0, lims—, o £(¢) = 0, and by LaSalle’s invariance-principle, we conclude
asymptotic-stability. Finally, integrating the expression (6.76) from ¢ = t( to t = t1, starting
at x(to),&(to), q(to), and noting that Y;(z) and Y (x,) are nonpositive, it can be shown that
the closed-loop system has locally Lo-gain < v or the disturbance-attenuation property. O
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The last step in the parametrization is to show how the functions g1 (.), g2(.), d(.) can be
selected so that condition H2 in the above proposition can be satisfied. This is summarized
in the following theorem.

Theorem 6.4.2 Consider the nonlinear system X9 and the family of controllers (6.73).
Suppose the Assumptions 6.4.1-6.4.5 and hypothesis H1 of Proposition 6.4.2 holds. Suppose
the following also holds:

(H3) there exists a smooth positive-definite function L(q) locally defined on a neighbor-
hood of ¢ = 0 such that the function

Ya(g,w) = Lg(q)a(g, Y (0,w)) +% { (;7(2) rfz(o) [ czlf]z) }

is negative-definite at w = ws(q) and its Hessian matriz is nonsingular at ¢ = 0, where
ws(.) is defined on a neighborhood of ¢ =0 and is such that

<L4(q’ w)> =0, ws(0) =0.
Ow w=wsz(q)

Then, if 1(.), G2(.) are selected such that
Q@) = Qo) (5o (0.0 = GG (0.0.0)) + 57 (0. 0)rae) -
(1+ e2)a3 (x)raz(2)

and

QCC(I)QQ(J:) - 7YT(1:’ dl(x) + B(zv 0, O))v
respectively, where
B(x,€,9) = w2 (wa, [Qu(r — &) — Qula — &) Ly(q)])

and let d(q) = LqT(q). Then, each of the family of controllers (6.73) solves the MFBNLHICP
for the system (6.52).

Proof: It can easily be shown by direct substitution that the function M (z,) = Q(m -8+
L(q) satisfies the hypothesis (H2) of Proposition 6.4.2. [J

6.5 Static Output-Feedback Control for Affine Nonlinear Systems

In this section, we consider the static output-feedback (SOFB) stabilization problem
(SOFBP) with disturbance attenuation for affine nonlinear systems. This problem has been
extensively considered by many authors for the linear case (see [113, 121, 171] and the
references contained therein). However, the nonlinear problem has received very little at-
tention so far [45, 278]. In [45] some sufficient conditions are given in terms of the solution
to a Hamilton-Jacobi equation (HJE) with some side conditions, which when specialized to
linear systems, reduce to the necessary and sufficient conditions given in [171].

In this section, we present new sufficient conditions for the solvability of the problem in
the general affine nonlinear case which we refer to as a “factorization approach” [27]. The
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sufficient conditions are relatively easy to satisfy, and depend on finding a factorization of
the state-feedback solution to yield the output-feedback solution.

We begin with the following smooth model of an affine nonlinear state-space system
defined on an open subset X C " without disturbances:

y = h(z)

where x € X is the state vector, u € R? is the control input, and y € R is the output of
the system. The functions f : X — V=°(X), and g : X - M"*P h: X — R™ are smooth
C* functions of z. We also assume that « = 0 is an equilibrium point of the system (6.77)
such that f(0) =0, h(0) =0.

The problem is to find a SOFB controller of the form

Z“:{ & = f(x)+g(@)u; z(to) = o (6.77)

w=K(y) (6.78)

for the system, such that the closed-loop system (6.1)-(6.78) is locally asymptotically-stable
at x = 0.

For the nonlinear system (6.77), it is well known that [112, 175], if there exists a C?
positive-definite local solution V' : R" — R, to the following Hamilton-Jacobi-Bellman
equation (HIBE):

1

SVe@g(2)g" @)V (@) + 5hT@h(z) =0, V(0) =0 (679)

or the inequality with “ <), then the optimal control law
u* = —97 (x) vj (x) (6.80)

locally asymptotically stabilizes the equilibrium point x = 0 of the system and minimizes
the cost functional:

D)= [P + e (6:81)

Moreover, if V' > 0 is proper (i.e., the set Q. = {2]|0 < V(z) < a} is compact for all a > 0),
then the above control law (6.80) globally asymptotically stabilizes the equilibrium point
x = 0. The aim is to replace the state vector in the above control law by the output vector
or some function of it, with some possible modifications to the control law. In this regard,
consider the system (6.77) and suppose there exists a C! positive-definite local solution to
the HJE (6.79) and a C° function F : R™ — R such that:

Foh(z)=—g"(2)V (x), (6.82)
where “o” denotes the composition of functions. Then the control law
u=F(y) (6.83)
solves the SOFBP locally. It is clear that if the function F' exists, then
w=Fly) = Foh(x) = —g" @)V ().
This simple observation leads to the following result.

Proposition 6.5.1 Consider the nonlinear system (6.77) and the SOFBP. Assume the
system is locally zero-state detectable and the state-feedback problem is locally solvable with
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a controller of the form (6.80). Suppose there exist C° functions Fy : Y C ®™ — U,
P1: XgCX =R, : Xog CX = R (non-positive), m € L[tg,00) such that

Froh(x) = —g" (2)V, (2) + ¢1(x) (6.84)
Ve(2)g(@)d1 () = m(x). (6.85)
Then:
(i) the SOFBP is locally solvable with a feedback of the form

u= Fi(y); (6.86)

(ii) if the optimal cost of the state-feedback control law (6.80) is J&pp(u), then the cost
Jsorp(u) of the SOFB control law (6.86) is given by

Ji1.sorB(u) = Ji gpp(u”) +/ m (z)dt.

to
Proof: Consider the closed-loop system (6.77), (6.86):

&= f(x) + g(x)F1(h(z)).

Differentiating the solution V' > 0 of (6.79) along the trajectories of this system, we get
upon using (6.84), (6.85) and (6.79):

Vo= V(@) + 9@ (b)) = Val@) ()  g(a)g” @V (2) + g(w)o1 ()
= VeI (@)~ Vegl@)g" @)V (@) + Valw)g(a)o ()
= S Val@)g(@)g @V (@) ~ 5hT (@)h(x) +m(z)
< 0. (6.87)

This shows that the equilibrium point z = 0 of the closed-loop system is Lyapunov-stable.
Moreover, by local zero-state detectability of the system, we can conclude local asymptotic-
stability. This establishes (i).

To prove (ii), integrate the last expression in (6.87) with respect to ¢ from ¢t = ¢y to oo,
and noting that by asymptotic-stability of the closed-loop system, V (z(c0)) = 0, this yields

1

)= [+ e = Vo) + [ o

Since V' (xzg) is the total cost of the policy, the result now follows from the fundamental
theorem of calculus. O

Remark 6.5.1 Notice that if X% is globally detectable, V > 0 is proper, and the functions
¢1(.) and n1(.) are globally defined, then the control law (6.86) solves the SOFBP globally.

A number of interesting corollaries can be drawn from Proposition 6.5.1. In particular, the
condition (6.85) in the proposition can be replaced by a less stringent one given in the
following corollary.

Corollary 6.5.1 Take the same assumptions as in Proposition 6.5.1. Then, condition
(6.85) can be replaced by the following condition

T (2)Fy o h(x) >0 (6.88)
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for all x € X1 a neighborhood of x = 0.

Proof: Multiplying equation (6.84) by ¢7 (x) from the left and substituting equation (6.85)
in it, the result follows by the non-positivity of n;. O

Example 6.5.1 We consider the following scalar nonlinear system
P o= —x34 %I +u
y = Vo

Then the HIBE (6.79) corresponding to this system is

1 1
(—:1:3 + §z)Vx(z) - §Vx2(o:) +2% =0,

and it can be checked that the function V(x) = x? solves the HJE. Moreover, the state-
feedback problem is globally solved by the control law u = —2x. Thus, clearly, v = —v/2y,
and hence the function Fy(y) = —y solves the SOF BP globally.

In the next section we consider systems with disturbances.

6.5.1 Static Output-Feedback Control with Disturbance-Attenuation

In this section, we extend the simple procedure discussed above to systems with distur-
bances. For this purpose, consider the system (6.77) with disturbances [113]:

i o= i(f)f g1(z)w + g2(x)u
a . y = 2T
e o { () ] (6.89)

where all the variables are as defined in the previous sections and w € W C Lstg, 00).
We recall from Chapter 5 that the state-feedback control (6.80) where V : N — R, is the
smooth positive-definite solution of the Hamilton-Jacobi-Isaacs equation (HJIE):

Va(o) (@) + 3Vo(@) g0 (2)o] (@) — ga(@)ad @IV () + 5hT @ () =0, V() =0,

(6.90)
minimizes the cost functional:

1 oo

J2(u, w) = 5/ (=N = v lw(®)]*)dt
to

and renders the closed-loop system (6.89), (6.80) dissipative with respect to the supply-rate

s(w, z) = $(v?|lw[|* — ||z||?) and hence achieves L3-gain < ~. Thus, our present problem is

to replace the states in the feedback (6.78) with the output y or some function of it. More

formally, we define the SOFBP with disturbance attenuation as follows.

Definition 6.5.1 (Static Output-Feedback Problem with Disturbance Attenuation (SOF-
BPDA)). Find (if possible!) a SOFB control law of the form (6.78) such that the closed-
loop system (6.89), (6.78) has locally Lo-gain from w to z less or equal v > 0, and is locally
asymptotically-stable with w = 0.

The following theorem gives sufficient conditions for the solvability of the problem.
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Theorem 6.5.1 Consider the nonlinear system (6.89) and the SOFBPDA. Assume the
system is zero-state detectable and the state-feedback problem is locally solvable in N C X
with a controller of the form (6.80) and V' > 0 a smooth solution of the HJIE (6.90).
Suppose there exist CO functions Fo : Y CR™ = U, 3 : X1 CX - RP, y: X1 C X — R_
(non-positive), n2 € L[tg,00) such that the conditions

Fy 0 ha(x) = —g3 (2)V,[ (2) + d2(2), (6.91)
Vi(2)ga(2)¢2(2) = na(2), (6.92)

are satisfied. Then:

(i) the SOFBP is locally solvable with the feedback

u = Fs(y); (6.93)

(ii) if the optimal cost of the state-feedback control law (6.80) is J5 gpp(u*, w*) = V(xo),
then the cost J2 sorp(u) of the SOFBPDA control law (6.93) is given by

Ja,sorp(u) = J;,SFB(U) +/ 12 (z)dt.

to

Proof: (i) Differentiating the solution V' > 0 of (6.90) along a trajectory of the closed-loop
system (6.89) with the control law (6.93), we get upon using (6.91), (6.92) and the HJIE
(6.90)

Vo= V@)f@) + () + ga(a)Er(ha(e))]
= Ve@)f@) + 1@ — 2()of 2V (@) + 02(2) ()
= VeI @) + Vel (2w — V(@)oo 2)o] @)V (1) + Valw)ga )b ()
2 T (VT ()1
< - JV@n)d @V @) - T @) + 02l - 3w - 22
< 50PNl ~ [P, (6.99)

Integrating now from ¢ = ¢y to t = T" we have the dissipation inequality

T
V() - Vi) < [ 5020l? - [Pt

to

and therefore the system has Ls-gain < . In addition, with w = 0, we get
. 1
V< ——|2|I%
< —5ll=l

and therefore, the closed-loop system is locally stable. Moreover, the condition V =0 for
all t > t., for some t., implies that z = 0 for all ¢t > ¢., and consequently, lim;_, ., 2(t) =
0 by zero-state detectability. Finally, by the LaSalle’s invariance-principle, we conclude
asymptotic-stability. This establishes (i).

(i) Using similar manipulations as in (i) above, it can be shown that

2
+ n2()

g1 (@)V, (x)
,-Y2

. 1 2
V=50l = 2% - & v -
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integrating the above expression from ¢ = ty to oo, substituting w = w* and rearranging,
we get
o0
J3(u*,w*) =V (xo) —l—/ na(x)dt. O

to

We consider another example.

Example 6.5.2 For the second order system

T1 = X1x2
To = —zf +xo+u+w
= [z1 z1+a)"
z = |z ulf,

the HJIE (6.90) corresponding to the above system is given by

1 1
.’1711‘2‘/;1 + (—l‘% + $2)V$2 + (772)‘/2 5 % 0.

Then, it can be checked that for v = \/g, the function V(x) = (21 4 x3), solves the
HJIE. Consequently, the control law uw = —xo stabilizes the system. Moreover, the function

Fy(y) = y1 — ya2 clearly solves the equation (6.91) with ¢o(x) = 0. Thus, the control law
u =y — Yz locally stabilizes the system.

We can specialize the result of Theorem 6.5.1 above to the linear system:

& = Az + Biw+ Bou, xz(tg) =0
U 02813: (6.95)
= [V
u

where A € R BiR" ", By, € R"*P, Cy € R*", and C; € RE"P)*" are constant
matrices. We then have the following corollary.

Corollary 6.5.2 Consider the linear system (6.95) and the SOFBPDA. Assume (A, Bz) is
stabilizable, (C1, A) is detectable and the state-feedback problem is solvable with a controller
of the form u = —BY Px, where P > 0 is the stabilizing solution of the algebraic-Riccati
equation (ARE):

1
ATP 4+ PA+ P[ SB1B] — ByB3 [P+ C{ Cy =0.

In addition, suppose there exist constant matrices I'o € RP*™ $gy € RPX" 0 > Ay € "X
such that the conditions

[0, = —BJP+®,, (6.96)

PBy®y Ao, (6.97)

are satisfied. Then:

(i) the SOFBP is solvable with the feedback

u=Tay; (6.98)
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(ii) if the optimal cost of the state-feedback control law (6.80) is J5 gpp(u*, w*) = 22l P,
then the cost Jsorp, (u,w) of the SOFBDA control law (6.93) is given by

Js sorpi (Wt w*) = J5 gpp (Ut w*) — xf Ay

In closing, we give a suggestive adhoc approach for solving for the functions F}, F5, for
of the SOFB synthesis procedures outlined above. Let us represent anyone of the equations
(6.84), (6.91) by

Fohs(x) = afz) + o(x) (6.99)

where «f(.) represents the state-feedback control law in each case. Then if we assume for the
time-being that ¢ is known, then F' can be solved from the above equation as

F=aohy'+¢ohy! (6.100)

provided hgy 1 exists at least locally. This is the case if ho is injective, or ho satisfies the
conditions of the inverse-function theorem [230]. If neither of these conditions is satisfied,
then multiple or no solution may occur.

Example 6.5.3 Consider the nonlinear system

. 3
T = —I{+T2—T1t+w
532 = —I1—To+u

Yy = x2.

Then, it can be checked that the function V(z) = 1(2% + 23) solves the HJIE (6.90) corre-
sponding to the state-feedback problem for the system. Moreover,

a=—g; @)V, (2) = —2,

hyt(x) = ho(x) = 2o
Therefore, with ¢ =0, F(z) = aohy(z) = —x2 oru = F(y) = —y.

We also remark that the examples presented are really simple, because it is otherwise
difficult to find a closed-form solution to the HJIE. It would be necessary to develop a
computational procedure for more difficult problems.

Finally, again regarding the existence of the functions Fy, Fy, from equation (6.99) and
applying the Composite-function Theorem [230], we have

D, F(he(x))Dyha(x) = Dya(x) + Dyg(z). (6.101)

This equation represents a system of nonlinear equations in the unknown Jacobian D, F.
Thus, if Dhs is nonsingular, then the above equation has a unique solution given by

Do F(ha(z)) = (Dealz) + Dud(@)) (Doha(z)) . (6.102)

Moreover, if hy ! exists, then F can be recovered from the Jacobian, DF (h2), by composition.
However, Dhy is seldom nonsingular, and in the absence of this, the generalized-inverse can
be used. This may not however lead to a solution. Similarly, hg ! may not usually exist,
and again one can still not rule out the existence of a solution F'. More investigation is still
necessary at this point. Other methods for finding a solution using for example Groebner
basis [85] and techniques from algebraic geometry are also possible.
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7

Discrete-Time Nonlinear H..-Control

In this chapter, we discuss the nonlinear H ., sub-optimal control problem for discrete-time
affine nonlinear systems using both state and output measurement-feedbacks. As most con-
trol schemes are implemented using a digital controller, studying the discrete-time problem
leads to a better understanding of how the control strategy can be implemented on the
digital computer, and what potential problems can arise. The study of the discrete-time
problem is also important in its own right from a system-theoretic point of view, and de-
lineates many different distinctions from the continuous-time case.

We begin with the derivation of the solution to the full-information problem first, and
then specialize it to the state-feedback problem. The parametrization of the set of sta-
bilizing controllers, both static and dynamic, is then discussed. Thereafter, the dynamic
output-feedback problem is considered. Sufficient conditions for the solvability of the above
problems for the time-invariant discrete-time affine nonlinear systems are given, as well as
for a general class of systems.

|
7.1 Full-Information H,-Control for Affine Nonlinear Discrete-
Time Systems

We consider an affine causal discrete-time state-space system defined on X C R"™ in coordi-
nates x = (x1,...,2,):

ey = flow) + g1(ze)wr + g2 (zp)ur; z(ko) = 2°
Eda : Zr = hl(ﬂjk) + kll(gjk)wk =+ klg(ﬂjk)uk (71)
ye = ha(zr) + kor(zk)ws

where © € X is the state vector, u € U C RP is the p-dimensional control input, which
belongs to the set of admissible controls U, w € W is the disturbance signal, which belongs to
the set W C £5([ko, K], R") of admissible disturbances, the output y € R is the measured
output of the system, and z € R* is the output to be controlled. While the functions
f: X=X g1: X 5> MT(X), g2 : X = M™P(X), hy : X = R, ha : X = R™, and
k11 0 X = MEXT(X), kg 0 X = MP*P(X), kap : X = M™*7(X) are real C™ functions
of x. Furthermore, we assume without any loss of generality that the system (7.1) has a
unique equilibrium-point at = 0 such that f(0) = 0, h1(0) = h2(0) = 0.

The control action to the system (7.1) can be provided by either pure state-feedback
(when only the state of the system is available), or by full-information feedback (when
information on both the state and disturbance is available), or by output-feedback (when
only the output information is available). Furthermore, as in the previous two chapters,
there are two theoretical approaches for solving the nonlinear discrete-time H.-control
problem: namely, (i) the theory of differential games, which has been laid out in Chapter
2; and (ii) the theory of dissipative systems the foundations of which are also laid out in
Chapter 3. For expository purposes and analytical expediency, we shall alternate between

175
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these two approaches. Invariably, the discrete-time problem for the system (7.1) can also
be viewed as a two-player zero-sum differential game under the following finite-horizon cost

functional:
K

1
J(u,w) = 5 D Ul = llwl®), K€z (7.2)
k=ko

which is to be maximized by the disturbance function wy = ay(z)) and minimized by the
control function uy = as(zy) which are respectively controlled by the two players. From
Chapter 2, a necessary and sufficient condition for the solvability of this problem (which is
characterized by a saddle-point) can be summarized in the following theorem.

Theorem 7.1.1 Consider the discrete-time zero-sum, two-player differential game (7.2),
(7.1). Two strategies u*(xy), w*(xy) constitute a feedback saddle-point solution such that

Jww) < J(w w*) < J(u,w*) YuelU, YweW

if, and only if, there exist K — ko functions Vi(.) : [ko, K] X X — R satisfying the discrete-
time HJIE (DHJIE):

. 1
Vo) = iy e {5002 - 22henl?) + Via o) b V(o) =0

7 2 2 2
Z _ V , V =0
u{nal}/(\/ 1?11n { (szH vy ||wk|| ) + k—&-l(mk—&-l)} K+1(m)

= %(lle(m, up (@), wi (@)[* = Vi (@)1?) + Via (f (@) + g1(2)wi (@) +
g2(@)ui (), Viesr(x) =0. (7.3)

Furthermore, since we are only interested in finding a time-invariant control law, our goal
is to seek a time-independent function V' : X — R which satisfies the DHJIE (7.3). Thus,
as k — oo, the DHJIE (7.3) reduces to the time-invariant discrete-time Isaac’s equation:

V(f (@) + gr(x)w” (2) + ga2(w)u”(z)) = V(2) + %(IIZ(I, u*(2), w*(2))|* ~
7w (@)|*) =0, V(0)=0. (7.4)

Similarly, as in the continuous-time case, the above equation will be the cornerstone for solv-
ing the discrete-time sub-optimal nonlinear H., disturbance-attenuation problem with in-
ternal stability by either state-feedback, or full-information feedback, or by dynamic output-
feedback. We begin with the full-information and state-feedback problems.

Definition 7.1.1 (Discrete-Time Full-Information Feedback and State-Feedback (Sub-
optimal) Nonlinear Hoo-Control Problems (respectively DFIFBNLHICP & DSFBNLHICP).
Find (if possible!) a static feedback-controller of the form:

u=ayif(xg, wg), — — —full-information feedback (7.5)

or
u=asf(rg) ————— state-feedback (7.6)

apif i XXW = R, agp: X = RP, agip,asp € C*(X), apif(0,0) =0, asf(0) =0, such
that the closed-loop system (7.1), (7.5) or (7.1), (7.6) respectively, has locally l5-gain from
the disturbance signal w to the output z less than or equal to some prescribed number v* > 0
with internal stability.
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The set-up for the full-information and state-feedback control law is shown in Figure 7.1
above. We consider the full-information problem first, and then the state-feedback problem

as a special case. The following theorem gives sufficient conditions for the solvability of the
full-information problem.

Theorem 7.1.2 Consider the nonlinear discrete-time system (7.1) and suppose for some

v > 0 there exists a C? positive-definite function V.: N C X — R locally defined in a
neighborhood N of the origin and is such that

(A1)

where

Tun(0) > 0,
2 i)
= g5 ()
2 ()

Taww (0) — T (0)7.1(0)r 4 (0) < 0

0?V
ON?
0?V
ON?
0?V
ON?

A=F*(x)

A=F*(x)

A=F*(x)

92(x) + kia(2) k12 (2),
91(x) + ko (@)k11 (2) = iy, (2),

91(x) + Ky (2)k11 (2) — 47T,

F*(x) = f(z) + g1(@)w” (z) + g2(x)u”(2),
for some u*(x) and w*(z), with u*(0) = 0, w*(0) = 0, satisfying

(A2) V satisfies the DHJIE:

(A3) the closed-loop system

T am e (@ 92(2) + (ha(2) + Ky (2)w* () + krz(2)u* (2)) T kaa (@)
5 am e (@ 91.(2) + (ha(2) + ki (2)w? (@) + krz(2)u* (2)) "k (2) — y*w ()

Tpp1 = F*(xr) = flxr) + g1(zr)w* (vx) + g2(vr)u* (vx)

oo

V(f(&) + g1 (z)w™(2) + ga(w)u”(x)) = V(2) + %(Ilhl(x) + kn(z)w” (z) +

krz(2)u* (2)|* = *[lw* (2)]*) = 0, V(0) =0; (7.8)
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has © =0 as a locally asymptotically-stable equilibrium-point,
then the full-information feedback law
G = u* () — Ty (1) Puw () (W — w* (21)) (7.10)
solves the DFIFBNLHICP.

Proof: We consider the Hamiltonian function H : X x U x W — R for the system (7.1)
under the performance measure

1

oo
5 2 Ul2kll® =~ [lwxll?)
k=ko

l\.')

and defined by

H(z,u,w) =V(f(z) + g1(z)w + g2(x)u) = V(z) + %(Ilhl(z) + ki1 (@)w + kizul* =22 w]?).

(7.11)
The Hessian matrix of H(.,.,.) with respect to (u,w) is given by
O*H 9°H o°H Fau () Tuw(2)
_ m dwou - uu uw
B l . ] @ i= | T )
_ | 9@ e 0a@) + ka@)kaz(a) 63 () Gr0r (@) + Ky @)k (a)
91 () Gxrg2(2) + ki1 (@)ki2(2)  of (2)Gxrg1(2) + ki) (@)kn (x) — 71 A:F(I)’

where
F(z) = f(2) + g1(2)w(z) + g2(x)u(z).
By assumption (A1) of the theorem and Schur’s complement [69], the matrix

82H o Tuu (0) Tuw (O)
B(u, w)2 (07 O’ O) B Twu(o) Tww (0) :|

is clearly nonsingular. Moreover, since the point (x,u,w) = (0,0,0) satisfies (7.7), by the
Implicit-function Theorem [157], there exist open neighborhoods X of z =0in X and Y C
U x W of (u,w) = (0,0) such that there exists a unique smooth solution Z)* X =Y

o (7.7), with «*(0) = 0 and w*(0) = 0. Consequently, (uv*(z),w*(x)) is a locally critical
point of the Hamiltonian function H(x,u,w) about 2 = 0.
Expanding now H(z,u,w) in Taylor-series about «* and w*, we have
H(z,u,w) = H(z,u"(z),w"(z))+

) 2o 7] e ) ][ ]

2| w—w(x) Twu(Z)  Tww(x)
u—u*(x)

o) <‘ (o) ) (7.12)

which by Schur’s complement can be expressed as

H(z,u,w) = H(z,u (z),w"(z))+ % [ u— () —HEZ; SEZEEU;;)(M —wi(®) } X
[ Tuu () 0 ] { u—u* +ruu ) Tuw () (W — w*(z))
0 Tww(®) = rwu (@) (2)ruw (@) —w’(z)
u—u(z) ?
10 (‘ w— w*(x) >
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Thus, choosing the control law (7.10) yields

H(z,t,w) = H(z,u"(z), *(:L’))

By hypotheses (A1), (A2) of the theorem, the above equation (7.13) implies that there are
open neighborhoods Xy of z = 0 and Wy of w = 0 such that

H(z,4,w) < H(z,u (x),w"(z)) <0 Vz € Xy, Yw e W.

Or equivalently

V(7(@) + g1(@hw + g2()) — V() < 22wl — (@) + ki (@) + Fia(e)al,

for all w € Wy, which is the dissipation-inequality (see Chapter 3). Hence, the closed-loop
system under the feedback (7.10) is locally finite-gain dissipative with storage-function V,
with respect to the supply-rate s(wy, zx) = 3 (v*[|we[® — [|2&]?).

To prove local asymptotic-stability of the closed-loop system with (7.10), we set w = 0
resulting in the closed-loop system:

w1 = fan) + g2(an) (g — 7o (@) ruw (zr)w* (z1)). (7.13)

Now, from (7.13) and hypothesis (A2) of the theorem, we deduce that

H(x, 6, w)|w=0 < ;w T (@)[rww (@) = rwa(@)ri (@)rww (@)]w* (2) + O(|lw* (2)])).

Since 7w () — Twu(2)r, (2)rww(z) < 0 in a neighborhood of z = 0 and w*(0) = 0, there

uu
exists an open neighborhood X7 of = 0 such that

H (e, 0) oo < (08 (P (2) — P ()7 (@ (1) (2) <O ¥ € X,

which is equivalent to

_ . 1 x
V(F(@) + g2(@) (0 (@) = 1y (@)ruw(@)w* (2))) = V(@) < =5 [lha (@) + ko (@) (" (2) =
— * 1 * — *
Tm} ()T uw (2)w (37))||2 + Zw T(m)(rww (z) — Twu(x)ruz} (2)7uw (2))w* (z) < 0.
Thus, the closed-loop system is locally stable by Lyapunov’s theorem (Chapter 1). In ad-

dition, any bounded trajectory of the closed-loop system (7.13) will approach the largest
invariant set contained in the set

Qr={xeX : V(zg1)=V(zy) Vke Z,},
and any trajectory in this set must satisfy
07 () (ran (2) = (@) ()12 (&) () = 0. (7.14)
By hypothesis (A1), there exists a unique nonsingular matrix 7'(x) such that

Tww (T) — Twu(x)rgz} (z)r12(z) = _TT(x)T(x)
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for all 2 € Q7. This, together with the previous condition (7.14), imply that
w(zy) 2 Tlap)w*(z,) =0 Yk € Z,.
for some function w : QO — . Consequently, rewriting (7.13) as

v = f(or) + gi(zr)w* (zr) + d(zg)w(ze) + g2(zr)u” (2r) (7.15)
d(ey) 2 —~[gi(ee) + golan)rt (wr)ria (@) T @), (7.16)

then, any bounded trajectory of the above system (7.15), (7.16) such that V(xpi1) =
V(xy) Vk € Z4, is also a trajectory of (7.9). Hence, by assumption (A3) and the LaSalle’s
invariance-principle, we conclude that limg . xx = 0, or the equilibrium point x = 0 is
indeed locally asymptotically-stable.

Finally, by the dissipativity of the closed-loop system established above, and the result
of Theorem 3.6.1, we also conclude that the system has f2-gain < ~.

Remark 7.1.1 Assumption (A3) in Theorem 7.1.2 can be replaced by the following as-
sumption:

(A4) Any bounded trajectory of the system

Trt1 = f(xk) + go(zk)ug
with
Zk|w,=0 = h1(zk) + ki2(zk)ur = 0

is such that limy_soo . = 0.

Thus, any bounded trajectory xi of the system such that V(xgy1) = V(xg)Vk € Zy, is
necessarily a bounded trajectory of (7.9) with the constraint hi(xy) + kiz(zk)lk|w,=0 =
0VEk € Z,. Consequently, by the above assumption (A4), this implies limg_,o x = 0.

Remark 7.1.2 The block shown ri(.) in Figure 7.1 represents the nonlinear operator
T o (k) Tuw (T1) in the control law (7.10).

We now specialize the results of the above theorem to the case of the linear discrete-time
system

Tp1 = Azp + Biwy, + Baug
nit . zr = Cizg + Dyywi + Disug (7.17)
ye = Coxp + Doywy,

where x € R, z € R*, y € R™, By € R™*", By € R"*P and the rest of the matrices have
compatible dimensions. In this case, if we assume that rank{Di2} = p, then Assumption
(A4) is equivalent to the following hypothesis [292]:

(A4L)

A=A By \ _
Tunk( o, Du>—n—i—p7 YAeC, [N\ <1

Define now the symmetric matrix
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where
Ru. = BIPBy+ D{,Diy
Ruw, = RL, =BIPB, +DLDy,
Rww = BIPB;+DLDy, —~2I

Then we have the following proposition.

Proposition 7.1.1 Consider the discrete-time linear system (7.17). Suppose there exists a
positive-definite matriz P such that:

(L1)
Ruu > O; wa - Rqu;iju < O;

(L2) the discrete-algebraic Riccati equation (DARE)

T
P—ATPA+CTC - ( B3 PA+ DI, ) R_1< By PA+ D},C,

BIPA+ DL.C) BIPA+ DL.C) ) (118

or equivalently the linear matriz inequality (LMI)

T T T
ATPA— P+ CTC, ( By PA+ D0 )
>0

BTPA+ DT,y
7.19
BIPA+ DL,y R (7.19)
BT PA+ DT.Cy
holds;
(L3) the matriz
A, r1( B¥PA+ DLCy
Aa=A=(Bz B) R < BTPA+ DL,y
1s Hurwitz.
Then, Assumptions (Al) — (A3) of Theorem 7.1.2 are satisfied, with
T’Z'j(O) = Rij, i,j = u,w
V(z) = sa’Px
(o) | _ i BYPALDLG (7.20)
w*(ze) | BTPA+DT,C, )™

Proof: For the case of the linear system with R;; as defined above, it is clear that Assump-
tions (L1) and (A1) are identical. So (A1) holds.

To show that (A2) also holds, note that (L1) guarantees that the matrix R is invertible,
and (7.7) is therefore explicitly solvable for u*(z) and w*(z) with V(z) = 127 Pz. Moreover,
these solutions are exactly (7.20). Substituting the above expressions for V, v* and w* in
(7.8), results in the DARE (7.18). Thus, (A2) holds if (L1) holds.

Finally, hypothesis (L3) implies that the system

_ BTpPA+ DT,C
thn = Awg+(Bs B)TR < Sy ) . (7.21)
= Az, + Biw*(xr) + Bau™(2x) (7.22)

is asymptotically-stable. Hence, (A3) holds for the linear system. OJ
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The following corollary also follows from the theorem.

Corollary 7.1.1 Suppose that there exists a symmetric matriz P > 0 satisfying conditions
(L1) — (L3) of Proposition 7.1.1, then the full-information feedback-control law

ur = Kizp+ Kowy (723)
K, & —(D%,Dy,+ BFPB) ' (BTPA+ DY,Cy)
Ky 2 —(DL,Dy,+ BIPB)"(BYPE + D%,Dy)

renders the closed-loop system (7.17),(7.23) internally stable with Heo-norm less than or
equal to 7.

7.1.1 State-Feedback H.-Control for Affine Nonlinear Discrete-Time
Systems

In this subsection, we reduce the full-information static feedback problem to a state-feedback
problem in which only the state information is now available for feedback. However, it
should be noted that in sharp contrast with the continuous-time problem, the discrete-time
problem cannot be solved with k11 (x) = 0. This follows from (7.10) and Assumption (A1).
It is fairly clear that the assumption k11 (z) = 0 does not imply that 7y, () = 0, and thus
ug () defined by (7.5) is independent of wy,.

The following theorem however gives sufficient conditions for the solvability of the
DSFBNLHICP.

Theorem 7.1.3 Consider the discrete-time nonlinear system (7.1). Suppose for some v > 0
there exists a C? positive-definite function V : N C X — R locally defined in a neighborhood
of x = 0 and which satisfies the following assumption

(A1s)
Tuw(0) >0 and 74.,(0) <0

as well as Assumptions (A2) and (A3) of Theorem 7.1.2. Then the static state-feedback
control law
up = u*(xg), (7.24)

where u*(.) is solved from (71.7), solves the DSFBNLHICP.

Proof: The proof is similar to that of Theorem 7.1.2, therefore we shall provide only a
sketch. Obviously, Assumption (Als) implies (A1). Therefore, we can repeat the arguments
in the first part of Theorem 7.1.2 and conclude that there exist unique functions u*(x)
and w*(z) satisfying (7.7), and consequently, the Hamiltonian function H (x,u,w) can be
expanded about (u*,w*) as

Hzu,w) 2 V() + 1@+ @) - Vi) + 5 (2l —llul)

— H(e (), 0" (2) +%{ u—u* () r{ Tuu(Z)  Tuw(@) ] [ u—u*(z) ]+

) Fou(®)  Tww(@)
o Z**((:?) H) 4 (7.25)

Further, Assumption (Als) implies that there exists a neighborhood Uy of & = 0 such that

Tuu(2) >0, Tww(x) <0 Ve Up.
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Substituting the control law (7.24) in (7.25) yields

H(z,u*(z),w) = H(z,u"(z),w (z))+ %(w — w*(2)) T T () (w — w* (x)) +
O([Jw —w*(2)]), (7.26)
and since 7, () < 0, it follows that
H(z,u*(z),w) < H(z,u*(z), w(x)) Yo e U, Yw e Wy. (7.27)

On the other hand, substituting w = w* in (7.25) and using the fact that r,,(z) > 0 Vz €
Uy, we have
H(z,u,w*(z)) > H(z,u*(z),w*(z)) Yo e Uy, Yuell. (7.28)

This implies that the pair (u*(x),w*(x)) is a local saddle-point of H(z,u,w). Futhermore,
by hypothesis (A2) and (7.27) we also have
H(z,u*(z),w) <0 Vx € Uy, Yw € Wy,

or equivalently

V(7 @)+ o1 @t g2(@hu (2) V(@) < o2 fullP~ g e, u @), w)? Vo € Uy, Y € Wy,
(7.29)
Thus, the closed-loop system with u = u*(x) given by (7.24) is locally dissipative with
storage-function V' with respect to the supply-rate s(w, z) = £ (7y?||w||* — ||z]|?, and hence
has /5-gain < 7.
Furthermore, setting w = 0 in (7.29) we immediately have that the equilibrium-point
x = 0 of the closed-loop system is Lyapunov-stable. To prove asymptotic-stability, we note
from (7.26) and hypothesis (Als) that there exists a neighborhood N of x = 0 such that

H(z,u*(x),w) < H(m,u*(x)7w*(x))—&-i(w—w*(m))TTww(m)(w—w*(m)) Vo € N, Ywe W,.
This implies that

V([ (@) + ga(@)u”(x)) = V(z) < *%IIZ(LU*(%), w)[|* + i(w*)T(w)mw(z)w*(z) <0.

Hence, the condition
V(f(z) + g2(x)u(z)) = V(2)
results in

*T(

0= w* (2)ryw(x)w*(z),

and since 7, () < 0, there exists a nonsingular matrix L(z) such that
Ay N .
o (2)p(@) = (w*)" (@) L7 (2) Lz)w*(z) = 0 with LT(2)L(2) = —rww(@).
Again, representing the closed-loop system
whpr = f(2r) + ga(ar)u” (2x)

Tep1 = f(ar) + g1 (@r)w* (2r) + g2 (we)u* (2x) + d(azk) ()

where d(z1,) = —g1(z,) L~ (x), it is clear that any trajectory of this system resulting in
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o(ag) = 0Vk € Z,, is also a trajectory of (7.9). Therefore, by hypothesis (A3) ¢(z) =0
= limy_, xx = 0, and by LaSalle’s invariance-principle, we have local asymptotic-stability
of the equilibrium-point z = 0 of the closed-loop system. [

Remark 7.1.3 Assumption (A3) in the above Theorem 7.1.3 can similarly be replaced by
Assumption (A4) with the same conclusion.

Again, if we specialize the results of Theorem 7.1.3 to the discrete-time linear system L%,
they reduce to the wellknown sufficient conditions for the solvability of the discrete-time
linear Ho, control problem via state-feedback [252]. This is stated in the following proposi-
tion.

Proposition 7.1.2 Consider the linear system 2% and suppose there exists a positive def-
inite matriz P such that

(L1s)
Ryyw >0, Ryw <0

and Assumptions (L2) and (L3) in Proposition 7.1.1 hold. Then, Assumptions (Als), (A2)
and (A3) of Theorem 7.1.3 hold with V (x), ;;(0), and { Z) (f:) } as in (7.20).

Proof: Proof follows along similar lines as Proposition 7.1.1. O
The following corollary then gives sufficient conditions for the solvability of the discrete
linear suboptimal H.,-control problem using state-feedback.

Corollary 7.1.2 Consider the linear discrete-time system E;i and suppose there exists a
matriz P > 0 satisfying the hypotheses (L1s), (L2) and (L3) of Proposition 7.1.2. Then the
static state-feedback control law

U = Kﬂjk

with R;j,1,j = u,w as defined before, renders the closed-loop system for the linear system
asymptotically-stable with Hoo-norm < ; in other words, solves the DSFBNLHICP for
the system.

Proof: It is shown in [185] that (7.20) is identical to (7.30). O

7.1.2 Controller Parametrization

In this subsection, we discuss the construction of a class of state-feedback controllers that
solves the DSFBNLHICP. For this, we have the following result.

Theorem 7.1.4 Consider the nonlinear system (7.1) and suppose for some vy > 0 there
exist a smooth function ¢ : Ny — RP, ¢(0) = 0 and a C? positive-definite function V :
N1 — R locally defined in a neighborhood N C X of x = 0 with V(0) = 0 such that
Assumption (Als) of Theorem 7.1.3 is satisfied, as well as the following assumptions:

(A5) The DHJIE:
V(f(x) + g1 (x)w* (x) + ga(x)u* (2)) — V(2x)+

)
3 (171 (x) + ke (2)w* (2) + kaz(z)u* (2)||? = 72w (2)||?) =
_¢T($)[Tuu (z) - Tuw(m)rvjni; (@)rwu(®)]d(x), V(0)=0 (7.31)



Discrete-Time Nonlinear Ho-Control 185
holds for all u*(z), w*(x) satisfying (7.7).
(A6) The system
Thpr = f(or) + gr(@r)w” (2r) + g2 (k) (u* (21) + $(21)) (7.32)

18 locally asymptotically-stable at x = 0.

Then the DSFBNLHICP is solvable by the family of controllers:

Kgr = {uk|uk = u*(o:k) + gf)(ﬂjk)} (733)
Proof: Consider again the Hamiltonian function (7.11). Taking the partial-derivatives
H H
(?9_,“(1:7“‘7“}) = 07 g_w(x7uaw) =0

we get (7.7). By Assumption (Als) and the Implicit-function Theorem, there exist unique
solutions u*(x), w*(x) locally defined around x = 0 with «*(0) = 0, w*(0) = 0. Notice also
here that

Q

)

T
>

Ou? Owyou
615H

[ 92H  9%°H

Oudw ow? ] u=u*(z),w=w*(z)

[t} rante) ]

>

Twu(T)  Taw(x)

Further, using the Taylor-series expansion of H (z,u,w) around u*, w* given by (7.12) and
substituting (7.33) in it, we get after using Assumption (A5)

H(z,u* + ¢(z),w) fqﬁT(z)ruu (z)o(x) + QST(x)ruw(x)r;i ()7 () ()

0 (28 2810 (0 DI 20 )

2 | w—w*(x) Twu(T)  Tww()

+

However, since

567 (@) ()2 () (2)0(2) — 67 (@) ()6(2) =

% [ § jsgf*)(x) r[ —2ru(2) +rw(()z)r;3u(g:)rwu(z) 8 } [ o) } ’

then
. 1
H (" + 6(2),0) = 5 [rou(@)d(@) 2o ) +

w

1[ e r{[ T () + Puw (2) Pt () Twu () Tuw(z) %O(H () H)} y

2 | w—w(x) Twu(T) Tww (T) w —w*(x)
¢(x)

{ —Tuu(Z) + Tuw (2)7 40 (2)Twu (2) :ZZ((?) } =

)
{1 Paw ()7 () } { ~ru(z) 0 HT I

0 Tww () ;i(x)rwu(m)

~ O
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is negative-definite in an open neighborhood of x = 0. Therefore, there exists an open
neighborhood Xs of x = 0 and Ws of w = 0 such that

H (o, w2 () + 6(2),0) < llrun(@)é(@)l?y ) <O Vo € X, Yu € Wy,

Or equivalently,

V(f(2) + 1(x)w + g2 () [u” () + d(2)]) = V(2) < %(72||w||2 — 2 lmus @y o)) (7:35)

which implies that the closed-loop system is locally dissipative with storage-function V' (x)
with respect to the supply-rate s(w, z) = 1(y?[lw||? - ||z]|?), and consequently has ¢>-gain <

v.
To prove internal-stability, we set w = 0 in (7.1) resulting in the closed-loop system

Trp1 = flar) + golzr) [w* (z) + d(wk)]- (7.36)

Similarly, subsituting w = 0 in (7.35) shows that the closed-loop system is Lyapunov-stable.
Furthermore, from (7.34), we have

Hz,u* + 6(z),w) < 5 lrun@o@)Iy ) +
1{ o(x) ﬂ () + T (27 (@) P (2) T () H o(x) ]

2 | w—w*(x) T () T (X) w — w*(x)

2

for all x € X3 and all w € W3 open neighborhoods of z = 0 and w = 0 respectively. Again,
setting w = 0 in the above inequality and using the fact that all the weighting matrices are
negative-definite, we get

V([ (@) + g1(@)w + g2(2)[u (z) + ¢(2)]) = V()

1 1
1 P(x) g —Tuu(T) +Tuw(33)7";11u(37)7"wu(37) Tuw () (z)
4| w*(z) Tawu () Tww () w*(x)
1
= || Rumu @)+ 6@)0=0) + 5 ITwn(@)$@) 1721 ) +
Z{||¢(x)”?—Tuu(:v)-‘rmw(ﬂc)TLlu(:v)Twu(ﬂc)) - 2[rwu(z)¢(x)}TW*(z) + ”w ( )”rww z)}
< 0. (7.37)

Now define the level-set
Qp 2 {z € X3 1 V(F(ar) + golon)u (zx) + 6(@x)]) = V() k).

Then, from (7.37), any trajectory of the closed-loop system whose Q-limit set is in {27, must
be such that
w*T(m)rww(x)w*(x) =0

because of (7.37). Since 7y, () < 0, then there exists a nonsingular matrix M (z) such that
~Tww(x) = MT ()M (z) and

(k) 2 M (zp)w*(z) =0 Vk=0,1,....
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FIGURE 7.2
Controller Parametrization for Discrete-Time State-Feedback Nonlinear H,,-Control

Thus, the closed-loop system (7.36) can be represented as

Tp1 = f(or) + g1(zr)w™ (zr) + alzr)o(zr) + g2(x) [u* (2k) + ¢(zk)],

where a(zr) = —g1(zx)ryL (xx). Any trajectory of this system resulting in @(xy) = 0Vk =
0,1,..., is necessarily a trajectory of the system (7.32). Therefore, by Assumption (A6) it
implies that limy_,, xx = 0, and by the LaSalle’s invariance-principle, we conclude that the
closed-loop system (7.36) is locally asymptotically-stable. [J

Remark 7.1.4 It should be noted that the result of the above theorem also holds if the
DHJIE (7.31) is replaced by the corresponding inequality. The results of the theorem will
also continue to hold if Assumption (A6) is replaced by Assumption (A4).

A block-diagram of the above parametrization is shown in Figure 7.2.
We can also specialize the above result to the linear system X4 (7.17). In this regard,
recall

R— Ruw Ruw | _ BIPBy + DI,Dys BIPB, + DL,Dy,
Rwu wa B%—‘PBQ + D{lDlg B?PB]. + D{1D11 — ’}/21
Then, we have the following proposition.

Proposition 7.1.3 Consider the discrete-time linear system X% and suppose for some
~ > 0 there exists a positive-definite matriz P € R™"*"™ and a matriz ® € R™>*" such that:

(L1s)
Ruw >0 and Ry < 0;

(L5) the DARE:

T
p - ATPA+01T01<BQTPA+D1T101> R_1<BQTPA-|-D1TIC1>Jr

BT PA + DLy BfPA+ DL,Cy
207 SR1ST® (7.38)

holds for all S 2 [I 0];
(L6) the matriz

A

Al:A*(BQ Bl)T <R_1 { BQTPA+D1T101 :| B [ SR-18T® })
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FIGURE 7.3
Configuration for Output Measurement-Feedback Discrete-Time Nonlinear H.-Control

is Hurwitz.

Then, Assumptions (Als), (A5) and (A6) of Theorem 7.1.4 hold with

T’Z'j(O) = Rij, i,j =u,w
¢(Ik) = SRflsTQ'Ik
V() = 1aTPx (7.39)
{ u* (z) } _ Rl( BIfPA+ DIy )z
w*(z,) BT PA+ DL,y b

Also, as a consequence of the above proposition, the following corollary gives a parametriza-
tion of a class of state-feedback controllers for the linear system ¢.

Corollary 7.1.3 Consider the linear discrete-time system Zf (7.17). Suppose there exists
a positive-definite matriz P € R™*™ and a matriz ® € RP*"™ satisfying the hypotheses (L1s),
(L5) and (L6) of Proposition 7.1.5. Then the family of state-feedback controllers:

B _ ap1 ([ BIPA+DLCy | or
KSFL—{Uk|Uk— SR ([ BTPA+ DIL,C, ST xk} (7.40)

solves the linear DSFBNLHICP for the system.

7.2 Output Measurement-Feedback Nonlinear H.-Control for
Affine Discrete-Time Systems

In this section, we discuss the discrete-time disturbance attenuation problem with internal
stability for the nonlinear plant (7.1) using measurement-feedback. This problem has already
been discussed for the continuous-time plant in Chapter 5, and in this section we discuss
the counterpart solution for the discrete-time case. A block diagram of the discrete-time
controller with discrete measurements is shown in Figure 7.3 below.

We begin similarly with the definition of the problem.

Definition 7.2.1 (Discrete-Time Measurement-Feedback (Sub-Optimal) Nonlinear Hoo-
Control Problem (DMFBNLHICP)). Find (if possible!) a dynamic feedback-controller of
the form:

de . &1 = (& yr)
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where £ € £ C X a neighborhood of the origin, n : ZxR™ — =, 1n(0,0) =0, 6 : ZxR™ — RP,
6(0,0) =0 are some smooth functions, which processes the measured variable y of the plant
(7.1) and generates the appropriate control action u, such that the closed-loop system (7.1),
(7.41) has locally finite l2-gain from the disturbance signal w to the output z less than or
equal to some prescribed number v* > 0 with internal stability, or equivalently, the closed-
loop system achieves local disturbance-attenuation less than or equal to v* with internal
stability.

As in the continuous-time problem, we seek a dynamic compensator with an affine
structure

Zdac . { §k+1 = f(gk?) +g(§k’)yk (742)

dun up = aayn(k),

for some smooth function agyn : E — R”, aayn(0) = 0. Applying this controller to the
system (7.1), results in the following closed-loop system:

oA = felwg) + gt (@) wk
chp { Y= he(at ¢ (7.43)

where ¢ = [27 |7,

e/ e _ f(‘?)+g2( )adyn(g) €(2€) — 91(1')
P = [ Fo Loy | 1@ s | 0
he(z%) = ho(x )+k12( T)oayn (), k(2°) = ki (). (7.45)

The first goal is to achieve finite ¢5-gain from w to z for the above closed-loop system to
be less than or equal to a prescribed number v > 0. A sufficient condition for this can be
obtained using the Bounded-real lemma, and is stated in the following lemma.

Lemma 7.2.1 Consider the system (7.1) and suppose Assumption (A4) in Remark 7.1.1
holds for the system. Further, suppose there exists a C? positive-definite function ¥ : OxO C
X x X = R, locally defined in a neighborhood of (x,£) = (0,0), with ¥(0,0) = 0 satisfying

(81)

(g )m0i;ﬂ&®f@&%ﬂﬁf@&%%&@-f1<& (7.46)

(52)

e e € € € e 1 € € € e e
T(f@) + g (@ )an(29)) = V(@) + S ([A°(2%) + B (@) = *aa(@)[*) = 0, (7:47)
where w = aq(x®), with a1(0) = 0, is a locally unique solution of
ov e[, .e T(1.el [ e\pel e 2 el ( eviel e
N g¢(z%) +w' (k¢ (x9)k®(z¢) —~°I) + h® (2°)k(a®) =0. (7.48)
A=fe(ze)+ge(z€)w

(S8) The nonlinear discrete-time system

1 = (&) (7.49)
1s locally asymptotically-stable at the equilibrium & = 0.

Then the DMFBNLHICP is solvable by the dynamic compensator Zggz
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Proof: By using Assumptions (S1) and (S52), it can be shown as in the proof of Theorem
3.6.2 that

W(fe(@%) + g% (2)w) = (%) < 5 (9 [wl® = [1h*(=°) + K (2%)w]?) (7.50)

DN | =

holds for all z® € Oy and all w € Wy, where O; and W; are neighborhoods of x® = 0 and
w = 0 respectively. Therefore, the closed-loop system Zgl‘; has /5-gain < ~. Setting w = 0
in the inequality (7.50), implies that Zgl“p is Lyapunov-stable.

Furthermore, any bounded trajectory of Egl‘; corresponding to the condition that
(fe(x%)) = W(z®),
is necessarily a trajectory of the system

i = fxy), k=0,1,...

under the constraint
he(zy) =0, k=0,1,....

Thus, we conclude from hypothesis (A4) that limy_, 2§ = 0. This implies that, every
trajectory of the system E(‘fl‘; corresponding to the above condition approaches the trajectory
of the system (7.49) which is locally asymptotically-stable at £ = 0. Hence by the LaSalle’s
invariance-principle, we conclude asymptotic-stability of the equilibrium z¢ = 0 of the
closed-loop system. [

Lemma 7.2.1 gives sufficient conditions for the solvability of the DM FBN LHIC P using
the Bounded-real lemma. However, the details of how to choose the parameters f , g and
Ogyn are missing. Even though this gives the designer an extra degree-of-freedom to choose
the above parameters to achieve additional design objectives, in general a more concrete
design procedure is required. Accordingly, a design procedure similar to the continuous-time
case discussed in Chapter 6, and in which an observer-based controller which is error-driven
is used, can indeed be developed also for the discrete-time case. In this regard, consider the
following dynamic-controller

k1 = f(&) + 91(&k)w™ (&) + g2 (k) u™ (§k) + G(&x) [yr—
Gomobs hzgskg — Ko (& )w* (€k)] (7.51)
U, = u* gk 3

where u* and w* are the suboptimal feedback control and the worst-case disturbance re-
spectively, determined in Section 7.2, and G(.) € "> is the output-injection gain matrix

which has to be specified. Comparing now Eg;; (7.42) with Zg;fwbs (7.51) we see that

) = G (7.52)
agyn(§) = u*(§).

Consequently, since the control law agyn(.) has to be obtained by solving the state-feedback
problem, Lemma 7.2.1 can be restated in terms of the controller (7.51) as follows.

F&) = O +a1(Qw(€) +g2(H)u* (&) — GE)[h2(€) + kan (Hw*(&)]
g

Lemma 7.2.2 Consider the system (7.1) and suppose the following assumptions hold:
(i) Assumption (A4) is satisfied for the system;

(ii) there exists a C? positive-definite function V locally defined in a neighborhood of x =0
in X, such that Assumptions (Als) and (A2) are satisfied;
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111) there exists a positive-definite function V(x, ocatly definea 1n a neighborhood o
iii) th ists a C2 positive-definite function U(z, £) locally defined i ighborhood of
(2,€) = (0,0) in X x X and an n X m gain matriz G(§) satisfying the hypotheses (S1),
(S2) and (S3) of Lemma 7.2.1 for the closed-loop system Zg{; with the controller (7.51),

then the DM FBNLHICP is solvable with the observer-based controller $4ac

dynobs*

Remark 7.2.1 Lemma 7.2.2 can be viewed as a separation principle for dynamic output-
feedback controllers, i.e., that the design of the optimal state-feedback control and the output-
estimator can be carried out separately.

The following theorem then is a refinement of Lemma 7.2.2 and is the discrete-time analog
of Theorem 6.1.3.

Theorem 7.2.1 Consider the discrete-time nonlinear system (7.1) and suppose the follow-
ing are satisfied:

(I) Assumption (A4) holds with rank ki2(x) = p uniformly.

(IT) There exists a C? positive-definite function V locally defined in a neighborhood of x = 0
in X such that Assumption (A2) is satisfied, and

Tww(0) < 0.

(II~I) There exists an output-injection gain matriz G(;) and a C? real-valued function W :
X x X = R locally defined in a neighborhood X x X of (x,£) = (0,0) with W (0,0) = 0,
W(x,&) > 0 for all x # &, and satisfying
(T1)

o*w

g7 (0, 0) 55 (0,0)9°(0,0) + kT (0,0)(0,0) 4 7w (0) < 0, (7.53)

(T2)
W) + (e (2)) — W) + V() + g1 (@) (o) +
02" (€) ~ V(@) + 3 (1) + a2 () + kro(e)u* (©)) -
72 [laa (z€)]*) = 0, (7.54)

where w = ay(x®), with a1(0) =0, is a unique solution of

ow ol o oV

BN g (x%) + N g1(z) +
A=fe(z)+g°(z¢)w A=f(z)+g1(z)w+g2(z)u*(§)

(ha(x) + k11 (z)w + iz (z)u* (€)) ki (z) — y*w” = 0. (7.55)

(T3) The nonlinear discrete-time system

Eer1 = f(§k) + 91w (§) — G(E)(h2(8) + k21 (§)w™(€)) (7.56)

18 locally asymptotically-stable at the equilibrium point & = 0.

Then the DM FBNLHICP for the system is solvable with the dynamic compensator
Eda

dynobs*

Proof: We sketch the proof as most of the details can be found in the preceding lemmas.
We verify that the sufficient conditions given in Lemma 7.2.2 are satisfied. In this respect,
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we note that Assumption (I) implies that 7,,(0) > 0, therefore (ii) of Lemma 7.2.2 follows
from Assumptions (I) and (II). Similarly, Assumption (III) = (iii) of the lemma. To show
this, let

T(z¢) =V(x) + W(z,§).

Then it can easily be shown that (T'1) = (S1) and (72) = (S52). Similarly, (73) = (53)
because by hypothesis (A4) limy_ o0 2 = 0 = limg_ 00 u* (&) = 0 since rank kia(xz) = p
and

lim [hy (zk) + k12(zk)u*(&L)] = 0.

k—o0
Thus, any trajectory of (7.49), where fis given by (7.52), approaches a trajectory of (7.56)
which is locally asymptotically-stable at the equilibrium & = 0. O

Remark 7.2.2 Note that the DHJIE (7.54) can be replaced by the inequality (< 0) and the
results of the theorem will still hold.

The results of Theorem 7.2.1 can similarly be specialized to the linear system X%, If we

suppose

1 1
V(z) = §a:TPx, W(z€) = §Jc€TPeace7

then the DHJIE (7.8) is equivalent to the discrete-algebraic-Riccati equation (DARE):

T T T T T
ATPA— Py CTCr - BQPAJFD”CI} R*l{BQPA‘LDl?Cl —o. (7.57)

BTfpPA+ DTy BfpA+ DT C, | —

In addition, the inequality (7.53) and the DHJIE (7.54) reduce respectively to the fol-
lowing inequalities:

A2 BTPBe + Ry < 0; (7.58)
AeTPeAe _ pe_ (AeTPeBe + OeTRuw)A—l(AeTpeBe + CeTRuw)T +
CTRWC* <0 (7.59)
where
qe_| A BF | B
o GCy A—GCy+ ByFy |’ " | GDoy |

C¢=[-F, F], A=A+BF, Cy=Cy+DnF
Fi | _ o[ BIPA+ DL
P BrPA+DLCy |-

Similarly, equation (7.55) can be solved explicitly in this case to get

w=a(z?) = w - Afl(BETPeAe + Ry C°)a®
[Fy 0]z — A™Y(BT PC A + Ry, C€)at.

Consequently, the following corollary is the linear discrete-time equivalent of Theorem
7.2.1.

Corollary 7.2.1 Consider the discrete-time linear system Zf, and suppose the following
hold:
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(IL) rank{D12} =p and

A—X By

k
ran { 4 Dio

}:n—kp YAEC, A =1;

(IIL) there exists a matriz P > 0 such that the DARE (7.57) is satisfied with Ry, > 0;

(ITIL) there exists an output injection gain matriz G € R™*P and a 2n X 2n matriz P¢ > 0
such that the inequalities (7.58), (7.59) are satisfied with the matriz (A+ B1Fy — G(Cy +
Doy Fy)) Hurwitz.

Then, the linear DMFBNLHICP for X% is solvable using a dynamic compensator of the
form:

{ fer1 = (A—GCy+ BoFy)é + Gy
up = Fh.

Remark 7.2.3 The fundamental limitations for the use of the above result in solving the
linear DM FBNLHICP are reminiscent of the continuous-time case discussed in Chapter
5 and indeed the discrete-time nonlinear case given in Theorem 7.2.1. These limitations
follow from the fact that G and P€¢ are unknown, and so have to be solved simultaneously
from the DARE (7.59) under the constraint (7.58) such that (A+ B1Fy — G(Cy + D21 FY))
is Hurwitz. In addition, P€ has twice the dimension of P, thus making the computations
more erpensive.

(7.60)

The next lemma presents an approach for circumventing one of the difficulties of solving
the inequalities (7.59) and (7.58), namely, the dimension problem.

Lemma 7.2.3 Suppose there exists an nxn matrix S > 0 satisfying the strict discrete-time
Riccati inequality (DRI):
(A—GCy)TS(A—GCy) — S+ Ff Ry Fy — [(A— GC2)TS(B) — GDay) —
FIRyw]A7Y(A — GCo)TS(By — GDy1) — FY Ruw)t <0 (7.61)
under the constraint:
A := (B; — GD1)TS(By — GD31) + Ruyw < 0. (7.62)
Then the semidefinite matrix

e (7.63)

is a solution to the DARE (7.59) under the constraint (7.58). Moreover, the matriz G
satisfying (7.61), (7.58) is such that (A — GCy) is Hurwitz.

Pe:[s s}

Proof: By direct substitution of P¢ given by (7.63) in (7.59), it can be shown that P°
satisfies this inequality together with the constraint (7.58).
Finally, consider the closed-loop system

Tpy1 = (fl — GC’g)xk
and the Lyapunov-function candidate
Q(z) = 2T Sx.
Then it can be shown that, along the trajectories of this system,
Qwri1) — Qar) < —[Fazillh,, + I[(A— GCo)ar]" S (B — GDar) — (Fok)" Ruwl|% - <0
This shows that (A — GC) is Hurwitz. [
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7.3 Extensions to a General Class of Discrete-Time Nonlinear
Systems

In this section, we extend the results of the previous sections to a more general class of
discrete-time nonlinear systems that may not necessarily be affine in « and w. We consider
the general class of systems described by the state-space equations on X' C 1" containing
the origin {0}:

Tpr1 = F(ag,wk,ug); x(ko) =
Ed : ZEr = Z(zk,wk,uk) (764)
ye = Y(xr,ws)

where all the variables have their usual meanings, and F' : X x W xU — X, F(0,0,0) = 0,
Z: X xWxU— R, Z(0,0,0)=0,Y : X x W — R™. We begin with the full-information
and state-feedback problems.

7.3.1 Full-Information H,,-Control for a General Class of Discrete-Time
Nonlinear Systems

To solve the full-information and state-feedback problems for the system %¢ (7.64), we
consider the Hamiltonian function:

H(w,u,w) = V(F(2,w,u) = V(z) + %(llZ(%u, w)||* = 2|w]|*) (7.65)

for some positive-definite function VX Ry, and let

92 H 9% H 9% H
——(0,0,0) = guZ  Owdu | ((.0,0)
Ou, w)? oL oA

)

x=0,u=0,w=0

(2%
how(0) = (a—i)T 270 (Z—i) T (%)T (g_i> _7211

)

o ? r=0,u=0,w=0
[ror\T 92V OF YA
s (0) = (—u) o V) (aﬁ)*(%) (a—w>
L x=0,u=0,w=0
= hey,(0).

Suppose now that the following assumption holds:

(GN1)
Puw(0) > 0, hueo(0) = Py (0) gt (0) h (0) < 0.
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Then by the Implicit-function Theorem, the above assumption implies that there exist
unique smooth functions @*(z), w*(z) with @*(0) = 0 and @w*(0) = 0 defined in a neighbor-
hood X of x = 0 and satisfying the functional equations

0 = %(m,u (1‘)7 (1‘))
oV oOF .07
= (3_F%+ E) (7.66)
u=u*(z),w=w*(x)
(9]".7 ~ % ~ %
0 = a_w(aj’u (1‘)7 (1‘))
— 8_VG_F Ta_Z_ 2, T
<8F6w B “") ] ) (7.67)
u=u*(x),w=w*(zx).
Similarly, let
hate) 2 2 (@), 0 @)
wlxr) = 92 x,u (x),w (x
A 0°H - .
hane) 2 S (o (1), ()
o
hw(z) 2 TH (@), () = BT, (2 ", )

Jwou

be associated with the optimal solutions @*(z), w*(z), and let the corresponding DHJIE
associated with (7.64) be denoted by

(GN2)

V(F(x, " (x), @ (2))) — V() + %(IIZ(%71*(96)710*(96))||2 —ylle* @)|I*) =0, V(0)=0.
(7.68)

Then we have the following result for the solution of the full-information problem.

Theorem 7.3.1 Consider the discrete-time nonlinear system (7.64), and suppose there
exists a C? positive-definite function ViXiCX— R locally defined in a neighborhood
X1 of © = 0 satisfying the hypotheses (GN1), (GN2). In addition, suppose the following
assumption is also satisfied by the system:

(GN3) Any bounded trajectory of the free system
xk}-‘rl - F(.’Ek70, uk))7

under the constraint
Z(Ik, O7uk) =0

for all k € Z,, is such that, limy_, o x = 0.
Then there exists a static full-information feedback control
wp = W (25) = heg (@) huw (24) (Wi — 0" (2x))

which solves the DFIFBNLHICP for the system.
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Proof: The proof can be pursued along similar lines as Theorem 7.1.2. [J
The above result can also be easily specialized to the state-feedback case as follows.

Theorem 7.3.2 Consider the discrete-time nonlinear system (7.64), and suppose there
exists a C? positive-definite function V : Xo C X — Ry locally defined in a neighborhood
Xy of © = 0 satisfying the hypothesis

(GN1s)
huw(0) >0, hyw(0) <0

and hypotheses (GN2), (GN3) above. Then, the static state-feedback control
U = fL* (.%‘;g)
solves the DSFBNLHICP for the system.

Proof: The theorem can be proven along similar lines as Theorem 7.1.3.0]
Moreover, the parametrization of all static state-feedback controllers can also be given
in the following theorem.

Theorem 7.3.3 Consider the discrete-time nonlinear system (7.64), and suppose the fol-
lowing hypothesis holds

(GN2s) there exists a C? positive-definite function V:XsCX— R locally defined in a
neighborhood X3 of v = 0 satisfying the DHJIE

V(F(z,@" (z), 3" (x))) = V(z) + %(HZ(% @ (@), " (@) = 7*[l@* (2)]|)
= — (@) [P () = P (2) Dy (@) b2 ()] (), V(0) =0 (7.69)
for some arbitrary smooth function ¢ : X3 — RP, 1¥(0) =0,

as well as the hypotheses (GN3) and (GN1s) with V in place of V. Then, the family of
controllers
Ksrg = {uklup = @*(vx) + 1 (zx)} (7.70)

s a parametrization of all static state-feedback controllers that solves the DSFBNLHICP
for the system.

7.3.2 Output Measurement-Feedback H.-Control for a General Class
of Discrete-Time Nonlinear Systems

In this subsection, we discuss briefly the output measurement-feedback problem for the

general class of nonlinear systems (7.64). Theorem 7.2.1 can easily be generalized to this

class of systems. As in the previous case, we can postulate the existence of a dynamic
compensator of the form:

Seae -{fkﬂ = (607 (60,7 (&) + Gle e = Y607 (6) (7.

dynobs * T ’[L*(fk)

where G(.) is the output-injection gain matrix, and @*(.), @*(.), are the solutions to equa-
tions (7.66), (7.67). Let the closed-loop system (7.64) with the controller (7.71) be repre-
sented as

372-4—1 = F°(xf,w)
zp = Z%(xf,wk)
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where 2¢ = [T ¢T]7,
F(z,w, %)
F(z,w*(£),a*(£)) + G (y(@,w) — y(§w () |
Z°(x% w) = Z(z, w, 1" (£)).

Then the following result is a direct extension of Theorem 7.2.1.

Fe(z®,w) =

Theorem 7.3.4 Consider the discrete-time nonlinear system (7.64) and assume the fol-
lowing:

(1) Assumption (GN3) holds and rank{%—f((}, 0,0)} =p.

(ii) There erists a C? positive-definite function V:iX > Ry locally defined in a neighbor-
hood X of x =0 satisfying Assumption (GN2).

(iii) There ewists an output-injection gain matriz G(.) and a C? real-valued function W
X4 X X4 locally defined in a neighborhood X4 x X4 of (z,€) = (0,0), X N X4 # 0, with
W(0,0) =0, W(x,&) > 0Vx # £ and satisfying
(GNM1)

O*wW

F°' (0,0, 0) 57 (0. 0)F*(0,0,0) + s (0) < 0
T

(GNM2)
W(F (¢, a1 (2%) = W(z%) + V(F(2,01(2%),u*(£))) — V() +
1 = e\ ~x 5 e
512 (@, & @), @ (€))* = 7l (@)]*) = 0,
where &1 (x¢) with &1(0) =0 is a locally unique solution of the equation
oW oF© ov oF
Y3 (Ieaw)+ ay —(:z:,w,ﬂ*({)) +
OB | = e (ae,w) OW N | \=F (w0 (e)) OW

0
27 o, (6)) 9 (a0, (€))7 =0,

(GNM3) The discrete-time nonlinear system

Trpr = F(€,07(€),0) = GE)Y (&, 0%(9))
1s locally asymptotically-stable at & = 0.
Then, the DMFBNLHICP for the system (7.64) is solvable with the compensator (7.71).

7.4 Approximate Approach to the Discrete-Time Nonlinear .-
Control Problem

In this section, we discuss alternative approaches to the discrete-time nonlinear H ,.-Control
problem for affine systems. It should have been observed in Sections 7.1, 7.2, that the control
laws that were derived are given implicitly in terms of solutions to certain pairs of algebraic
equations. This makes the computational burden in using this design method more intensive.
Therefore, in this section, we discuss alternative approaches, although approximate, but
which can yield explicit solutions to the problem. We begin with the state-feedback problem.
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7.4.1 An Approximate Approach to the Discrete-Time State-Feedback
Problem

We consider again the nonlinear system (7.1), and assume the following.

Assumption 7.4.1
rank{ki2(x)} = p.

Reconsider now the Hamiltonian function (7.11) associated with the problem:

Ho(w,u) = V(@) + (o + ga@hu) — Vi) + 51 (e) + k(o + ka(ul? -
) (172

for some smooth positive-definite function V' : X — R,. Suppose there exists a smooth
real-valued function @(x) € RP, @(0) = 0 such that the HJI-inequality

Hy(w,u(x)) <0 (7.73)

is satisfied for all z € X and w € W. Then it is clear from the foregoing that the control
law

u=u(x)
solves the DSFBNLHICP for the system %% globally. The bottleneck however, is in

getting an explicit form for the function @(z). This problem stems from the first term in
the HJI-inequality (7.73), i.e.,

V(f(2) + g1(2)w + ga(x)u),

which is a composition of functions and is not necessarily quadratic in w, as in the
continuous-time case. Thus, suppose we replace this term by an approximation which is
“quadratic” in (w,u), and nonlinear in z, i.e.,

V(@) + ) = V(@) + Vel @)+ 50" Ve (F(@)0 + B, 0)

for some vector function v € X and where R, is a remainder term such that

lim Bn(w, v)

ST

Then, we can seek a saddle-point for the new Hamiltonian function

~

Hy(w,u) = V(f(2)) + Va(f(2))(g1(2)w + ga(x)u) +
1
5 (@1(@)w + g2(2)u) Vo (f(2))(91(7) + g2(2)u) = V(@) +
1 1
gl (@) + ku (@)w + ka(@)ul® = 597 [lw]® (7.74)
by neglecting the higher-order term R, (z, g1 (z)w + g2 (x)u). Since Hy(u,w) is quadratic in
(w,u), it can be represented as

~

.10 = V(@) - Vi) + i () + 50 | 4 |45 | 0 [ R | 2],

u u u

where

o~

S(z) = hi (@)[kn (@) krz(@)] + Vi (f(2))lg1(2) ga2(@)]
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and

S (KL @En @)~ K @ks@) | ( 9l@)
A = (G et ) () ) U@ e

From this, it is easy to determine conditions for the existence of a unique saddle-point and
explicit formulas for the coordinates of this point. It can immediately be determined that,
if R(z) is nonsingular, then

=)

Rt = D@ + 3 [ 2200 T R [ 2220 ] o)

where

|- (770

One condition that gurantees that R(z) is nonsingular (by Assumption 7.4.1) is that the
submatrix

Rir(@) == K @)k (@) 7T + 507 (0)Vea (F(2))g1 () < 0 Vi

If the above condition is satisfied for some v > 0, then ]/'\12(1'7 w,u) has a saddle-point at
(a*,w*), and

Hy(i* (x), i (x)) = V(f () = V(2) = 55(@) R ()T () + %hf(x)m(w) (7.77)

The above development can now be summarized in the following lemma.

Lemma 7.4.1 Consider the discrete-time nonlinear system (7.1), and suppose there exists
a smooth positive-definite function V : Xo C X — Ry, V(0) = 0 and a positive number
0 > 0 such that

(1)
Hy(w* (), 0" (z)) <0 V0 #z € X, (7.78)
(ii) R .
Hy(* (), @*(2)) < =50([@* @)|* + [[a*(2)[[*) ¥z € Xo,

(iif)
Rn(l‘) <0 Vxe Xo.

Then, there exists a neighborhood X x W of (w,z) = (0,0) in X x W such that V' satisfies
the HJI-inequality (7.73) with u = @*(x), 4*(0) = 0.

Proof: By construction, flg(a:, w, u) satisfies

Hy(z,w,u) = Hy(* (), 0 () + %(w — ") Ry () (w — 0¥ (z)).

Since }~311(O) is negative-definite by hypothesis (iii), there exists a neighborhood X; of x = 0
and a positive number ¢ > 0 such that

(w— ") Ry (2)(w — 0*(2)) < cllw —w*(@)|? Vz € Xy, Yw.
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Now let u = min{4, c}. Then,
(w — &) By (2)(w — 0 (2)) < pullw — i (@) |2 Ve € X1,
Moreover, by hypothesis (ii)
Ha (i (), 0" (x) < —g(H@*(ﬂC)ll2 +|lu*(@)[|*) Vo € Xo.

Thus, by the triangle inequality,

(w0 () < ~E(r @I + 318 @) + 3l — 0t @)?)
< =Ll + 12 @)1 (7.79)

for all z € Xo, where Xo = X[ X;. Notice however that the Hamiltonians Hs(z, w, u)
and Ha(z,w,u) defined by (7.72) and (7.74) respectively, are related by

Hy(z,w,u) = Hay(z, w,u) + Ry (2, g1 (2)w + ga(2)u). (7.80)

By the result in Section 8.14.3 of reference [94], for all x > 0, there exist neighborhoods X3
of x =0, Wi of w=0 and Uy of u = 0 such that

R (2, g1(2)w + g2(x)u)| < w([[w]® + [[ul®) ¥(z,w,u) € X5 x Wi x UL (7.81)

Finally, combining (7.79), (7.80) and (7.81), one obtains an estimate for Ha(w, u*(z)), i.e.,

Haw, @) < = (1= 5) (ulP + @)

Choosing 1 < g and X C X3, W; C W, the result follows. [J
From the above lemma, one can conclude the following.

Theorem 7.4.1 Consider the discrete-time nonlinear system (7.1), and assume all the
hypotheses (i), (ii), (iii) of Lemma 7.4.1 hold. Then the closed-loop system

o | Tri F(xr) + g1 (ze)wr + golar)i(zr); zo =0
= { k:’k = hl(ﬂljk) +k11€93k)lzvk +2k1:(g:k)g(g;k) ’ (7.82)

with u(x) = 4*(x) has a locally asymptotically-stable equilibrium-point at x = 0, and for
every K € Z,., there exists a number ¢ > 0 such that the response of the system from the
initial state ro = 0 satisfies

K K
N T e ([
k=0 k=0

for every sequence w = (wo, ..., wr) such that ||wg| < e.

Proof: Since f(.) and 4*(.) are smooth and vanish at z = 0, it is easily seen that for every
K > 0, there exists a number € > 0 such that the response of the closed-loop system to
any input sequence w = (wo, ..., wr) from the initial state o = 0 is such that z; € X for
all k < K +1 as long as |Jwg|| < € for all £ < K. Without any loss of generality, we may
assume that € is such that wy € W. In this case, using Lemma 7.4.1, we can deduce that
the dissipation-inequality

—_

V(zkyr) — V(zg) + g(zgzk —Ywiwy) <0 VE< K
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holds. The result now follows from Chapter 3 and a Lyapunov argument. [J

Remark 7.4.1 Again, in the case of the linear system X% (7.17), the result of Theorem
7.4.1 reduces to wellknown necessary and sufficient conditions for the existence of a solution
to the linear DSFBNLHICP [89]. Indeed, setting B := [By Bs| and D := [D1; Dis], a
quadratic function V(x) = %.%‘TPQT with P = PT > 0 satisfies the hypotheses of the theorem
if and only if
ATPA-P+C{Cy —F](R+B"PB)F, < 0
DIDyy —+*T+BIPB;, < 0

where F, = —(R+ BTPB)"Y(BTPA + DTC). In this case,
12‘]*
[ P } = Fpx.

In the next subsection, we consider an approximate approach to the measurement-feedback
problem.

7.4.2 An Approximate Approach to the Discrete-Time OQOutput
Measurement-Feedback Problem

In this section, we discuss an alternative approximate approach to the discrete-time
measurement-feedback problem for affine systems. In this regard, assume similarly a dy-
namic observer-based controller of the form

) s = fOk) + g1(0k)0* (Ok) + g2(0k) 0" (k) + G(Ok) [yr — h2(0k)—
Zs;fwbs : le((ak))w* (ak)] (783)
ur = u* 9k

where 6 € X is the controller state vector, while @w*(.), 4*(.) are the optimal state-feedback
control and worst-case disturbance given by (7.76) respectively, and G(.) is the output-
injection gain matrix which is to be determined. Accordingly, the corresponding closed-loop
system (7.1), (7.83) can be represented by

at = b)) + g (ah yw
(% 2 oo ooy

f(@) + ga(x)ax(6)

fiah) = ( J(0) + g1(0)w*(6) + g2(0)a*(0)+ ) ;
G(0)(ha(z) — h2(0) — k21(0)w*(0))
1(93

gﬁ(l‘ﬁ) = [ é(g kzl(aj) :| s

and
RE(z*) = hy () + kro(2)a*(0), K*(z%) = ki (2).

The objective is to find sufficient conditions under which the above closed-loop system (7.84)
is locally (globally) asymptotically-stable and the estimate § — = as t — oo. This can be
achieved by first rendering the closed-loop system dissipative, and then using some suitable
additional conditions to conclude asymptotic-stability.
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Thus, we look for a suitable positive-definite function ¥; : X x X — R, such that the
dissipation-inequality
1
Uy (2hy,) - Wa(af) + §(||Z}i||2 =7 [lwel?) <0 (7.85)

is satisfied along the trajectories of the system (7.84). To achieve this, we proceed as in
the continuous-time case, Chapter 5, and assume the existence of a smooth C? function
W : X x X — R such that W (z#) > 0 for all 2% # 0 and W (z*) > 0 for all 2 # 6. Further,
set

Hi(w) = W(f*(a*) + ¢*(z¥)w) — W (a) + Ho(w, @*(0)) — Ha(d*(z), a*(x)),  (7.86)
and recall that N
Hy(w,u) = Ho(w,u) + Ry (z, g1 (x)w + ga(z)u);

so that R
Ha(w, @*(0)) = Hz(w, 0*(0)) + Rm(z, g1 (2)w + g2(z)0"(2)).

Moreover, by definition
Hy(w,@*(0)) = V(f(2) +gi(z)w + ga(x)a™(0) — V(z) + %llhz(z) +
ki (@)w + ki (2)a* (0)] — %VQHWHQ- (7.87)
Therefore, subsituting (7.87) in (7.86) and rearranging, we get

Hi(w) + Hy (@ (), 9" (x)) = W(fH(@#) + g*(¥)w) — W (a*)+
V(f(2) + g1 (@)w + g2(2)a* (0)) = V(@) + |[2F (@) + K (2F)w]]? — 392 [w]?*  (7.88)

From the above identity (7.88), it is clear that, if the right-hand-side is nonpositive, then
the positive-definite function
Uy (a*) = W(ah) + V(z)
will indeed have satisfied the dissipation-inequality (7.85) along the trajectories of the closed-
loop system (7.84). Moreover, if we assume the hypotheses of Theorem 7.4.1 (respectively
Lemma 7.4.1) hold, then the term Hy(@* (), d* () is nonpositive. Therefore, it remains to
impose on Hg(w) to be also nonpositive for all w.
One way to achieve the above objective, is to impose the condition that

max Hi(w) < 0.

However, finding a closed-form expression for w** = arg max{Hg(w)} is in general not
possible as observed in the previous section. Thus, we again resort to an approximate but
practical approach. Accordingly, we can replace the term W (f*(z%) + o%) in Hg() by its
second-order Taylor approximation as:

W) 0F) = W) + Was (P + 508 Woana(FH)0? + B (07, 09)

for any v# € X x X, and where Rf (2% ,0v%) is the remainder term. While the last term
(recalling from equation (7.75)) can be represented as

Ha(w,*(0)) — ol (2), 4" (x)) = %[ﬁ;“(’e)w;ff&)]%@)[ w— i (z) }

+Rm(z, g1 (x)w + g2(z)0”(0)).
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Similarly, observe that R,,(z,g1(z)w + g2(2)0*(#)) can be expanded as a function of z*
with respect to w as

Ron (2, g1(x)w + ga(2)0*(0)) = Rymo(2*) + R (2¥)w + wT Rppa(2*)w + Rys(, w).
Thus, we can now approximate Hg(w) with the function

Hy(w) = W(fHah)) = W) + Bmo(a) + (R (1) + Waa (£5(2)) g (o) Jw +
W7 (R @) + 587 (29 W, (74(21)) g () o +

T [ o[ T | )

Moreover, we can now determine an estimate w** of w** from the above expression (7.89)
for Hg(w) by taking derivatives with respect to w and solving the linear equation

oH;

g =0

It can be shown that, if the matrix

R(%) = 20 (H) Woss (75 0) + Rua(2) + B (o)

is nonsingular and negative-definite, then w** is unique, and is a maximum for Hg (w). The
design procedure outlined above can now be summarized in the following theorem.

Theorem 7.4.2 Consider the nonlinear discrete-time system (7.1) and suppose the follow-
ing hold:

(i) there exists a smooth positive-definite function V' defined on a neighborhood Xo C X of
x = 0, satisfying the hypotheses of Lemma 7.4.1.

(ii) there exists a smooth positive-semidefinite function W (x*), defined on a neighborhood
Z of 2f =0 in X x X, such that W (2*) > 0 for all z, x # 0, and satisfying

Hi(w*(2%)) < 0
for all 0 # xt € 2. Moreover, there exists a number 6 > 0 such that

HE (i (2)) < o]l ()|”
R(z%) <0
for all x* € =.

Then, the controller Eggfwbs given by (7.83) locally asymptotically stabilizes the closed-loop
system (7.84), and for every K € Z, there is a number ¢ > 0 such that the response from
the initial state (xo,6p) = (0,0) satisfies

K K
E zgzk S’yz E w,{wk

k=0 k=0

or every sequence w = (wy, ..., wr) such that ||wg]|? < e.
f Y q ( 05 ) )
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7.5 Notes and Bibliography

This chapter is entirely based on the papers by Lin and Byrnes [182]-[185]. In particular,
the discussion on controller parameterization is from [184]. The results for stable plants
can also be found in [51]. Similarly, the results for sampled-data systems have not been
discussed here, but can be found in [124, 213, 255].

The alternative and approximate approach for solving the discrete-time problems is
mainly from Reference [126], and approximate approaches for solving the DHJIE can also
be found in [125]. An information approach to the discrete-time problem can be found in
[150], and connections to risk-sensitive control in [151, 150].
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Nonlinear ‘H.-Filtering

In this chapter, we discuss the nonlinear H., sub-optimal filtering problem. This problem
arises when the states of the system are not available for direct measurement, and so have
to be estimated in some way, which in this case is to satisfy an H..,-norm requirement. The
states information may be required for feedback or other purposes, and the estimator is
basically an observer [35] that uses the information on the measured output of the system
and sometimes the input, to estimate the states.

It would be seen that the underlying structure of the H., nonlinear filter is that of the
Kalman-filter [35, 48, 119], but differs from it in the fact that (i) the plant is nonlinear; (ii)
basic assumptions on the nature of the noise signal (which in the case of the Kalman-filter is
Gaussian white noise); and (iii) the cost function to optimize. While the Kalman-filter [35]
is a minimum-variance estimator, and is the best unbiased linear optimal filter [35, 48, 119],
the H filter is derived from a completely deterministic setting, and is the optimal worst-
case filter for all Lo-bounded noise signals.

The performance of the Kalman-filter for linear systems has been unmatched, and is
still widely applied when the spectra of the noise signal is known. However, in the case
when the statistics of the noise or disturbances are not known well, the Kalman-filter can
only perform averagely. In addition, the nonlinear enhancement of the Kalman-filter or the
“extended Kalman-filter” suffers from the usual problem with linearization, i.e., it can only
perform well locally around a certain operating point for a nonlinear system, and under the
same basic assumptions that the noise inputs are white.

It is therefore reasonable to expect that a filter that is inherently nonlinear and does
not make any a priori assumptions on the spectra of the noise input, except that they
have bounded energies, would perform better for a nonlinear system. Moreover, previous
statistical nonlinear filtering techniques developed using minimum-variance [172] as well as
maximum-likelihood [203] criteria are infinite-dimensional and too complicated to solve the
filter differential equations. On the other hand, the nonlinear H ., filter is easy to derive,
and relies on finding a smooth solution to a HJI-PDE which can be found using polynomial
approximations.

The linear H, filtering problem has been considered by many authors [207, 243, 281].
In [207], a fairly complete theory of linear H . filtering and smoothing for finite and infinite-
horizon problems is given. It is thus the purpose of this chapter to present the nonlinear
counterparts of the filtering results. We begin with the continuous-time problem and then
the discrete-time problem. Moreover, we also present results on the robust filtering problems.

8.1 Continuous-Time Nonlinear H.-Filtering

The general set-up for this problem is shown in Figure 8.1, where the plant is represented
by an affine nonlinear system 3%, while F is the filter. The filter processes the measurement
output y from the plant which is also corrupted by the noise signal w, and generates an

205
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o sa.
7= ~ F y

FIGURE 8.1
Configuration for Nonlinear H.-Filtering

estimate Z of the desired variable z. The plant can be represented by an affine causal
state-space system defined on a smooth n-dimensional manifold X C R" in coordinates
x = (z1,...,2x,) with zero-input:

z = fx)+n@w;, x(to) = xo
DIRNE z = hi(z) (8.1)
y = ho(x) + koi(2x)w

where z € X is the state vector, w € W is an unknown disturbance (or noise) signal, which
belongs to the set W C L2([0,00), ") of admissible disturbances, the output y € Y C ™ is
the measured output (or observation) of the system, and belongs to ), the set of admissible
outputs, and z € R*® is the output to be estimated.

The functions f: X — V°(X), g1 : X — M™*"(X), hy : X = R, hy : X — R™, and
kap + X — M™*7(X) are real C* functions of x. Furthermore, we assume without any
loss of generality that the system (8.1) has a unique equilibrium-point at z = 0 such that
£(0) =0, h1(0) = ha(0) = 0, and we also assume that there exists a unique solution x(¢)
for the system for all initial conditions xy and all w € W.

The objective is to synthesize a causal filter, F, for estimating the state xz(t) (or a
function of it z = hy(x)) from observations of y(7) up to time ¢, over a time horizon [to, T],
i.e., from

Y: 2 {y(r) : 7 <t}, teto,T],

such that the Lo-gain from w to Z (the estimation error, to be defined later) is less than or
equal to a given number v > 0 for all w € W, for all initial conditions in some subspace
O C X, i.e., we require that for a given v > 0,

T T
[ lemikar < [ uiPar, 7>, (82)
to t(J
for all w € W, and for all zp € O. In addition, it is also required that with w = 0, the
penalty variable or estimation error satisfies lim; ,~, 2(t) = 0.
More formally, we define the local nonlinear H~, suboptimal filtering or state estimation
problem as follows.

Definition 8.1.1 (Nonlinear Hoo (Suboptimal) Filtering Problem (NLHIFP)). Given the
plant X and a number v* > 0. Find a causal filter F : Y — X which estimates x as T,
such that
&(t) = F(Ye)

and (8.2) is satisfied for all v > ~*, for all w € W, and for all zg € O. In addition, with
w =0, we have lim;_, 2(t) = 0.

Moreover, if the above conditions are satisfied for all x(tg) € X, we say that F solves
the NLHIFP globally.
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Remark 8.1.1 The problem defined above is the finite-horizon filtering problem. We have
the infinite-horizon problem if we let T — oo.

To solve the above problem, a structure is chosen for the filter F. Based on our experience
with linear systems, a “Kalman” structure is selected as:

F@) + L () — ha(@)), dto) = ¢
(@) ) (83)

[STERSEH
[

where & € X is the estimated state, L(.,.) € """ x R is the error-gain matrix which has
to be determined, and 2 € R° is the estimated output function. We can then define the

output estimation error as
Z=z-2=hi(z) — hi(2),

and the problem can be formulated as a two-person zero-sum differential game as discussed
in Chapter 2. The cost functional is defined as

T
Jw2) 2 5 [ (=01 =), (5.4

and we consider the problem of finding L*(.) such that .J(w, L) is minimized subject to the
dynamics (8.1), (8.3), for all w € Ls[tg, T, and for all x5 € X. To proceed, we augment the
system equations (8.1) and (8.3) into the following system:

= foa) + gt (e
{ P o= () - (@) ®5)

where

7 = < i ) , foa0) = ( F(@) + L(ﬁ:)]zl(zxg)(x) — ha(2)) ) 7

e[ e\ g1 (l‘)
g°") = ( L)k () ) '
We then make the following assumption:

Assumption 8.1.1 The system matrices are such that

koi(x)gf (x) = 0
kot (x)kd (z) = 1.

Remark 8.1.2 The first of the above assumptions means that the measurement-noise and
the system-noise are independent; while the second is a normalization to simplify the prob-
lem.

To solve the above problem, we can apply the sufficient conditions given by Theorem
2.3.2 from Chapter 2, i.e., we consider the following HJIE:

1 1
7)/;5(93670 = iIngup{Yze (Ieat)(fe(xe)+ge(ze)w)i572wT’w+§ZT'Z}7 Y(IeaT) =0 (86)
for some smooth C! (with respect to both its arguments) function Y : NxNxR >R

locally defined in a neighborhood N of the origin ¢ = 0. We then have the following lemma
which is a restatement of Theorem 5.1.1.
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Lemma 8.1.1 Suppose there exists a pair of strategies (w, L) = (w*, L*) for which there
exists a positive-definite C' function Y : NxNx®— R, locally defined in a neighborhood
NxNcCXxX of ¢ = 0 satisfying the HJIE (8.6). Then the pair (w*,L*) provides a
saddle-point solution for the differential game.

To find the pair (w*, L*) that satisfies the HJIE, we proceed as in Chapter 5, by forming
the Hamiltonian function A : T*(X x X) x W x M™*™ — R for the differential game:

e € e € e e 1 1
A€ w, L, Yo ) = Yoo (2%, 1) (f(2°) + ¢°(z°)w) — 572||w||2 + §||Z||2- (8.7)
Then we apply the necessary conditions for the unconstrained optimization problem:
(w*,L*) = arg {suprnLinA(aceJJ)7 L7Yz)} .

We summarize the result in the following proposition.

Theorem 8.1.1 Consider the system (8.5), and suppose there exists a Ct (with respect to
all its arguments) positive-definite function Y : N x N x R — Ry satisfying the HJIE:

Yi(2©,t) + Yy (2, 1) f () + Ya (2, ) f(2) + 52 Ve (2, 1) g1 (2)g] (2)Y,] (2, t)—
% (ha() — ha(@)(h < )~ o))+
3(ha(@) = hi(2)" (ha(z) — i (2)) =0, Y (2%, T) =0, (8.8)
together with the coupling condition
Ya(2€,t)L(3,t) = —72(ha(x) — ha(2))T. (8.9)

Then the matriz L(&,t) satisfying (8.9) solves the finite horizon NLHIF P locally in N.

Proof: Consider the Hamiltonian function A(z¢,w,L,Y,). Since it is quadratic in w, we
can apply the necessary condition for optimality, i.e.,

oA

ow| 70

w=w*

to get
1 - e
w*i= (ol @Y (@00 + K @)L (@, 0V (0, ).

Moreover, it can be checked that the Hessian matrix of A(x®, w*, L, Y?) is negative-definite,

and hence
A(z®,w*, L,Y,S) > Az®, w, L, YY) Yw € W.

However, A is linear in L, so we cannot apply the above technique to obtain L*. Instead,
we use a completion of the squares method. Accordingly, substituting w* in (8.7), we get

Az w*, L,YS) = Yy(a®t)f(x) + Ya (2, t) f(2) + Ya(z®, ) L(Z, t) (ha(z) — ha(Z)) +
Vel 0 ()g] @)V (@) + 5272+

1
22

2y
Yi (2, t)L(,t)(2) LT (2,t)Yi (2°,1).
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Now, completing the squares for L in the above expression, we get

AGE wh LYS) = Voo () + Yala 07 (3) — 577 [ (hal) — ha(a)) | +
73 27 @ 0T @.0)+ 2 (hat) — hata))|* + 527 +
s Ve g1 (0)gf ()Y (1),

2~2
Thus, taking L* as in (8.9) renders the saddle-point conditions
Aw, L*) < A(w*, L*) < Aw*, L)

satisfied for all (w, L) € W x R™"*™ x R, and the HJIE (8.6) reduces to (8.8). By Lemma
8.1.1, we conclude that (w*, L*) is indeed a saddle-point solution for the game. Finally, it is
very easy to show from the HJIE (8.8) that the L£5-gain condition (8.2) is also satisfied. OJ

Remark 8.1.3 By virtue of the side-condition (8.9), the HJIE (8.8) can be represented as

Yi(a®,t) + Yo (2, 0) f(2) + Ya (25, 0) f (&) + %Yx(xe, t)g1(2)gi ()Y (a°,1)

2y
~ Vi@ OL@LT @Y (0 1) + 5 (@) = s (@) (o) = (@) = 0
Y (2%, T) = 0. (8.10)

Remark 8.1.4 The above result, Theorem 8.1.1, can also be obtained from a dissipative
systems perspective. Indeed, it can be checked that a function Y (.,.) satisfying the HJIE
(8.8) renders the dissipation-inequality

1 T
Y(2(T),T) = Y (2°(to), to) < 5/t (VP llw®* = 12(t)]1*)dt (8.11)

satisfied for all x¢(to) and all w € W. Conversely, it can also be shown (as it has been
shown in the previous chapters), that a function Y (.,.) satisfying the dissipation-inequality
(8.11) also satisfies in more general terms the HJI-inequality (8.8) with “=7 replaced by
“<”. Thus, this observation allows us to solve a HJI-inequality which is substantially easier
and more advantageous to solve.

For the case of the LTT system
= Ax+ Biw, z(tp) = xo

Ci(o — &) (8.12)
= Cox + Dyjw,

PO

< o &
Il

we have the following corollary.

Corollary 8.1.1 Consider the LTI system %! (8.12) and the filtering problem for this sys-
tem. Suppose there exists a symmetric positive-definite solution P to the Riccati-ODE:

P(t) = ATP(t) + P()A + P(t)[%ClTCl ~CTCP(t) + BiBT, P(T)=0. (3.13)

Then, the filter _
&= Az + L(t)(y — Cu)
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solves the finite-horizon linear Hoo filtering problem if the gain-matriz L(t) is taken as
L(t) = P(t)CYT.

Proof: Assume Doy DI, = I, Doy By = 0, tg = 0. Let P(ty) > 0, and consider the positive-
definite function
1

Y(z,2,t) = 572(95 - )Pt t)(x —3), P(t)>0. (8.14)

Taking partial-derivatives and substituting in (8.8), we obtain

—%72(3? —)TP L )PP (t)(x — &) + 72 (x — &)T P () A(z — &) +
%2(96 - )P Y t)ByBI P (t)(x — &) — 7;(33 — )T CTCy(x — 2) +
l(a: —#)'Ccl Ci(z—2)=0. (8.15)

2

Splitting the second term in the left-hand-side into two (since it is a scalar):

2z — TP A —3) = %72(95 _ TP (A — 3) +

1
27w — )T ATPTH (1) (e - ),
and substituting in the above equation, we get upon cancellation,

P Yt)P(t)P~H(t) = P Y )A+ATPY(t)+ P (t)BiBI P\(t) -
CTCy+~72Ct . (8.16)
Finally, multiplying the above equation from the left and from the right by P(t), we get
the Riccati ODE (8.13). The terminal condition is obtained by setting t = T in (8.14) and

equating to zero.
Furthermore, substituting in (8.9) we get after cancellation

P Yt)L(t)=C3 or L(t)=P(t)C3.0
Remark 8.1.5 Note that, if we used the HJIE (8.10) instead, or by substituting Cy =
P=L(t)L(t) in (8.16), we get the following Riccati ODE after simplification:
. 1
P(t) = ATP(t) + P(H)A + P(t)[?ClTCH — LT L) P(t) + B1BY, P(T)=0.

This result is the same as in reference [207]. In addition, cancelling (x—2) from (8.15), and
then multipling both sides by P(t), followed by the factorization, will result in the following
alternative filter Riccati ODE

P(t) = P(t)AT + AP(t) + P(t)[%C’lTC'l —cfept)+ B, BY, P(T)=0. (8.17)

8.1.1 Infinite-Horizon Continuous-Time Nonlinear
‘H~o-Filtering

In this subsection, we discuss the infinite-horizon filter in which case we let 7" — oco. Since
we are interested in finding time-invariant gains for the filter, we seek a time-independent
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function Y : Ny x N; — R, such that the HJIE:
Yo (2) f(2) + Ya(29) f(2) + 52 Ya(2) g1 (2)g] (2)Y (2¢)—
% (ha() = ha(2))7 (ha(w) — ha())+
L (2) = ha(@)T (hi(z) — hi(2)) =0, Y(0)=0, =z, &€ N, (8.18)

is satisfied, together with the coupling condition

~

Yi(2€)L(2) = =% (ha(x) — he(2)T, z, & € Ny. (8.19)
Or equivalently, the HJIE:

Yo (2€) f(2) + Y3 (29) f(2) + 72 Yo () g1 ()9 (2)Y (2€)—
52 Ve () L(2) LT (2) Y (%) +
L(hy(z) — ha(2)T (ha(2) — e (2)) =0, Y(0)=0. =, &€ N, (8.20)

However here, since the estimation is carried over an infinite-horizon, it is necessary to ensure
that the interconnected system (8.5) is stable with w = 0. This will in turn guarantee that
we can find a smooth function Y'(.) which satisfies the HJIE (8.18) and provides an optimal
gain for the filter. One additional assumption is however required: the system (8.1) must be
locally asymptotically-stable. The following theorem summarizes this development.

Proposition 8.1.1 Consider the nonlinear system (8.1) and the infinite-horizon NLHIF P
Jor it. Suppose the system is locally asymptotically-stable, and there exists a C'-positive-
definite function' Y : N1u x N1 — Ry locally defined in a neighborhood of (x,z) = (0,0) and
satisfying the HJIE (8.18) together with the coupling condition (8.19), or equivalently the
HJIE (8.20) for some matriz function L(.) € M™ ™. Then, the infinite-horizon NLHIF P

is locally solvable in N1 and the interconnected system is locally asymptotically-stable.
Proof: By Remark 8.1.4, any function Y satisfying (8.18)-(8.19) or (8.20) also satisfies the

dissipation-inequality

V() =Y t) < 3 [ Gl - [H0])a (821)

for all ¢t and all w € W. Differentiating this inequality along the trajectories of the inter-
connected system with w = 0, we get

¥ (a(1) = gl

Thus, the interconnected system is stable. In addition, any trajectory z¢(t) of the system
starting in Nl neighborhood of the origin ¢ = 0 such that Y(t) = 0Vt > tg, is such that
hi(z(t)) = hi(2(t)) and x(t) = &(t) V¢ > t,. This further implies that ha(2(t)) = ha((t)),
and therefore, it must be a trajectory of the free-system

“=ra=(75)

By local asymptotic-stability of the free-system @ = f(x), we have local asymptotic-stability
of the interconnected system. [J

Remark 8.1.6 Note that, in the above proposition, it is not necessary to have a stable
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HI Filter Estimates HI Estimation Error

states
)

05

Time Time

FIGURE 8.2
Nonlinear H o-Filter Performance with Known Initial Condition

system for Hoo estimation. However, estimating the states of an unstable system is of no
practical benefit.

Example 8.1.1 Consider a simple scalar example

= 71'3

= x+w

wm e &

= x—1I.

We consider the infinite-horizon problem and the HJIE (8.18) together with (8.19). Substi-
tuting in these equations we get

2
1
—23Y, — 2%Y; — %(m 24 (e —#)2=0, Y(0,0)=0
Yiloo = —272(z — ).

If we let v =1, then
—23Y, — 3%V, =0

and it can be checked that

Y(r,2) == (2 +1%) = l;ozi

The results of simulation of the system with this filter are shown on Figures 8.2 and 8.3. A
noise signal
w(t) = wp + 0.1sin(t)

where wqo is a zero-mean Gaussian white-noise with unit variance, is also added to the
output.
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HI Filter Estimates HI Estimation Error
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FIGURE 8.3
Nonlinear H.-Filter Performance with Unknown Initial Condition

8.1.2 The Linearized Filter

Because of the difficulty of solving the HJIE in implementation issues, it is sometimes useful
to consider the linearized filter and solve the associated Riccati equation. Such a filter will
be a variant of the extended-Kalman filter, but is different from it in the sense that, in the
extended-Kalman filter, the finite-horizon Riccati equation is solved at every instant, while
for this filter, we solve an infinite-horizon Riccati equation. Accordingly, let

af Ohy Ohso

F=32(0), Gi=gi(0), Hi=—52(0), Hy=5=(0) (8:22)

be a linearization of the system about x = 0. Then the following result follows trivially.

Proposition 8.1.2 Consider the nonlinear system (8.1) and its linearization (8.22). Sup-
pose for some v > 0 there exists a real positive-definite symmetric solution to the filter
algebraic-Riccati equation (FARE):

1
PFT + FP + P[?HlTHl — HI'H,)P + G,GT =0, (8.23)
or 1
PF" + FP+ P[—H| Hy — L"LIP + G1G{ =0, (8.24)
gl
for some matriz L = PHY . Then, the filter
&= Fi+ L(y — Hyi)

solves the infinite-horizon NLHIFP for the system (8.1) locally on a small neighborhood
O of x = 0 if the gain matriz L is taken as specified above.

Proof: Proof follows trivially from linearization. It can be checked that the function V(z) =
272(x—2)P~(x— ), P asolution of (8.23) or (8.24) satisfies the HJIE (8.8) together with
(8.9) or equivalently the HJIE (8.10) for the linearized system.

Remark 8.1.7 To guarantee that there exists a positive-definite solution to the ARE (8.23)
or (8.24), it is necessary for the linearized system (8.22) or [F, Hy] to be detectable (see
[292]).
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8.2 Continuous-Time Robust Nonlinear H . -Filtering

In this section we discuss the continuous-time robust nonlinear H..-filtering problem
(RNLHIF) in the presence of structured uncertainties in the system. This situation is
shown in Figure 8.4 below, and arises when the system model is not known exactly, as is
usually the case in practice. For this purpose, we consider the following model of the system
with uncertainties:

= f(z)+Af(z,t) + g1(z)w; 2(0)=0
oA 2 = hy(x) (8.25)
y = ha(x)+ Aha(x,t) + koy ()w

where all the variables have their previous meanings. In addition, Af : X x ® — V=X,
Af(0,t) =0, Ahy : X x R = R™, Ahy(0,t) = 0 are the uncertainties of the system which
belong to the set of admissible uncertainties =a and is defined as follows.

Assumption 8.2.1 The admissible uncertainties of the system are structured and matched,
and they belong to the following set:

Za = (ALK Af@.0) = Hi@)F@ 0B (@), Ahy(e,t) = Ha(@)F (o, E()
E(0) =0, /OO(IIE(I)II2 — | F(z,t)E(2)||*)dt > 0, and
0
[ko1(z) Ho(2)][ka1(z) Ha(z)]T >0Vz € X, t € &e}

where Hy(.), Ha(.), F(.,.), E(.) have appropriate dimensions.
The problem is the following.

Definition 8.2.1 (Robust Nonlinear Hoo-Filtering Problem (RNLHIFP)). Find o filter of
the form

pof € = al®) +b(©)y, £0)=0
Z'{éc@ (8.26)

where £ € X is the state estimate, y € R™ is the system output, Z is the estimated variable,
and the functions a : X — VX, a(0) =0,b: X = M™™ ¢: X = R, ¢(0) =0 are
smooth C? functions, such that the Lo-gain from w to the estimation error Z = z — % is less
than or equal to a given number v > 0, i.e.,

T T
JRE R MTOIRY (5.27)
0 0

for all T > 0, all w € L2[0,T], and all admissible uncertainties. In addition with w =0, we
have lim;_,~ 2(t) = 0.

To solve the above problem, we first recall the following result [210] which gives sufficient
conditions for the solvability of the NLHIFP for the nominal system (i.e., without the
uncertainties Af(x,t) and Ahga(x,t)). Without any loss of generality, we shall also assume
for the remainder of this section that v = 1 henceforth.

Theorem 8.2.1 Consider the nominal system (8.25) without the uncertainties Af(x,t)
and Ahs(x,t) and the NLHIFP for this system. Suppose there ezists a positive-semidefinite
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FIGURE 8.4
Configuration for Robust Nonlinear H..-Filtering

function ¥ : NxN—>®R locally defined in a neighborhood N x N of the origin (x,£) =0
such that the following HJIFE is satisfied
HJI(z,€) +b" (2, ) R(2)b(x,£) < 0 (828)

for all x,& € N x ]\7, where

(Wa(2,8) Ue(x,O)][f(2,€) + §(z, )WL (£, )] +

: o w7 (2,€)
(0o (@,6) Welw, k(xR (2,) { wl(2.6) } -

V600 ORG OB @k (€)T ©WT(€,6) -
ha (2, )R~ (@)ha (2, €) + b (2, )P (,€) +
S V(6 001 ORLOR™ (0)ha(z,6)
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=

and

fre) = [ /(@) —gl<z>k2}<z>)R*1<z>h2<z,s> } 7
; _ [ 391©k5 (R (@)ka1 ()] (€)
F(2,6) = ln@T ~kp (@R (@ka(x)* 0],
hi(z,€) = hi(z) = (8),
ho(@,§) = ha(x) = ha(§),
R(x) ko1 (2)kd, ().

solves the NLHIFP for the system (8.25).
Proof: The proof of this theorem can be found in [210].

Remark 8.2.1 Note that Theorem 8.2.1 provides alternative sufficient conditions for the
solvability of the NLHIF P discussed in Section 8.1.
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Next, before we can present a solution to the RNLHIF P, which is a refinement of
Theorem 8.2.1, we transform the uncertain system (8.25) into a scaled or auxiliary system
(see also [226]) using the matching properties of the uncertainties in Ea:

Ts = f(ms) + [91(1'3) %Hl(ms)]ws§ 375(0) =0
sash L = { fli“((ii)) (8.29)
Ys = hQ(xs) + [k21(xs) %H2(Is)]ws

where z; € X is the state-vector of the scaled system, ws € W C L2([0,00), R"T?) is the
noise input, 7 > 0 is a scaling constant, zs is the new controlled (or estimated) output and
has a fictitious component coming from the uncertainties. To estimate z,, we employ the
filter structure (8.26) with an extended output:

£ = al®) +b(Oys, £0)=0
»/ s [ c(€) } (8.30)
S 0 5

where all the variables have their previous meanings. We then have the following preliminary
result which establishes the equivalence between the system (8.25) and the scaled system
(8.29).

Theorem 8.2.2 Consider the nonlinear uncertain system (8.25) and the RNLHIFP for
this system. There exists a filter of the form (8.26) which solves the problem for this system
for all admissible uncertainties if, and only if, there exists a T > 0 such that the same filter

(8.30) solves the problem for the scaled system (8.29).

Proof: The proof of this theorem can be found in Appendix B.
We can now present a solution to the RNLHIF P in the following theorem which gives
sufficient conditions for the solvability of the problem.

Theorem 8.2.3 Consider the uncertain system (8.29) and the RNLHIF P for this system.
Given _a scaling factor 7 > 0, suppose there exists a positive-semidefinite function ® :
Ni x Ni — R locally defined in a neighborhood Ni x Ny of the origin (xs,&) = (0,0) such
that the following HJIE is satisfied:

HII(2,6) + b7 (24, ) R(2)b(ws,€) <0 (8.31)

for all zs,& € N x Nl, where

HII(z,,6) 2 [, (24,6) Pe(ws,O)[f (2s,) + (s, WL (£,6)] +

(@, (25,€)  @e(ws, (w0, T (2, €) [ %5((;5,’5) }

180,600 (Okn (R @)k, (a7 (©)27, (€.6) -
73 (@5, )R (@s)ha(ws, &) + b (@5, €)ha (s, €) +
5B (€ OORE OF (w)h (22, €) + 7B (2,) Bl
e €) = SV OUL (0, &) + R o (0)g] ()W (2,6) -

S (€T OV, (€,€) + halw, )],

| NG
—_
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and

(378)
hi(s, &) = hi(zs) — ha(€
h2(9337£) -

R(z,)

Then the filter (8.30) with

a(€) = S0+ (@)l @FLEE) —bEha(E) + ghn ()g] (1) (€,6)
) = h(g)
solves the RNLHIF'P for the system (8.25).

Proof: The result follows by applying Theorem 8.2.2 for the scaled system (8.25). O

It should be observed in the previous two Sections 8.1, 8.2, that the filters constructed
can hardly be implemented in practice, because the gain matrices are functions of the
original state of the system, which is to be estimated. Thus, except for the linear case, such
filters will be of little practical interest. Based on this observation, in the next section, we
present another class of filters which can be implemented in practice.

8.3 Certainty-Equivalent Filters (CEFs)

We discuss in this section a class of estimators for the nonlinear system (8.1) which we
refer to as “certainty-equivalent” worst-case estimators (see also [139]). The estimator is
constructed on the assumption that the asymptotic value of & equals x, and the gain matrices
are designed so that they are not functions of the state vector x, but of & and y only. We begin
with the one degree-of-freedom (1-DOF) case, then we discuss the 2-DOF case. Accordingly,
we propose the following class of estimators:

f(@) + g1 (2)0* + L(2,y)(y — ha(2) — ka1 (£)0%)

= ho(2) (8.32)
= y—ha(2)

where 2 = g € R™ is the estimated output, Z € R™ is the new penalty variable, w* is the

estimated worst-case system noise and L:Xx Y — Mnxm i§ the gain matrix for the filter.
Again, the problem is to find a suitable gain matrix L(.,.) for the above filter, for

I
mgeed .

ISTERS PPl
|

estimating the state x(t) of the system (8.1) from available observations Y; = {y(r), 7<t},
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t € [to, 00), such that the Lo-gain from the disturbance/noise signal w to the error output
Z (to be defined later) is less than or equal to a desired number v > 0, i.e.,

T T
/ ||z(T)||2dTg72/ lw()|2dr, T > to, (8.33)
t(J t(J

for all w € W, for all zp € O C X. Moreover, with w = 0, we also have lim;_,, 2(t) = 0.
The above problem can similarly be formulated by considering the cost functional

HEw) = 3 [ QR = 2lulPar (539

as a differential game with the two contending players controlling L and w respectively.
Again by making J < 0, we see that the Lo-gain constraint (8.33) is satisfied, and moreover,
we seek for a saddle-point equilibrium solution, (L*, w*), to the above game such that

J(L* w) < J(L*,w*) < J(L,w*) Yw e W, YL € M™¥™, (8.35)

Before we proceed with the solution to the problem, we introduce the following notion of
local zero-input observability.

Definition 8.3.1 For the nonlinear system X%, we say that it is locally zero-input observ-
able if for all states x1, xo € U C X and input w(.) =0
y('a L1, w) = y(.,l’g, w) = X1 = X2,

where y(., z;,w), i = 1,2 is the output of the system with the initial condition x(ty) = x;.
Moreover, the system is said to be zero-input observable, if it is locally zero-input observable
at each tg € X orU = X.

Next, we first estimate w*, and for this purpose, define the Hamiltonian function H :
T*X x W x M" ™ — R for the estimator:

H(&,w,LV]) = Vi(@y)f (@) + g1(@)w + L@, y)(y — ha(@) — ka1 (&)w)] + Vg +

S =+ wl?) (3.36)

for some smooth function V : X x Y — R and with the adjoint vector p = VE(z,y).
Applying now the necessary condition for the worst-case noise

g_g === %[gf(ff)f/?(f) — ki (2)L(&, )V (2,)].

w=w*
Then substituting @* into (8.36), we get

H(&@" LV]) = Vaf(d)+ Vg + 2i Vagu(@)gf @)V3 (&) + VaL(@,y)(y — ha(2)) +

Fa VL@@V + 50— ma@) k@) (537)

Completing the squares now for L in the above expression for H(.,w*, L,.), we get

A R R R 2
H(&,w", L, V) = Vaf(®)+Vyy+ #Vigl(j)gf(j)vag - 77(1/ — ha(2))" (y — ha(%)) +
ooz | BTGP+ 22 = @)+ 50— kel (0 - a(@),
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Therefore, choosing L* as

Va(&,y)L*(2,y) = —7(y — ha(@))” (8.38)

minimizes H (45454 .) and gurantees that the saddle-point conditions (8.35) are satisfied by
(w*, L*). Finally, substituting this value in (8.37) and setting

yields the HJIE

2y
Ly — ha(#)T(y — ha(@))+
Ly — ha(&))T(y — ha()) = 0, V(0,0) =0, (8.39)

This is summarized in the following result.

Proposition 8.3.1 Consider the nonlinear system (8.1) and the NLHIFP for it. Suppose
Assumption 8.1.1 holds, the plant X% is locally asymptotically-stable about the equilibrium-
point x = 0 and zero-input observable. Suppose further, there exists a C' positive-
semidefinite function V:NxY - R locally defined in a neighborhood NxYcXxxy of
the origin (&,y) = (0,0), and a matriz function L : N x Y — M™ ™ satisfying the HJIE

8.89) or (8.40) together with the coupling condition (8.38). Then the filter £2°°/ solves the
( g pling 5
NLHIFP for the system.

Proof: Let V > 0 be a C! solution of the HJIE (8.39) or (8.40). Differentiating V along a
trajectory of (8.32) with w in place of w*, it can be shown that

X 1 . B
V< 5(72||w||2 — [1211%).

Integrating this inequality from ¢ =ty to ¢ = 0o, and since V' > 0 implies that the L£2-gain
condition [ [|2(t)[[2dt < 4 [ [Jw(#)[|*dt is satisfied. Moreover, setting w = 0 in the above

inequality implies that v < —1]1Z]|* and hence the estimator dynamics is stable. In addition,
V=0Vt>t, = 2=0=y = hy(&) = 4.
By the zero-input observability of the system %%, this implies that x = z. [

Remark 8.3.1 Notice also that for v = 1, a control Lyapunov-function 1% [102, 170] for
the system (8.1) solves the above HJIE (8.39).
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8.3.1 2-DOF Certainty-Equivalent Filters

Next, we extend the design procedure in the previous section to the 2-DOF case. In this
regard, we assume that the time derivative y is available as an additional measurement
information. This can be obtained or estimated using a differentiator or numerically. Notice
also that, with y = ho(z) + ko1 (2)w and with w € L£5(0,T) for some T sufficiently large,
then since the space of continuous functions with compact support C. is dense in Lo, we
may assume that the time derivatives gy, ¢ exist a.e. That is, we may approximate w by
piece-wise C' functions. However, this assumption would have been difficult to justify if we
had assumed w to be some random process, e.g., a white noise process.
Accordingly, consider the following class of filters:

o= [@)+a@ )w +L1(w y Y = ha(2) — ka (2)*)+
Zacef . 3 = hg(ﬁf)
: L (ayha(2))

3 = y*hQ(g\:)

¥ — Lfyha()

where z € R™ is the estimated output of the filter, z € R* is the error or penalty variable,
L¢hy denotes the Lie-derivative of hy along f [268], while Ly : X x TY — M™ ™ Lq :
X xTY — M"*™ are the filter gains, and all the other variables and functions have their

corresponding previous meanings and dimensions. As in the previous subsection, we can
define the Hamiltonian H : T*X X W x M™*™ x M"™*™ — R of the system as

Lo(&,y,9)(§ — ﬁf(i)h2(j7))} + Vi + Vi + 5 (||Z||2 72 wlf?) (8.41)

for some smooth function V : X x TY — R and by setting the adjoint vector p = VZT Then
proceeding as before, we clearly have

Substitute now w* into (8.41) to get

1 R
Vagr(¥)g1 (2)V3 +

H(x, 0 Ly, Lo, Vi) = ‘vif<*>+vyy+vyy+2 .

VILl(xay7y)(y - hg(l’)) + WVILl(xay7y)Lf(xay7y)viT +

V3ol )3 — Lrha(2)) + 505 — Leha@) (5~ Lyha(®) +

1 . .
s - ha(2))" (y — ha(2))
and completing the squares for Ly and ﬁg, we get
s s s N 1 . s
H(‘T7w 7L17L27Vd:T) = Vﬂ?f( ) + Vyy + Vyy + 2 QVﬂ?gl(z)g,lT(x)VxT -
2
T = ha@) (0~ b)) + 5 [EF @ 0 9% — @)+

123 (2, y, )V + (zifﬁfhz(ﬁﬁ))ll2 - §V@L2(i7y, 9)L3 (@9, 9)Vy +

(y — ha(2))" (y — ha(2)).

DN = DN =
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Hence, setting

Vi@, y, 9) L5 (0, 9) = —72(y — ha(2)T (8.42)

minimizes H and gurantees that the saddle-point conditions (8.35) are satisfied. Finally,
setting
H(x,w*, Ly, L3, Vi) =
yields the HJTE
Vi (&, 9)F () + Vy (2,9, 9) + Vg (&, y, 9)ij+
72 V(@ y, )91 (@)g] @)V (2,9, 9)—
30 = Lyha()" (5 — Lyha () +
U (y — ho(2))T (y — ha(i)) =0, V(0,0) =0. (8.44)
Consequently, we have the following result.

Theorem 8.3.1 Consider the nonlinear system (8.1) and the NLHIF P for it. Suppose As-
sumption 8.1.1 holds, the plant X% is locally asymptotically-stable about the equilibrium-point
r =0 and zero-input observable. Suppose further, there exists a C' positive-semidefinite
function V:NxY — R locally defined in a neighborhood NxY CXx TY of the origin
(x,y,9) = (0,0,0), and matriz functions Ly : N x Y — M™ ™ Ly : N xY — M"*m,
satisfying the HJIE (8.44) or equivalently the HJIE:

Vi (@, 4, 9) (&) + Vi (2,9, 9)8 + Vi (2,5, 9)§ + 52 Va (@, ,9)91 (2)g] (@) VT (2, y,9)—
sz Vi (&, 9) L (2,9, ) LT (2w, ) VT (2,9, 9)—
Vi (@, y,9) Lo, y, 9) LT (0,5, VT (2,5, 9) + 5y — ha(2))T (y — ha(2)) = 0,
V(0,0,0) =0 (8.45)

together with the coupling condition (8.42), (8.48). Then the filter £5°°/ solves the
HINLFP for the system.

Proof: The first part of the proof has already been established above, that (w*, [L?f7 Lg])
constitute a saddle-point solution for the game (8.34), (8.41). Therefore, we only need to
show that the Lo-gain requirement (8.33) is satisfied, and the filter provides asymptotic
estimates when w = 0.

Let V > 0 be a C! solution of the HJIE (8.44), and differentiating it along a trajectory
of the filter chef with @ in place of @*, and L}, L3, we have

Vo= Vi@ 9)f@) + g1 (@) + Ly, y)(y — ha(d) — ko (2)) +
Lo(a,y,9)(§ — Lha(2))] + Vi + Viij
= {Va:f(‘)+Vy+Vyy+ 1Vx91(5ﬂ)91T(53)V¢T+

2 2
By ko)~ o) — 35~ Lol G~ £ha()} +

Vigr (&) — V Lt 1@, y)ko1 (2)w — ingl(ﬂf)g{(l’)vcg -
2

)

(y — ha(2) " (y — ha(2)) + VaLa(2,y,9)(y — Lyha(¥)) —

(y — ha(2))" (y — ha(2)) + %(1) — Lyha(2)"( — Lyha(2))

w|

N =
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2 2 2
Y L PN S N ST Yoz Lis2
= —— - — Vs —k L Vs — - =
7| = 2ol @V + SRR @I @V |+ el - 52
1 . -
< 5(72llwll2*||Z|l2)-

Integrating the above inequality from ¢t = ty to ¢ = oo, we get that the Ls-gain condition
(8.33) is satisfied.

Similarly, setting @ = 0, we have V = — 1||Z]|?. Therefore, the filter dynamics is stable.
Moreover, the condition

V=0Vt>t, = 5=0=y=hy(i), §=Lrha(2).

By the zero-input observability of the system X%, this implies that & = 2Vt > t,. O
We consider an example to illustrate and compare the performances of the 1-DOF and
the 2-DOF.

Example 8.3.1 Consider the nonlinear system

j?1 = —3?:13 — X2
.%"2 = —X1 — X2
Yy = x1+tw

where w = 5wo + 5sin(t) and wo is a zero-mean Gaussian white-noise with unit variance.
It can be checked that the system is locally zero-input observable and the functions V(x) =
$(23+123), V(2) = 5(21 +123) solve the HJl-inequalities corresponding to (8.39), (8.44) for
the 1-DOF and 2-DOF certainty-equivalent filters respectively with v = 1. Subsequently, we

calculate the gains of the filters as

s 1 s 1 s —a3

L(gj,y) - |: —y/.i‘g :| ) L1($7yay) - |: —y/i‘g :| ) LQ(Z’,ZJ,ZJ] - |: _(y_ij)/i.2 :|
and construct the filters $5°°7 Egcef respectively. The results of the individual filter perfor-
mance with the same initial conditions but unknown system initial conditions are shown in
Figure 8.5. It is seen from the simulation that the 2-DOF filter has faster convergence than
the 1-DOF filter, though the latter may have better steady-state performance. The estima-
tion errors are also insensitive or robust against a significantly high persistent measurement
noise.

8.4 Discrete-Time Nonlinear H-Filtering

In this section, we consider Ho-filtering problem for discrete-time nonlinear systems. The
configuration for this problem is similar to the continuous-time problem shown in Figure
8.1 but with discrete-time inputs and output measurements instead, and is shown in Figure
8.7. We consider an affine causal discrete-time state-space system with zero input defined
on X CR" in coordinates z = (x1,...,x,):

1 = flzr) + g(@p)wr; x(ko) = xo
yda . 2 = hi(xr) (8.46)
yr = hao(zr) + ko (zr)ws
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Configuration for Discrete-Time Nonlinear Ho-Filtering

where x € X is the state vector, w € W C {la[ko, 00) is the disturbance or noise signal,
which belongs to the set YW C R” of admissible disturbances or noise signals, the output
y € R™ is the measured output of the system, while z € R® is the output to be estimated.
The functions f : X = X, g1 : X - M (X), hy : X — R°, hy : X — R™, and
k12 : X — M*P(X), ko1 : X — M™*"(X) are real C*° functions of z. Furthermore, we
assume without any loss of generality that the system (8.46) has a unique equilibrium-point
at x = 0 such that f(0) =0, hy1(0) = ha(0) = 0.

The objective is to synthesize a causal filter, Fy, for estimating the state xj, or a function
of it, z = hi(xk), from observations of yi up to time k € Z, i.e., from

Y2 {yii <k},

such that the fo-gain from w to Z, the error (or penalty variable), of the interconnected
system defined as
z
e o wtaf, A sy Ll (3.47)
ozwets [[wll2
where w := {wy }, £ := {Z;}, is rendered less or equal to some given positive number v > 0.
Moreover, with wy = 0, we have limy_, o Zx = 0.
For nonlinear systems, the above condition is interpreted as the ¢5-gain constraint and
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is represented as

K K
DoIEIP <D llwnl?, K > ko € Z (8.48)
k=kqo k=ko
for all w, € W, and for all z° € O C X.
The discrete-time nonlinear H., suboptimal filtering or estimation problem can be de-
fined formally as follows.

Definition 8.4.1 (Discrete-Time Nonlinear Hoo (Suboptimal) Filtering/ Prediction Prob-
lem (DNLHIFP)). Given the plant 9% and a number v* > 0. Find a filter Fj, : Y — X
such that

Tt = Fr(Y), k=ko,..., K

and the constraint (8.48) is satisfied for all v > ~v*, for all w € W, and for all 2° € O.
Moreover, with wy, =0, we have limy_, 2 = 0.

Remark 8.4.1 The problem defined above is the finite-horizon filtering problem. We have
the infinite-horizon problem if we let K — oo.

To solve the above problem, we consider the following class of estimators:

Zdaf:{ xk;; - f Z)JFL(J%, k)lyr — ha(@r)], (ko) = &7 (8.49)

where 23, € X is the estimated state, L(.,.) € M™*™(X x Z) is the error-gain matrix which
has to be determined, and %2 € R° is the estimated output of the filter. We can now define
the estimation error or penalty variable, Z, which has to be controlled as:

Z’k = Zk — ?:’k = hl(zlik) — hl(ﬁjk)

Then we combine the plant (8.46) and estimator (8.49) dynamics to obtain the following
augmented system:

IS1e

(
(

Tht1 =
Zr =

S

R

:; + g(@)we, #(ko) = (2 2°7)T } 7 (8.50)

)

where 7, = (2} 21)7

v

N f(z) iy 91 (k)
J&) = < F(@x) + L@k, k) (ha(zr) — ha(@)) ) 9(%) = ( L(Zk, k)ka (z1) )
h(ig) = ha(ak) — ha ().

The problem is then formulated as a two-player zero-sum differential game with the cost
functional:

K

: T 1 v 12 2 2

mjnmgx J(Ew) = 3 3 (=l (8.51)
=ko

where w := {wy}, L := L(x, k). By making J < 0, we see that the H,, constraint || X%/ o
Y4, < 7 is satisfied. A saddle—point equilibrium solution to the above game is said to
exist if we can find a pair w*) such that

(L
J(L*,w) < J(L* ) < J(L,w*) Yw e W, YL € M™™, (8.52)
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Sufficient conditions for the solvability of the above game are well known [59]. These are
also given as Theorem 2.2.2 which we recall here.

Theorem 8.4.1 For the two-person discrete-time nonzero-sum game (8.51)-(8.50), under
memoryless perfect information structure, a pair of strategies (L*, w*) provides a feedback
saddle-point solution if, and ony if, there exist a set of K — ko functions V : X x Z — R,
such that the following recursive equations (or discrete-Hamilton-Jacobi-Isaac’s equations

(DHJIE)) are satisfied for each k € [ko, K]:

y L y
Ve = i s LA =) + Vi ke ),

: 1 2 2
= su min =(|Zkll” — ||lw +V(Zpr1,k+1) ¢,
swp i {5081~ Junl?) + V(@b 1)

L. . ) )
= §(||Zk(96)||2 = Plwr@)I?) + V(@g b +1), V(@K +1) =0, (8.53)

k=ko,...,K, where t = I, and

v v

ahy = (@) + 5 @Fowh, (@) = (@) v 95 (@) = 9(Tr)| s -

Qc
—~

Equation (8.53) is also known as Isaac’s equation.

Thus, we can apply the above theorem to derive sufficient conditions for the solvability
of the DNLHIFP. To do that, we define the Hamiltonian function H : (X x X) x W x
MPXT R — R associated with the cost functional (8.51) and the estimator dynamics as

H (o V) = V() + §0)wr () 5+ 1) = Vi k) + S 15— 572 w7, (854

where the adjoint variable has been set to p = V. Then we have the following result.

Theorem 8.4.2 Consider the nonlinear system (8.46) and the DNLHIFP for it. Suppose
the function hy is one-to-one (or injective) and the plant X is locally asymptotically-stable
about the equilibrium-point x = 0. Further, suppose there exists a C1 (with respect to both
arguments) positive-definite function V : N x N x Z — R locally defined in a neighborhood
N C X of the origin & = 0, and a matriz function L : N x Z — M"™ ™ satisfying the
following DHJIE:

y e (x\ | k(N Lo 1 y y
V(#, k) = V(@) + g (@0)wi (@), k+ 1) + 515 @1 - 5% [lwi@17, V(E, K +1) =0,

2
(8.55)
k=ko,...,K, together with the side-conditions:
o o, O V(INE+1
wi®) = 2] 7 (8.56)
v A=f (@) +g(@)w},
L#) = arg min (H(Ew), L V), (8.57)
0’H
Tl (&, wg, L*, V) <0, (8.58)
=0
0’H
(&, wy, L, V) > 0. (8.59)
L2 $=0

Then: (i) there exists a unique saddle-point equilibrium solution (w*,L*) for the game
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(8.51), (8.50) locally in N; and (ii) the filter ©9%1 with the gain-matriz L(y, k) satisfying
(8.57) solves the finite-horizon DNLHIF P for the system locally in N.

Proof: Assume there exists positive-definite solution V(., k) to the DHJIEs (8.55) in N C

X for each k, and (i) consider the Hamiltonian function H(.,.,.,.). Apply the necessary
condition for optimality, i.e.,
oTH 0TV k41
w = gT(x)T) . —7*wj; =0,
W | y=w* A=F(@)+5(#)w}
to get
L op, 0TV E+1 y
wy, = _ng(l")T) ) 1= ap (&, wi).- (8.60)
v A=F (@) +3(2)w
Thus, w* is expressed implicitly. Moreover, since
PH g, 02V(NE+1) e
i e §5) —°1
w A=F(@)+3(@)w}

is nonsingular about (Z, w) = (0, 0), the equation (8.60) has a unique solution (), ap(0) =
0 in the neighborhood N x W of (z,w) = (0,0) by the Implicit-function Theorem [234].
Now substitute w* in the expression for H(.,.,.,.) (8.54), to get

R

1o o
WP = 572w (@)1

(i, LV) = V@) + d@ut@),k+1) -V k) + 5 l5@)P -

and let
L* = arg mLin {H(Z,wy, L, V)}.

Then, by Taylor’s theorem, we can expand H(.,.,.,.) about (L*, w*) [267] as

H(#w,L,V) = H(#w*, L* V)+1( — *)TaQH( L*)(w — w*) +
T,w, L, = T,wh, L7, 2w w w2 w, w—w
1 *TaQH * *\T
5Tr{[In(g)(L—L) ]8L2(w D)1 ® (L — L) ]}+

O(llw = w*||* + ||L — L*|]°). (8.61)
Thus, taking L* as in (8.57) and w* = «ao(Z, w*) and if the conditions (8.58), (8.59) hold,
we see that the saddle-point conditions
H(w,L*) < H(w*,L*) < H(w*,L) YL € M™™ Y € ly[ko, K], k € [ko, K]

are locally satisfied. Moreover, substituting (w*, L*) in (8.53) gives the DHJIE (8.55).

(ii) Reconsider equation (8.61). Since the conditions (8.58) and (8.59) are satisfied about
Z = 0, by the Inverse-function Theorem [234], there exists a neighborhood U C N x N of
Z = 0 for which they are also satisfied. Consequently, we immediately have the important
inequality

H(#w, L*\V) < H(@iw",L*V)=0VEeU

1 1
= V(@ps1,k+1) = V(2 k) < 572||w,€||2 - §||ék||2, Vi € U, Ywy, € W. (8.62)
Summing now from k = kg to k = K, we get the dissipation inequality [183]:

K
y 1 1
V(iki1, K +1) = Vi(wk, ko) < Y 5“72||wk||2 - §||Zk||2- (8.63)
ko

Thus, the system has ¢s-gain from w to Z less or equal to . [J
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8.4.1 Infinite-Horizon Discrete-Time Nonlinear H..-Filtering

In this subsection, we discuss the infinite-horizon discrete-time filtering problem, in which
case we let K — oo. Since we are interested in finding a time-invariant gain for the filter,
we seek a time-independent function V' : N x N — R locally defined in a neighborhood
N x N CX x X of (z,z) = (0,0) such that the following stationary DHJIE:

o ks s _ 1., 1 L - P
V(£ (@) + g (@)a* (@) = V(@) + 512D = 57 10" @) =0, V(0)=0, @ &N
(8.64)
is satisfied together with the side-conditions
1 V(A
o (E) = gt (%) ®) = ay (&, %), (8.65)
o oA . i
A=F(2)+5(2) D
L*(#) = arg min {f{r(f,m*,i,x?) (8.66)
0? ~
W(x,w,L 7V) < 0, (867)
=0
PH, ., - -
W(x,w ,L7V) > 0, (868)
=0
where y 5
@) =Ff@| . 7@ =@l
~ -~ N ~ 1. 1
H(#,wg, L, V) = V(£(#) + g(#)w) = V(2) + 12" = 577w ]?, (8.69)

and w*, L* are the asymptotic values of wy, L respectively. Again here, since the estimation
is carried over an infinite-horizon, it is necessary to ensure that the augmented system (8.50)
is stable with w = 0. However, in this case, we can relax the requirement of asymptotic-
stability for the original system (8.46) with a milder requirement of detectability which we
define next.

Definition 8.4.2 The pair {f,h} is said to be locally zero-state detectable if there exists
a neighborhood O of x = 0 such that, if xy is a trajectory of xxy1 = f(xr) satisfying
x(ko) € O, then h(xy) is defined for all k > ko and h(zr) = 0 for all k > ks, implies

limk_mo Tk = 0.

A filter is also required to be stable, so that trajectories do not blow-up for example in
an open-loop system. Thus, we define the “admissibility” of a filter as follows.

Definition 8.4.3 A filter F is admissible if it is (internally) asymptotically (or exponen-
tially) stable for any given initial condition x(ky) of the plant X%, and with w = 0

lim % = 0.
k—o00

The following proposition can now be proven along the same lines as Theorem 8.4.2.

Proposition 8.4.1 Consider the nonlinear system (8.46) and the infinite-horizon
DNLHIFP for it. Suppose the function hy is one-to-one (01" injective) and the plant
yda is zero-state detectable. Further, suppose there ewist a C' positive- definite function
V:NxN >R locally defined in a neighborhood NcXx of the origin & =0, V( ) =0 and
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a matriz function L : N — M™ ™ satisfying the DHJIEs (8.64) together with (8.65)-(8.69).
Then: (i) there exists locally a unique saddle-point solution (w*, INJ*) for the game; and (ii)
the filter 9% with, the gain matriz L(&) = L*(2) satisfying (8.66) solves the infinite-horizon
DNLHIFP locally in N.

Proof: (Sketch). We only prove that the filter 9%/ is admissible, as the rest of the proof
is similar to the finite-horizon case. Using similar manipulations as in the proof of Theorem
8.4.1, it can be shown that with w = 0,

) YIS
V(@) = V(E) < —5 %01

Therefore, the augmented system is locally stable. Further, the condition that f/(i:kﬂ) =
f/(ik) Vk > k., for some k. > kg, implies that Z, = OVk > k.. Moreover, the zero-state
detectability of the system (8.46) implies the zero-state detectability of the system (8.50)
since hy is injective. Thus, by virtue of this, we have limy_. zx = 0, and by LaSalle’s
invariance-principle, this implies asymptotic-stability of the system (8.50). Hence, the filter

ydaf is admissible. O

8.4.2 Approximate and Explicit Solution

In this subsection, we discuss how the DNLHIF P can be solved approximately to obtain
explicit solutions [126]. We consider the infinite-horizon problem, but the approach can also
be used for the finite-horizon problem. For simplicity, we make the following assumption on
the system matrices.

Assumption 8.4.1 The system matrices are such that

koir(2)gf (z) = 0 Ve X,
koy(v)kd () = I VreX.
Now, consider the infinite-horizon Hamiltonian function H(.,.,.,.) defined by (8.69). Ex-

panding it in Taylor-series about f(i) = ( ;Eg > up to first-order! and denoting this

expansion by ﬁ(, .+ .) and L by L, we get:

o~ ~ o~

Hw, L.V) = (V@) + ValF@)g @+ Va(F@)L@) (hale) — ha(@) + b (@)w)

- ~ 1 1 R P
L0173} = V(@) + 57 = 577wl ze N x N, wew (3.70)

where T = Ty, 2 = Zk, w = wy, f/z, V; are the row-vectors of the partial-derivatives of 1%
with respect to x,  respectively,

s i)
L(2)[ha(z) — ha(2) + k21 (z)w]

and Ol112
L O(]?)

=0 [|0]|?

= 0.

LA second-order Taylor-series approximation would be more accurate, but the solutions become more
complicated. Moreover, the first-order method gives a solution that is close to the continuous-time case [66].
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Then, applying the necessary condition for optimality, we get

aa_i = g1 (2)V, (F(®)) + ki () LT @)V (@) = %" =0,
— 07 () = —lgT @V (F@)) + K5 (@) L7 (@) V2 (F))) (8.71)

Now substitute @* in (8.70) to obtain

~ ~ - o~
T

H(z, o}, LV) ~ VI (5;))—1/(5:)+va( (@)1 ()9 (2)V, ( (56))+%II5II2+

22
Completing the squares for L in the above expression for H (cyeyeye), We get
o N Ry N
H(x,w*, L, V) ~ V(f(£)) = V(Z)+ va( (@)g1(@)g1 @)V, (F(#)) + 112)* +
L o7 o 7o A 7 3
57 |ET @V (F@) + 72 (ha(a) ~ ha(@))| = W) — Pa(a)
Thus, taking L* as
Va(F(#)L*(@) = =7 (ha(e) = ha(8))", @, 8 €N (8.72)

minimizes H (4. .,.) and renders the saddle-point condition

H(w*,L*) < H(w*,L) VL € M™*™
satisfied. K R

Substitute now L* as given by (8.72) in the expression for H(.,.,.,.) and complete the
squares in w to obtain:
S o R U T
A@w D7) = V() - 5@ L@L @ Fo + glal +
1 > e S
2 Va(F(@)gr(@)g1 (2)Vy (f(%)) = V(%)
2
v 1 o1 2
| = el @V (@) - Hh @@V ()|

Thus, substituting w = w* as given in (8.71), we see that the second saddle-point condition
H(w*, L*) > H(w,L*), Yw e W

is also satisfied. Hence, the pair (w*, I:*) constitutes a unique saddle-point solution to the

game corresponding to the Hamiltonian H (4. .). Finally, substituting (w*,i*) in the
DHJIE (8.53), we get the following DHJIE:
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With the above analysis, we have the following theorem.

Theorem 8.4.3 Consider the nonlinear system (8.46) and the infinite-horizon DNLHIF P
for this system. Suppose the function hy is one-to-one (or injective) and the plant $4°
is zero-state detectable. Suppose further there exists a C* positive-definite function V :
NxN-—=® locally defined in a neighborhood NxNCXxX of the origin & = 0, and
a matrix function L:NxN — Mmrxm satisfying the DHJIE (8.73) together with the
side-condition (8.72). Then:

i) there exists locally in Na unique saddle-point solution (w*, L*) for the dynamic game
g

corresponding to (8.51), (8.50);

(ii) the filter 9 with the gain matriz L(z) = L*(&) satisfying (8.72) solves the infinite-
horizon DNLHIFP for the system locally in N.

Proof: Part (i) has already been shown above. For part (ii), consider the time variation of
V' >0 (a solution to the DHJIE (8.73)) along a trajectory of the augmented system (8.50)
with L = L*, i.e

V(z) = V(
1%

Q

|
2
=
|
s
_*
_w
E
o
+
<
§>
g
*
&
h
*
®
<
iy
=
ﬁ/(

2
- 1 -~
< V(@) + Tlwl? - 51507 VE € N x N vwew,

where use has been made of the Taylor-series approximation, equation (8.72) and the DHJIE
(8.73). Finally, the above inequality clearly implies the infinitesimal dissipation-inequality:

~ ~ 1 1,. . ~ ~
V(Zky1) = V(Tk) < 572||wk||2 — §||zk||2 Vi e N x N,Vw € W.
Therefore, the system (8.50) has locally ¢o-gain from w to £ less or equal to 7. The remaining
arguments are the same as in the proof of Proposition 8.4.1. O

We now specialize the result of the above theorem to the linear-time-invariant (LTT)
system:

i1 = Az + Biwg, x(ko) = 2°
»dt . % o= Ci(zg —2x) (8.74)
yr = Coxy + Doywy, DnBY =0, DI Dy =1,

where all the variables have their previous meanings, and A € R"*" By € R"*", C € R¥*™,
Co € R™*™ and Doy € R™*" are constant real matrices. We have the following corollary to
Theorem 8.4.3.

Corollary 8.4.1 Consider the discrete-LTI system XU defined by (8.74) and the
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DNLHIFP for it. Suppose Cy is full column rank and A is Hurwitz. Suppose further,
there exists a positive-definite real symmetric solution P to the discrete algebraic-Riccati
equation (DARE):

~ ~ 1 ~ ~ 1 ~n i~
ATpA—-P— WATPBlBlTPA - WATPLLTPA +C{C1=0 (8.75)

together with the coupling condition:
ATPL; = —~*CT. (8.76)
Then:

(1) there exists a unique saddle-point solution (W}, I:f) for the game given by

i %(B{ + DT D)PA(w — #),
(x—2)TATPLy = —4?(z-#)"CT;
(ii) the filter F defined by
Sigp: Bwy1 = Ady + Ly — Coxy),  2(ko) = 2°

with the gain matriz L= Iif satisfying (8.76) solves the infinite-horizon DNLHIFP for
the system.

Proof: Take:
V(#)==(z —2)TP(x —2), P=PT >0,

and apply the result of the theorem. [
Next we consider an example.

Example 8.4.1 We consider the following scalar example:

1

Tpy1 = T
Yk T + W
Zk Tk

where wy, = wo + 0.1sin(27k), and wq is zero-mean Gaussian white noise. We compute the
solution of the DHJIE (8.73) using the iterative scheme:

Vitie) = VK <5:>>+2—;V;< (©)gr(@)g] () V.1 (F(x)) -
#Vg (FGENEI @) @)V (F@) + (o) — (@) (0 (@) — b (2),
Vi(0)=0, 2,2€N, j=0,1,... (8.77)

starting with the initial guess VO(¥) = 1z —2)%, v =1 and initial filter-gain lo = 1, after

1 1

one iteration, we get V(i) = (z3 —55%)2—&-%(95—55)2 and V;(f(.i‘)) =-2 (Igg“:g) — (x5 —
x9

55%). Then we proceed to compute the filter-gain using (8.72). The result of the simulation
is shown in Figure 8.7.
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FIGURE 8.7
Discrete-Time Nonlinear Ho-Filter Performance with Unknown Initial Condition

8.5 Discrete-Time Certainty-Equivalent Filters (CEFs)

In this section, we present the discrete-time counterpart of the the results of Section 8.3.1
which we referred to as “certainty-equivalent” worst-case estimators. It is also similarly
apparent that the filter gain derived in equation (8.72) may depend on the estimated state,
and this will present a serious stumbling block in implementation. Therefore, in this section
we derive results in which the gain matrices are not functions of the state x, but of Z and y
only. The estimator is constructed on the assumption that the asymptotic value of & equals
x. We first construct the estimator for the 1-DOF case, and then we discuss the 2-DOF
case.

We reconsider the nonlinear discrete-time affine causal state-space system defined on a
state-space X C R" with zero-input:

sda { Tht1 f(zr) + g1 (zp)wi; x(ko) = 2°
' yr = ha(zk) + ko1 (z)wg

(8.78)

where z € X is the state vector, w € W C £a([ko, 00), R") is the disturbance or noise signal,
which belongs to the set W of admissible disturbances and noise signals, the output y € Y C
R™ is the measured output of the system, which belongs to the set ) of measured outputs,
while z € R® is the output to be estimated. The functions f : X — X, g1 : X — M™X",
where M**7(X) is the ring of i x j matrices over X, hy : X — R™, and ko1 : X — M™*"(X)
are real C'* functions of z. Furthermore, we assume without any loss of generality that the
system (8.78) has a unique equilibrium-point at = 0 such that f(0) = 0, h2(0) = 0.

Assumption 8.5.1 The system matrices are such that

koi(z)gi () = 0
ko1 (z)ks, (z) =

Again, the discrete-time H., nonlinear filtering problem (DHINLFP) is to synthesize a
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filter, Fy, for estimating the state xj from available observations Yy, 2 {yi, i < k} over a
time horizon [kg, 00), such that

Tpy1 = Fr(Yr), k€ [ko,00),

and the f5-gain from the disturbance/noise signal w to the estimation error output Z (to be
defined later) is less than or equal to a desired number v > 0, i.e.,

SNz <D llwell?, keZ (8.79)

k=ko k=ko

for all w e W, for all zg € O C X.
There are various notions of observability, however for our purpose, we shall adopt the
following which also generalizes the notion of “zero-state observability.”

Definition 8.5.1 For the nonlinear system (8.78), we say that it is locally zero-input ob-
servable if for all states xy,, xp, € U C X and input w(.) =0,

y('7xk1aw) = y(.,:z:k2,w) = Ty = Ty,

where y(., xp,,w),i = 1,2 is the output of the system with the initial condition x(ko) = xy, .
Moreover, the system is said to be zero-input observable if it is locally zero-input observable
at each 2° € X or U = X.

We now propose the following class of estimators:

toees Try1 = f(@r) + g1(@)0F + L@k, y) (Yo — ha(@k) — ko1 (21)10F)
sdacef . 5 = ho(dn) (8.80)
Zr = yr— ha(2)

where 2 = ¢ € R is the estimated output, Zxr € R™ is the new estimation error or penalty
variable, w* is the estimated worst-case system noise and L : X x ) — M"™*"™ is the gain-
matrix of the filter. We first determine w*, and accordingly, define the Hamiltonian function
H:X xYXxWx M xR — R corresponding to (8.80) and the cost functional

J = njnngs 3157 =), k€ 2 (3.81)
by
H(o,w, LV) = V(@) + 91w+ L)y~ hald) — b (#)wy) -
V(g yr) + 5 (1217 = 7o) (3.52)

for some smooth function V : X x Y — R, where x = zy, y = yx, w = wy, and the adjoint
variable p is set as p = V. Applying now the necessary condition for the worst-case noise,
we get

OTH
ow

V(A y)
O aepe @)
—y** =0, (8.83)

= (91 (&) — k3, (&) L7 (2,y))

w=w*

where
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and

T
0 = 6T @) - K @27 @) T —oag(Eity). (884)

A=F*(&,y,0%)

Moreover, since

O*H
ow?

PV (A y) ‘

= (97 (@) = k3 (D) L" (@, 9) =553 (91(2) — L(&,y)ka1(2)) —4°1

A=F*(&,y,0%)

w=w*

is nonsingular about (%, w, y) = (0,0, 0), equation (8.84) has a unique solution w* = a(Z,y),
«(0,0) = 0 in the neighborhood N x W x Y of (z,w,y) = (0,0,0) by the Implicit-function
Theorem [234].

Now substitute @w* in the expression for H(.,.,.,.) (8.82), to get

H(ﬁja va*v L7 V) = V(f(i') + gl(f)’lf}* + L(ja y)(y - hQ(i‘) - kQI(j)w*)a y) -
Vi) + 5 (1217 — 20 ?)

and let
L* = arg mLin {H(Z,y,w*,L,V)}. (8.85)

Then by Taylor’s theorem [267], we can expand H(.,.,.,.) about (L*,@*) as

1 ’H
H@yw, LV) = H(yot L V) 4 5 (w—0t)" 2

Ow?
%Tr {[In @ (L — L*)7] ‘z)g (@, L)[Ipn ® (L — L*)T]} +

O(llw — ™| + || L — L*|°). (8.86)

(w, L*)(w — @*) +

Thus, taking L* as in (8.85) and w* = «(&,y) and if the conditions

0*H
- (&, y,w, L*, V) <0, (8.87)
ow (2=0,w=0)
0’H
312 — (&,y, 0", L,V) ( ) >0 (8.88)
&=0,w=0

hold, we see that the saddle-point conditions
H(w,L*) < Hw",L*) < H(w*,L) YL € M™™ Nw e W
are locally satisfied. Moreover, setting
H(z,y,w*,L*,V)=0
gives the DHJIE:

V(&) + g1(@)e(E, y)+L*( Yy — ho(E) — k21(2)(2,y)),y) = V(& yk-1)+
slIZ@))? = 37%lla(z, ) |* =0, V(0,0)=0, & yeNxY. (8.89)

Consequently, we have the following result.

Proposition 8.5.1 Consider the discrete-time nonlinear system (8.78) and the DHIN LF P
for it. Suppose Assumption 8.5.1 holds, the plant £ is locally asymptotically-stable about
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the equilibrium point © = 0 and zero-input observable. Further, suppose there exists a
C? positive-semidefinite function V. : N x Y — Ry locally defined in a neighborhood
N xY C X x Y of the origin (Z,y) = (0,0), and a matriz function L : N x Y — M"*™,
satisfying the DHJIE (8.89) together with the side-conditions (8.85), (8.87), (8.88). Then
the filter Z(facef solves the DHINLFE P for the system locally in N.

Proof: The first part of the theorem on the existence of the saddle-point solutions (w*, L*)
has already been shown above. It remains to show that the fy-gain condition (8.79) is
satisfied and the filter provides asymptotic estimates.

For this, let V' > 0 be a C? solution of the DHJIE (8.89) and reconsider equation (8.86).
Since the conditions (8.87) and (8.88) are satisfied about & = 0, by the Inverse-function
Theorem [234], there exists a neighborhood U C N x W of (&, w) = (0,0) for which they
are also satisfied. Consequently, we immediately have the important inequality

H(z,y,w, L*, V) < H(4, wz;m_OWGNweyWGW
= V(@1 90) — V(@ yr-1) < 377 lwi® = 31121 (8.90)

Summing now from k = kg to co, we get that the f2-gain condition (8.79) is satisfied:
V(froer o) Z 122 < Z 2wl + V (@h o). (8.91)
2,2 ko

Moreover, setting wi = 0 in (8.90), implies that V (Zxs1, yx) — V(Zk, yr—1) < —3|Z]|? and
hence the estimator dynamics is stable. In addition,

V(@kst,uk) = V(@ yp-1) =0=2=0=y = ha(&) = 3.

By the zero-input observability of the system X9, this implies that z = 2. O

8.5.1 2-DOF Proportional-Derivative (PD) CEFs

Next, we extend the above certainty-equivalent design to the 2-DOF case. In this regard,
we assume that the time derivative y — yx—1 is available (or equivalently yj_1 is available),
and consider the following class of filters:

Tryr = f(@r) + g1(fk)?f1*(9;"k) + Ly (Er, Yi Yr—1) (Y — ha(dr)—
ka1 (21 )w* (x)) + La(Zk, Yk, Yr—1) Uk — Yk—1 — ha(@x)+
dacef h2(i‘k_1))
Yy : P ha () }
g ha(#r) — ha(fr—1)
z = Y — ha(dy) }
(Y — Yr—1) — (ha(Lx) — ha(Er—1))

where Z € R™ is the estimated output of the filter, Z € R* is the error or penalty variable,
while L1 : X x X x Y x Y — Mnxm Lo: X XX xYxY— M™M are the proportional
and derivative gains of the filter respectively, and all the other variables and functions have
their corresponding previous meanings and dimensions. As in the previous section, we can
define the corresponding Hamiltonian function H: X X W x MPXm x MmXm o R s R for
the filter as

Lo .
S(Z17 =22 1w]?)

H(i7w7£17f’23 V) = ‘,/(f{(’f7i’k*17yaykfl)7gfay) - V(J%ikfhykfl) + D)
(8.92)
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for some smooth function V : X x X x Y x Y — R and where

,

fld dpot,yyp—1) = f&) +g1(8)0 + Ly(&, dp1,y, ye—1)|y — hol(d) — koy (£)10] +
Lo(&, &1,y Yr—1)[y — yu—1 — (ha(Z) — ho(Lr—1)].

Notice that, in the above and subsequently, we only use the subscripts k, k—1 to distinguish
the variables, otherwise, the functions are smooth in the variables &, ©x_1, ¥, yx—1, W, etc.
Similarly, applying the necessary condition for the worst-case noise, we have

ATV (N #,y)

O\ ,
A=F(d,.,..)

= al(f;fk—law*7yayk—l)- (893)

) 1 ) AT
O = ?(ng(x)—k;QTl(a:)Lf(x,mk—l,%yk—l))

Morever, since

02H

g PV(\d,y)
ow?

¢ _L i )k ) —~2T
ON2 A:f'(i"“")(m(x) Wy o1 (£)) —

is nonsingular about (£, £x—1, 1w, y, yr—1) = (0,0,0,0,0), then again by the Impilicit-function
Theorem, (8.93) has a unique solution W* = &(&, £x—1, Yk, Yk—1), ¢(0,0,0,0,0) = 0 locally
about (&, 4x—1,w,y,yx—1) = (0,0,0,0,0).

Substitute now w* into (8.92) to get

L, e .o , L, 1. ,
H(xaw7L17L27 V) = V(f(l?, BR3) .),I,y) - V(z7xk*17yk*1) + 5(”2”2 - 72”“}*”2) (894)
and let

(L% L%] = arg min {H(aﬁ,w*,ﬁl,ﬁg, V)} (8.95)
Ly,L2

Then, it can be shown using Taylor-series expansion similar to (8.86) and if the conditions

PH ..
(#=0,16=0)
o
OH i E, £3,7) -0 (8.97)
oL2 2
1 (£=0,1=0)

O*H PR

79 (‘fﬂ’u/}*aL;aLQ;V) > 0 (898)
oL; (#=0,1=0)

are locally satisfied, then the saddle-point conditions
H(wb, L, L%) < H(w*, L7, L) < H(w*, L1, Ly) YLy, Lo € M™™ Yw € W,

are locally satisfied also.
Finally, setting
H('fv w*a L;a L§7 VIT) =0

yields the DHJIE

/ ’, .

2, ;s . s s 1 ~ , %
V(f*(‘r7xk*hyayk71)7x7y)7V(x7'kalayk71)+§(||z||2772”w ||2) = 07 V(0707070) = 07
(8.99)
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where

f*(‘fafk—lay7yk—1) = f(f) +gl(f)u}* +L){(famk—l7yayk—l)[y_hQ(f) _k/)Zl(f)w*] +
L3(#, 2r—1, Y, Ye—1)[y — yr—1 — (ha(Z) — ha(fr_1)].

With the above analysis, we have the following result.

Theorem 8.5.1 Consider the discrete-time nonlinear system (8.78) and the DHINLF P
for it. Suppose Assumption 8.5.1 holds, the plant £ is locally asymptotically stable about
the equilibrium point x = 0 and zero-input observable. Further, suppose there exists a C?
positive-semidefinite function V:NxNxY — Ry locally defined in a neighborhood
N xNxY xY of the origin (&, 2x—1,y) = (0,0,0), and matriz functions Ly, Ly € M@m,
satisfying the DHJIE (8.99) together with the side-conditions (8.93), (8.95), (8.97)-(8.98).
Then the filter Egacef solves the DHINLFP for the system locally in N.

Proof: We simply repeat the steps of the proof of Proposition 8.5.1. J

8.5.2 Approximate and Explicit Solution

It is hard to appreciate the results of Sections 8.5, 8.5.1, since the filter gains L, Ll,z =1,2,
are given implicitly. Therefore, in this subsection, we address this difficulty and derive ap-
proximate explicit solutions. More specifically, we shall rederive explicitly the results of
Proposition 8.5.1 and Theorem 8.5.1. We begin with the 1-DOF filter Ef“cef. Accordingly,
consider the Hamiltonian function H(.,.,.,.) given by (8.82) and expand it in Taylor-series
about f(Z) up to first-order. Denoting this approximation by H (- .,.) and the correspond-
ing values of L, V and w by i, ‘7, and w respectively, we get

1 ~ A~
5 (I21% = l@11) (8.100)

where

Now applying the necessary condition for the worst-case noise, we get

=@V ()~ R @LT @V (F(0),0) — 70 = 0

— 0" = Sl @V (F@).0) - Fu@ET @V (@) (8101

Consequently, substituting @* into (8.100) and assuming the conditions of Assumption 8.5.1
hold, we get

H(ay, 0t V) ~ V@), + —ms Ve (), 9)r (@)gT @)WV (@), ) —

32
V(& yr—1) + Va(f(2), ) L(&,y)(y — ha()) +

Q—;Vf(f(i“), y) (&) L(&,y) LY (2, 9) Vi (f(2),y) + %||z||2.
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Next, we complete the squares with respect to Lin ﬁ(, ., W*,.) to minimize it, i.e.,

H(d,y,w*,L,V) = V(f(o%>7y)+%%(f(@,y)gl<£)gf(f>ViT<f<@>,y)—V(o:nyk_w

2y
L \#T 5 NUT( ¢(5 2 NIE D2+ =152
37 |7 GV (F@) 97 = ha@)| Ty — ha(@) I + 2111
Thus, setting L* as
V(£ (@), y) L7 (3) = =72y — ha(@))", 2 €N (8.102)
minimizes H (.. .,.) and renders the saddle-point condition

H(w* L*) < H(w*,L) YL € M™*™

satisfied. . .
Substitute now L* as given by (8.102) in the expression for H(.,.,.,.) and complete the
squares in w to obtain:
H(I,U},L*,V) - V(f('r)7y)7 in(f(l'),y)L(I,y)LT(I,y)ViT(f(I),y) *V($7yk71)+
1 - . . o . 1,
V@) @)l @V (7)) + 5 1P -

Lo - St @V @) - S @LT @V (@]

Similarly, substituting @w = w* as given in (8.101), we see that the second saddle-point
condition

H(w*,L*) > H(w, L"), Yw e W
is also satisfied. Therefore, the pair (0*, f/*) constitute a unique saddle-point solution to the
two-person zero-sum dynamic game corresponding to the Hamiltonian H(.,.,.,.). Finally,
setting

yields the following DHJIE:

V(f(@),y) = V(& ye1) + 7= Va(F (@), )91 (@)g] @)V (f(2),y)—
= Vi (f(@), ) L(&, y) LT (2, y) VI (f (), 9)+
Ly —ho(2)T(y — ha(#)) =0, V(0,0)=0, 2 €N (8.103)

or equivalently the DHJIE:
V(f(#),y) = V(#,9) + 2=V (f(2), )01 (&)g] @)V (£(2),9)—
2 A A A
L (y — ha(2)" (y — ha(®)) + 3(y — h2(2))"(y — ha(&)) =0, V(0,0) = 0. (8.104)
Consequently, we have the following approximate counterpart of Proposition 8.5.1.

Proposition 8.5.2 Consider the discrete-time nonlinear system (8.78) and the DHIN LF P
for it. Suppose Assumption 8.5.1 holds, the plant X is locally asymptotically-stable about
the equilibrium point x = 0 and zero-input observable. Further, suppose there exists a
C’1 positive-semidefinite function V:NxY — R locally defined in a neighborhood
N xY C X xY of the origin (&,y) = (0,0), and a matriz function L : N x Y — M"*m,
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satisfying the following DHJIE (8.103) or (8.104) together with the side-conditions (8.102).
Then, the filter %9%°“) solves the DHINLFP for the system locally in N.

Proof: The first part of the theorem on the existence of the saddle-point solutions (w*, ﬁ*)
has already been shown above. It remains to show that the fy-gain condition (8.79) is
satisfied and the filter provides asymptotic estimates.

Accordingly, assume there exists a smooth solution V' > 0 to the DHJIE (8.103), and
consider the time variation of V along the trajectories of the filter $°*/ | (8.80), with
L=1*1ie.,

Viir,y) = V(f(@)+0), VieN, VYyeY, VioeWw
~ V@), ) + V(@) 0)g1 () + Va(F @), )L (8, )y — ha(@) — o (2)0)
1 .

V@) + 5@ @l @V (@0 +
V@), E* () — @) — i — P

Thol? + V@)L )L )V 0))
V@) + 5@ @ @IF (@) + 5 1ol -
Tl =0 |? - 5 (@) E @ @I (7@).0)

2
A 1 ~ ~
< Vidye) + Fllol” - 5l2° Ve e N, ye¥, vwew,

where use has been made of the Taylor-series approximation, equation (8.102), and the
DHJIE (8.103). Finally, the above inequality clearly implies the infinitesimal dissipation
inequality [183]:

. . 1, 1, . S
Vansn o) - Vwye1) < 5720007 - 5P Vi e N, WyeY, voew.

Therefore, the filter (8.80) provides locally ¢5-gain from @ to Z less or equal to 7. The
remaining arguments are the same as in the proof of Proposition 8.5.1. [J

Next, we extend the above approximation procedure to the 2-DOF filter Egacef to arrive
at the following result which is the approximate counterpart of Theorem 8.5.1.

Theorem 8.5.2 Consider the discrete-time nonlinear system (8.78) and the DHINLF P
for it. Suppose Assumption 8.5.1 holds, the plant X is locally asymptotically-stable about
the equilibrium point x = 0 and zero-input observable. Further, suppose there exists a ot
posztwe semzdeﬁmte function V:NxNxY — R locally defined in a nezghborhood
N x N xY xY of the origin (£,%,_1,y) = (0,0,0), and matriz functions L, € M™*™,
Ly e MM satisfying the DHJIE:

‘7(.]0(,) & yk) L2‘7(.]0(/)7 o 7') ( ) ( ) ( (z)""")i
V&, deor, 1) + U572 = ha(@)T (4 — ha(#) -
%(Ay — Ahy(2))T(Ay — Ahy (1)) = 0, V(O, ,0)=0 (8.105)
together with the coupling conditions

Vild, ., JLE(E, ., = =2y — ho(£)T (8.106)
Vild, ., )L5(#,.,.,.) = —(Ay— Aho(£)7, (8.107)
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where Ay = yr — yYr—1, Aho(x) = ha(zk) — ha(zk—1). Then the filter Egacef solves the

o~

DHINLFP for the system locally in N.

Proof: (Sketch) We can similarly write the first-order Taylor-series approximation of H as

H(#,@,L1, L2, V) = V(f(#).4,y) + Va(f(£), ., )gr(£)6 +

<)

8
—~ o~

7 y
,)7 B ')‘/L/:l(jjv PR )(y - h2(35) - kQI(f)w) +
) )LQ(‘f777)(Ay7Ah2(g\:)) -

S 1~ ,
V(& Tr—1,Yp—1) + §(||Zk||2 — ¥ ||w||?)

where w, L1 and Lo are the corresponding approximate values of w, Ly and Lo respectively.
Then we can also calculate the approximate estimated worst-case system noise, W* =~ 0*,
as

o = %[gf(of)f/f(f(ﬂ ) = KL (@LT (&, ., VI (f(£), ).

Subsequently, going through the rest of the steps of the proof as in Proposition 8.5.2, we
get (8.106), (8.107), and setting

ﬁ(i7@*a E;a E§7 VIT) =0

yields the DHJIE (8.105). O
We consider a simple example.

Example 8.5.1 We consider the following scalar system

1 1
Thy1 = Ty +x}

Yy = Xk + wg

where wy, = woy, + 0.1sin(207k) and wy is a zero-mean Gaussian white-noise.
We compute the approzimate solutions of the DHJIEs (8.104) and (8.105) using an
iterative process and then calculate the filter gains respectively. We outline each case below.
1-DOF Filter
Let v =1 and since gi(x) = 0, we assume VO(&,y) = (&% 4+ y*) and compute

. 1, .1 1 1
Viw,y) = 5@ +9)°+ 5y
- I P
Ve (ze,ye) = (@ +xk)(gxk +§‘rk )
Therefore,
— hol(s
L(in,yr) = — Yk 2(2k)

1 1 —4 -2
(@ + 20 (587 + 387
The filter is then simulated with a different initial condition from the system, and the results
of the simulation are shown in Figure 8.8.
2-DOF Filter
Similarly, we compute an approzimate solution of the DHJIE (8.105) starting with the initial
guess V(i,y) = (4% + y?) and v = 1. Moreover, we can neglect the last term in (8.105)
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Actual state and Filter Estimate for 1-DOF CEF Estimation Error for 1-DOF CEF
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FIGURE 8.8

1-DOF Discrete-Time H-Filter Performance with Unknown Initial Condition; Reprinted
from Int. J. of Robust and Nonlinear Control, vol. 20, no. 7, pp. 818-833, © 2010, “2-DOF
Discrete-time nonlinear H o, filtering,” by M. D. S. Aliyu and E. K. Boukas, with permission
from Wiley Blackwell.

since it 1s negative; hence the approximate solution we obtain will correspond to the solution
of the DHJI-inequality corresponding to (8.105):

> 1,1 1 1, 1
Vi, dr-1,y) = 5(555 +33)% + §T/i—1 + 51/1%—1
1, S IV P T
=V, (dr, dr—1,96-1) = (&} +:z:,j)(§zk2 + gzkd )
using an iterative procedure [23], and compute the filter gains as
. k — ha(Zg
Ll(l‘kazkflayk7yk‘fl) == - i 2( ) (8108)

N
(£ + &) (387 + 34,7
., Ay — Aho (T,
Lo(Zky Tr—1, Yk, Yh—1) = — 1( y,l ; ,_f( 3);2 . (8.109)
(&7 +20)(38)7 +358,7)

This filter is simulated with the same initial condition as the 1-DOF filter above and the
results of the simulation are shown similarly on Figure 8.9. The results of the simulations
show that the 2-DOF filter has slightly improved performance over the 1-DOF filter.

8.6 Robust Discrete-Time Nonlinear H . -Filtering

In this section, we discuss the robust Ho-filtering problem for a class of uncertain nonlinear
discrete-time systems described by the following model, and defined on X' C R":

T = |[A+ AAg)w, + Gg(ay) + Bwy; o, =2°, k€ Z

¥l 2 = Chay (8.110)
Yp = [Cg + ACQ,k;]xk; + Hh(a:k) + Dwy,
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2-DOF Discrete-Time Ho-Filter Performance with Unknown Initial Condition; Reprinted
from Int. J. of Robust and Nonlinear Control, vol. 20, no. 7, pp. 818-833, © 2010,“2-DOF
Discrete-time nonlinear H o, filtering,” by M. D. S. Aliyu and E. K. Boukas, with permission
from Wiley Blackwell.

where all the variables have their previous meanings. In addition, A, AA; € R™"*" G €
RExXM g s X = WML, B e RV, Cp € jO, Oy, ACy, € VX", and H € R7MX72,
h:X — R™. AA} is the uncertainty in the system matrix A while AC5 j, is the uncertainty
in the system output matrix Co which are both time-varying. Moreover, the uncertainties
are matched, and belong to the following set of admissible uncertainties.

Assumption 8.6.1 The admissible uncertainties of the system are structured and matched,
and they belong to the following set:

Eaa = {AALAC|AAy = HIFWE, ACy = HoFLE, FIF, <1}

where Hy, Ho, Fy, E are real constant matrices of appropriate dimensions, and Fy is an
unknown time-varying matriz.

Whereas the nonlinearities g(.) and h(.) satisfy the following assumption.

Assumption 8.6.2 The nonlinearies g(.) and h(.) are Lipschitz continuous, i.e., for any
T1,x9 € X, there exist constant matrices I'y, I's such that:

g(0) = 0, (8.111)
lg(z1) —g(@2)l| < [ITa(z1 —22)], (8.112)
[h(z1) = h(z2)l < [[Pa(zr —z2)]- (8.113)

for some constant matrices I'y, T's.

The problem is then the following.
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Definition 8.6.1 (Robust Discrete-Time Nonlinear Hoo (Suboptimal) Filtering Problem
(RDNLHIFP)). Given the system (8.110) and a prescribed level of noise attenuation v > 0,
find a causal filter Fy, such that the lo-gain from (w,x°) to the filtering error (to be defined
later), Z, is attenuated by v, i.e.,

12 < 92 {wle; +2*Ra"},

and the error-dynamics (to be defined) is globally exponentially-stable for all (0,0) #
(w,2°) € loko,00) ® X and all AAg, ACoy, € Z4, k € Z where R = RT > 0 is some
suitable weighting matriz.

Before we present a solution to the above filtering problem, we establish the following
bounded-real-lemmas for discrete-time-varying systems (see also Chapter 3) that will be
required in the proof of the main result of this section.
Consider the linear discrete-time-varying system:
sl :{ Iry1 = ApZx + Bk, Tk, = 3° (8.114)
Z = Cyly

where %), € X is the state vector, wy € l2([ko,00), R") is the input vector, Z;, € R* is the
controlled output, and Ay, By, Ck are bounded time-varying matrices. The induced fo-
norm (or Hoo(jR)-norm in the context of our discussion) from (w,#°) to Z; for the above

system is defined by:
[l

1=, £ S —
(,@0)elmXx ||W]]% + 20 RZO

(8.115)

Then, we have the following lemma.

Lemma 8.6.1 For the linear time-varying discrete-time system (8.114) and a given v > 0,
the following statements are equivalent:

(a) the system is exponentially stable and ||, < v;
(b) there exists a bounded time-varying matriz function Qp = Qg >0, Vk > ko satisfying:
AQrAL — Qrar + 77 2AQuCE(I — v 2ChQiCL) 1 ChQrAT + BrBF = 0; Qr, = R7Y,
I —~2CLQCE >0 Yk > ko
and the closed-loop system
Frr1 = [Ap + 72 AQuCE (I — 7 2ChQiCy) Ol
is exponentially stable;

(c) there exists a scalar 5, > 0 and a bounded time-varying matriz function P, = PE,
Vk > ko satisfying:

Ap Py AT — Py + 42 AL Poy1 Bi(I — v 2BF o1 Be) 1B Pes1 Ap + CECy + 611 < 0;
Pkg < ’72R7
I — 772B£pk+13k >0 Vk > k.
Proof: (a) & (b) = (c) has been shown in Reference [280], Theorem 3.1. To show that

a) = (c), we consider the extended output 2° = Ci xk. By exponential stability of
Vol
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the system, and the fact that || Xg'||;.. < v, there exists a sufficiently small number 6; > 0
such that ||X%(,. < v for all (w,z0) € fo & X to 2°. The result then follows again from
Theorem 3.1, Reference [280]. O

The following lemma gives the bounded-real conditions for the system (8.110).

Lemma 8.6.2 Consider the nonlinear discrete-time system Z‘K{(&I{O} satisfying Assump-
tions 8.6.1, 8.6.2. For a given v > 0 and a weighting matric R = RT > 0, the system is
globally exponentially-stable and

T ~
12117, < {llwllz, +2°° Ra}

for any non-zero (xg,w) € X @& Ly and for all AAy, if there exists scalars € > 0, 61 > 0 and
a bounded time-varying matriz function Qi = Q% >0, Vk > ko satisfying:
AT Qe A= Qr +7?ATQu1 Bi(I = v ? B Qi1 B1) ' Bf Qa1 A+ CTC1 +
EETE +TTT + 6,1 < 0;
Qr, <V°R, (8.116)
I— 7_2B{Qk+1B1 >0 Vk > ko,

where
B = [B %Hl 'yG}.

Proof: The inequality (8.116) implies that Qr > 61IVk > ko. Moreover, since Q is
bounded, there exists a scalar do > 0 such that Qr < 02IVk > ky. Now consider the

Lyapunov-function candidate:

such that
Sillzl* < V(w, k) < daflx]?.

Then, it can be shown (using similar arguments as in the proof of Theorem 4.1, Reference
[279]) that along any trajectory of the free-system (8.110) with wy = 0Vk > ko,

AV (z, k) =V(k+1,2) — V(z, k) < —61]|xx]?.

Therefore, by Lyapunov’s theorem [157], the free-system is globally exponentially-stable. O
We now present the solution to RDNLHIFP for the class of nonlinear discrete-time
systems X4 For this, we need some additional assumptions on the system matrices.

Assumption 8.6.3 The system (8.110) matrices are such that
(al) (Cs, A) is detectable.
(a2) [D Hy H] has full row-rank.

(a3) The matriz A is nonsingular.

Theorem 8.6.1 Consider the uncertain nonlinear discrete-time system (8.110) satisfying
the Assumptions 8.6.1-8.6.3. Given v > 0 and R = RT > 0, let v > 0 be a small number
and suppose the following conditions hold:

(a) for some constant number € > 0, there exists a stabilizing solution P = PT > 0 to the
stationary DARE:

ATPA — P+~ 2ATPB(I — 4 2BT"PB)'BT"PA+ ETE, +vI =0 (8.117)
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such that P < 'y2]~% and I — 7_2BTPB > 0, where

By = (ETE+TTT,)%, B= [B %Hl WG}.

(b) there exists a bounded time-varying matriz Sy = Sg > 0VEk > ko, satisfying
Sk+1 = ASkAT — (ASkCIT + BD{)(C&S}CCA'IT + é)il(élskAT + ZA)lBT) + BBT;
Sy = (R—~72P)7 1, (8.118)
I—~2MTS.MT >0 Vk > ko,
and the system
Prt1 = Aogpr = [121 — (ASkélT + EﬁlT)(élSkéf + é)ilél]pk (8.119)
18 exponentially-stable, where
A = A+6A,:=A+~+2BBT (Pt -~2BBT)'A
Gy = Cp+0Ch:=Co+~?DBT (P! =y ?BB")7'A
B=[BZ ~G 0], D=[DZ 0 ~H]
—117
A | M ~ 10 5 | 1 0
a-7e" ] o=[n] A e

B=[B IHi], D=[D 1H,]
M=[cfCy+17T)2, T =[] 17)"
Z=[I+~2BT(P' -4 2BB")"'B]-.

Then, the RNLHIFP for the system is solvable with a finite-dimensional filter. Moreover,
if the above conditions are satisfied, a suitable filter is given by

sdaf . { ikyr = A2 +Gy(@) + Lilye — Coit — Hh(2)], &g, =0 (5.120)
z = (Chz,
where Ly, is the gain-matriz and is given by
Ly = (AS,C] +BD")(C28,C5 + DDT)™! (8.121)

Sp = Sk+~2SEMT(I —~72M S, MT)"1MS,,.
Proof: We note that, P~ —y~2BBT is positive-definite since P > 0 and I—y 2BTPB > 0.
Thus, Z is welldefined. Similarly, I — V_QMS;CMT > 0Vk > ko and together with Assump-
tion 8.6.3:(a2), imply that ol SkC’lTJrR is nonsingular for all £ > k. Consequently, equation
(8.118) is welldefined.
Next, consider the filter % and rewrite its equation as:

Ire1 = (A+0A)E+ Gg(d) + Li[yx — (Co + 3Ce)3 — Hh(2)], iy =0
Zr = Chia
where § A, and 6C5. are defined above, and represent the uncertain and time-varying compo-
nents of A and Cy (i.e., AAy and ACy) respectively, that are compensated in the estimator.
Then the dynamics of the state estimation error Ty := x; — I is given by
Tl = [A+06Ac — Lp(Co+ 6C5)]E + [(AA — 6A.) — Li(ACy — 6Cy. )]z

+(B — LiD)wy + Glg(ax) — g(&)] — LiH[h(xx) — h(2)], ik, = o (8.122)
i o= OiF
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where Z := z — % is the output estimation error. Now combine the system (8.110) and the
error-dynamics (8.122) into the following augmented system:

NMe+1 = (Aa + HaFkEa)nk + G’aga(ask, i‘) + Bawi; Mg, = [ZOT IOT]T
€ = Oank
where
n = [zT i,T]T
A = | A 0
“© 7 | —(0Ac — LidCy) A+ 5A, — Li(Cy 4 6Cy.)
_ [ B B H,
Ba = _B—IA/]QD:|7 H“{Hl—ﬁng}
G 0 0 ) g(zr)
Ga = 0 G —LyH } s Yok, &x) = | g(xr) — g(2r)
' * h(zr) — h(zr)
Co = [0 C1], E.=[E 0

Then, by Assumption 8.6.2
lga (g, Zx) < ||f77k||7 with T = Blockdiag{I'1, T'}.

Further, define

1 [ %‘1 ;z :| = A XpA, — Xp+1 + Aanék (I — é‘anC’aT)*léa XkAg +
I, 1I
EA“EAZ (8.123)
where

5 _ _ A Ei 0
Be=["'B, € 'H, G,], Co= -
[y € ], i
and E‘l is such that o
ETE, = EETE+ V'V, + vl

Also, let Q) = v~ 25}, and
Pt 0
X = .
S

Then by standard matrix manipulations, it can be shown that
Iy = AP AT — P4 AP 'E (I — By PYET) By P AT + 4 2BBT
and

My = —AP—-ETE) YA, — L16Co)T +~772BBT +
e 2H\HT — (v 2BDT + ¢ 2H\HT)LT.
Moreover, since A is nonsingular, in view of (8.117) and the definition of §A., 6Cs, it

implies that
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It remains to show that IIs; = 0. Using similar arguments as in Reference [89] (Theorem
3.1), it follows from (8.123) that Q) satisfies the DRE:

Qrs1 = AQRAT — (AQCT + 4 2BDT)(CQLCT + 4 2DDT)HC QAT +

v 2DBTY+~72BBT; Qi, =+*R-P (8.124)

where . . . . .
Qr = Qr + QM (I = MQM™) ' MQy.
Now, from (8.123) using some matrix manipulations we get
oy = AQrA” — (AQLCT +~472BDT)Ly — Li(CQwAT +~472DBT) +
Li(CQCT +~2DDTYLT +~2BBT
and the gain matrix Ly, from (8.121) can be rewritten as
Ly = (AQyCT +~2BDTY(CQrCT +~42DDT) 1. (8.125)

Thus, from (8.124) and (8.125), it follows that T2 = 0, and hence we conclude from (8.123)
that

A X AT — Xy + A X0 CFT (I = Co X, ) 1Cu X1 AT + Bo,BT =0; X =R (8.126)
where
Ao [ P 0

Next, we show that, X} is such that the time-varying system

P = Aapr = [Aa + (A X CT (I — Co X, CT) 1 C0) e (8.127)

n A 0

Aa = [ * Ao }
where Ay, is as defined in (8.119), ‘+’ denotes a bounded but otherwise unimportant term,
and

is exponentially-stable. Let

A=A+~+"2B(I -~"2BPB)"'BTPA.

A is Schur-stable? since P is a stabilizing solution of (8.117). Moreover, by exponential-
stability of the system (8.119), it follows that (8.127) is also exponentially-stable. Therefore,
X}, is the stabilizing solution of (8.124). Consequently, by Lemma 8.6.1 there exists a scalar
01 > 0 and a bounded time-varying matrix Yj, = YkT > 0VEk > ko such that

ATV Ay = Yio+ ATV 1 Bo(I — BYY)i1 Bo) ' BT Vi1 Ay + GGy + 611 < 0; Vi, < R.
Noting that

e e A R

we see that Y}, satisfies the following inequality:

ATV Ay — Vi + ATY, 1 Bo(I — B Y31 Ba) ' BT Y1 Ao + CTC, + €ETE, +
[T+ 6,1 <0, Y, <R.

2Eigenvalues of A are inside the unit circle.
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In addition, R .
770TR770 = WngRmo.

Finally, application of Lemma 8.6.2 and using the definition of B, imply that the error-
dynamics (8.122) are exponentially-stable and

12117, < A{IlwllZ, | + 25 Rxo}

for all (0,0) # (2°,w) € X @ l2 and all AAg, ACs ) € Ega. O

8.7 Notes and Bibliography

The material of Section 8.1 is based on the Reference [66], while the material in Section 8.4
is based on the Reference [15]. An alternative to the solution of the discrete-time problem
is also presented in Reference [244] under some simplifying assumptions. The materials of
Sections 8.3 and 8.5 on 2-DOF and certainty equivalent filters are based on the References
[22, 23, 24]. In particular continuous-time and discrete-time 2-DOF proportional-integral
(PI) filters which are the counterpart of the PD filters presented in the chapter, are discussed
in [22] and [24] respectively.

Furthermore, the results on RNLHIFP - Section 8.2 are based on the reference [211],
while the discrete-time case in Section 8.6 is based on [279]. Lastly, comparison of simulation
results between the H,, filter and the extended-Kalman-filter can be found in the same
references.
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Singular Nonlinear H..-Control and H.,-Control for
Singularly-Perturbed Nonlinear Systems

In this chapter, we discuss the singular nonlinear H,-control problem. This problem arises
when the full control signal is not available in the penalty variable due to some rank-
deficiency of the gain matrix, and hence the problem is not well posed. The problem also
arises when studying certain robustness issues in parametric or multiplicative uncertain
systems.

Two approaches for solving the above problem are: (i) using the regular nonlinear H .-
control techniques discussed in Chapters 5 and 6; and (ii) using high-gain feedback and/or
converting the problem to the problem of “almost-disturbance-decoupling” discussed also
in Chapter 5. We shall discuss both approaches in the chapter. We shall also discuss the
measurement-feedback problem. However, only the continuous-time problem for affine non-
linear systems will be presented. Moreover, the approaches are extensions to similar tech-
niques used for linear systems as discussed in References [237, 252, 253].

Another problem that is in the class of “singular” problems is that of H..-control of
singularly-perturbed systems. These class of systems possess fast and slow modes which are
weakly coupled. Such models are also used to represent systems with algebraic constraints,
and the solution to the system with constraint is found as the asymptotic limit of the
solution to an extended system without constraints. We shall study this problem in the
later part of the chapter.

9.1 Singular Nonlinear H.-Control with State-Feedback

At the outset, we consider affine nonlinear systems defined on a state-space manifold X C 1"
defined in local coordinates (z1, ..., x,):

. z f(@) + gi(@)w + Ga(@)tis x(to) = xo
e z = hi(z)+ ki2(z)a (9.1)
y = x

where u € U C RP is the p-dimensional control input, which belongs to the set of admissible
controls U C La([to, T],RP), w € W is the disturbance signal, which belongs to the set
W C La([to, T],R") of admissible disturbances, the output y € R™ is the states-vector of
the system which are measured directly, and z € R° is the output to be controlled. The
functions f : X —» VX, g1 : X = M™"(X), g2 : X = M"™P(X), h; : X = R, and
kig : X — MP*™(X) are assumed to be real C*°-functions of . Furthermore, we assume
that © = 0 is the only equilibrium of the system and is such that f(0) = 0, 21(0) = 0. We
also assume that the system is well defined, i.e., for any initial state x(t9) € X and any
admissible input u € U, there exists a unique solution x(¢, tg, xo,u) to (9.1) on [tg, 00) which

249



250 Nonlinear Hoo-Control, Hamiltonian Systems and Hamilton-Jacobi Equations

continuously depends on the initial conditions, or the system satisfies the local existence
and uniqueness theorem for ordinary differential equations [157].
The objective is to find a static state-feedback control law of the form

i=da(z), a(0)=0 (9.2)

which achieves locally Lo-gain from w to z less than or equal to v* > 0 for the closed-loop
system (9.1), (9.2) and asymptotic-stability with w = 0.

The problem could have been solved by the techniques of Chapters 5 and 6, if not for the
fact that the coefficient matrix in the penalty variable k15 is not full-rank, and this creates
the “singularity” to the problem. To proceed, let x = min rank{kei(z)} < p assumed to
be constant over the neighborhood M C X of x = 0. Then, it is possible to find a local
diffeomorphism! (a local coordinate-transformation)

u=@(x)u

which transforms the system (9.1) into

t = f(x)+n@w+g2(z)u; z(to) =0
DI z = hi(z)+ ki2(z)u (9.3)
y = x
with B
g2(z) = o)~ (2), kia(x) = kro(2)p ' (z) = [D12 0] (9.4)

and Dy € R, D1T2D12 = I. The control vector can now be partitioned conformably with

1

the partition (9.4) so that u = [ Z }, where u; € R”, uy € R, and the system (9.3) is
2

represented as

i = f(z)+ g (x)w+ g2 (z)ur + gaz(x)u2; z(to) = o
DI z = M (3?) + Disuq (95)
y =
where go(x) = [go1(x) g22(x)], and g21, g2 have compatible dimensions. The problem can
now be more formally defined as follows.

Definition 9.1.1 (State-Feedback Singular (Suboptimal) Nonlinear Hoo-Control Problem
(SFBSNLHICP)). For a given number v* > 0, find (if possible!) a state-feedbback control
law of the form

u:{“l}z{amM)y a;(0)=0,5 = 1,2, (9.6)

ug 29 (1‘)

such that the closed-loop system (9.5), (9.6) is locally asymptotically-stable with w = 0, and
has locally finite Lo-gain from w to z less than or equal to v*.

The following theorem gives sufficient conditions under which the SFBSNLHICP can
be solved using the techniques discussed in Chapter 5.

LA coordinate transformation that is bijective (therefore invertible) and smooth (or a smooth homeo-
morphism). A global diffeomorphism can be found if there exists a minor of k12 with constant rank x for
all z € X.
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Theorem 9.1.1 Suppose the state-feedback Hoo-control problem for the subsystem

& = f(@)+gi(@)w+ gar(x)ur; x(to) = o
y = (9.7)
z = M (l‘) + ]{312(3?)’11,1, kﬁ(aﬁ)lﬁg(l‘) =1, h{(aﬁ)lﬁg(ai) =0

is solvable for a given v > 0, with the control law
/U’JI( = 7.9%11 (x)VxT(I)a
where V : M — R is a smooth positive-definite solution of the HJIE:

Va(@) @) + 3Vo() 501 ()o] (@) ~ g @R @IV (@) + 5T (@) () = 0. V(0) =0,
(9.8)

In addition, suppose there exists a function age : M — RP™" such that
Ve(x)goz(x)vae(xz) <0 Vo e M (9.9)
and the pair {f(x) + ga2(x)aaa(x), h1(2)} is zero-state detectable. Then, the state-feedback
control law
* _,T T
MRS
solves the SFBSNLHICP for the system (9.1) in M.

Proof: Differentiating the solution V' > 0 of (9.8) along a trajectory of the closed-loop
system (9.5) with the control law (9.10), we get upon using the HJIE (9.8):

Vo= Va(@)[f(2) + g1(@)w + ga1(x)ur + gaz(x)us)
= Va(@)[f(2) + g1(x)w — g21(2) g3, (2)V,] () + gaa(x) gz (2)]
= V(@) f(2) + Va(@)g1(z)w — Ve (2)g21 ()93, (2) VT (2) + Va(2) gz () sz (x)
< *%Vx(o:)gm(ﬂf)gzﬂ (x)VzT(I) N %hT(gj)h(x) N %72”11}”2 B
P2 @VE@)|
2 ~?
< SOl 2P, (9.11)

Integrating now from ¢ = ¢y to t = T" we have the dissipation-inequality

T
1
V(D) Vieo) < [ 507wl - 2]t
to
and therefore the system has Ls-gain < 7. Further, with w = 0, we get

. 1

V< —Zz|?

< 5l

and thus, the closed-loop system is locally stable. Moreover, the condition V =0 for all
t > t., for some t. > to, implies that z = 0 and hy(z) = 0, uj(z) = 0 for all ¢ > ¢..
Consequently, it is a trajectory of & = f(x)+ g22(x)a22(x). By the zero-state detectability of
{f(x)+ g22(x)a22(x), hi(x)}, this implies lim;_,oc 2(¢) = 0. Finally, by LaSalle’s invariance-
principle, we conclude asymptotic-stability. [
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Remark 9.1.1 The above theorem gives sufficient conditions for the solvability of the
SFBSNLHICP for the case in which the reqular SFBHICP for the subsystem (9.5)
is solvable. Thus, it follows that the control input wy, which is referred to as the “reqular
control,” has enough power to provide disturbance attenuation and stability for the system;
while the remaining input us, which is referred to as the “singular control” can be utilized
to achieve additional objectives such as transient performance. If however, this is not the
case, then some other approach must be used for solving the singular problem. One approach
converts the problem to the “almost-disturbance-decoupling problem” discussed in Chapter 5
[42], while another approach uses high-gain feedback. The latter approach will be discussed
in the next subsection.

Remark 9.1.2 Note that the condition (9.9) is fulfilled with us = 0. However, for any
other function us = aga(x) # 0 which satisfies (9.9), we have that

1X%(uz = aga(z) # 0)[le, < [|E%(uz = 0)|,
In fact, a better choice of us is
uz = =R~ g (x)V,] (z)

for some weighting matriz R > 0.

9.1.1 State-Feedback Singular Nonlinear #,,-Control Using High-Gain
Feedback

In this subsection, we discuss an alternative approach to the SFBSNLHICP. For this
purpose, rewrite the system (9.3) in the form

& = f(z)+g(x)w+ gar(z)ur + gaz2(z)uz; x(to) = 20
5z = [hf) } (9.12)
y = =,

where all the variables and functions have their previous meanings, and consider the fol-
lowing auxiliary e-perturbed version of it:

& = f(x)+g1(z)w + gar(z)ur + gaa(w)uz; x(to) = o
hl(m)
2 Ze = Uy (9.13)

NG

y = T
Then we have the following proposition.

Proposition 9.1.1 Suppose there exists a feedback of the form (9.6) which solves the
SFBSNLHICP for the system (9.12) with finite Lo-gain from w to ass. Then, the closed-
loop system (9.12), (9.6) has La-gain < v if, and only if, the closed-loop system (9.13),
(9.6) has Lo-gain <~y for some sufficiently small € > 0.

Proof: (=) By assumption, the Lo-gain from w to gz is finite (assume < p < 00). Thus,

T T
/ llam(@()]? < 0 / lw@)|2dt VT > 0.

to to
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Moreover, the closed-loop system (9.12), (9.6) has L5-gain < ~, therefore

T T
/ ()] < 72/ w(t)|?dt VT > 0.

t(J t(J
Adding the above two inequalities, we get

T

T T
| 1@+ clan@@) <97 [ ol +er® [ o v >0,

to to

Since w € L£2[0,00) and € is small, there exists a constant 5 < oo such that for all w €
£5]0,00), ep? ftf |lw(t)||?dt < B. Therefore,

T T
/ 2 (8)|2dt < 2 / lw(t)|2dt + 5,
to to

and hence the result.
(<) This is straight-forward. Clearly

T T
[ lePa < ? [ juto)Pa
to

t
UT T

— [ JPa < 2 / lw(t)|?dt O
to

to

Based on the above proposition, we can proceed to design a regular stabilizing feedback for
the system (9.12) using the system (9.13). For this, we have the following theorem.

Theorem 9.1.2 Consider the nonlinear system %% defined by (9.12) and the SFBSNLHICP
for it. Suppose there exists a C' solution V > 0 to the HJIE:

Va(@) @) + 3Vo(@) 501 (2)o] (@) — g @y (o) = Zoma(@)g @IV (o) +

1
§h1T(9:)h1(:z:) =0, V(0)=0, (9.14)
for some v > 0 and some sufficiently small € > 0. Then the state-feedback
_ | ui@) } _ [ 93 (%) ] T
U= i =— Vo (x 9.15
Joix Lo |V @ (919
solves the SFBSNLHICP for the system.

Proof: It can be shown as in the proof of Theorem 9.1.1 that the state-feedback (9.15) when
applied to the system XZ leads to a closed-loop system which is locally asmptotically-stable
and has Lo-gain < 7 from w to z.. The result then follows by application of Proposition
9.1.1. 0

We can specialize the result of Theorem 9.1.2 to the linear system

& = Az + Biw+ Bajuy + Bagua, z(to) = xo
I {Ow} (9.16)
u1

y = @
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where all the variables have their previous meanings, and A € R"*", By € R"*" By €
RXE Bog € RMPECL € RN5X™ are real constant matrices. We have the following corollary
to Theorem 9.1.2.

Corollary 9.1.1 Consider the linear system %! defined by (9.16) and the SFBSNLHIC P
for it. Suppose there exists a symmetric solution P > 0 to the ARE:

1 1
ATP + PA+ P[?BlBlT — By B, — gBQZBQE]P +C{Cy +eQ =0, (9.17)
for some matriz QQ > 0, v > 0 and some sufficiently small € > 0. Then, the state-feedback
ui B3, }
u; = ' =— Px 9.18
: [ U3, } [ B3 (5.18)

solves the SFBSNLHICP for the system.

Remark 9.1.3 Note that there is no assumption of detectability of (C1,A) in the above
corollary. This is because, since eQ + CTCy > 0, there exists a C such that eQ + C{ Cy =
CTC and (C, A) is always detectable.

9.2 Output Measurement-Feedback Singular Nonlinear H,,-Control

In this section, we discuss a solution to the singular nonlinear H,-control problem for the
system X using a dynamic measurement-feedback controller of the form:

E = 0O+
Zyn : u = Uy _ 0421(5) :| (919)
U a22(§)
where £ € = is the state of the compensator with = C X a neighborhood of the origin,
n:Z2 = V>E), n0) =0, and 6 : = — M"™ ™ are some smooth functions. The controller
processes the measured variable y of the plant (9.1) and generates the appropriate control
action u, such that the closed-loop system X%0X3  has locally £o-gain from the disturbance
signal w to the output z less than or equal to some prescribed number v* > 0 with internal
stability. This problem will be abbreviated as MFBSNLHICP.
To solve the above problem, we consider the following representation of the system (9.3)
with disturbances and measurement noise:

& = f(z)+g(@)wr + ga1(z)ur + ga2(w)uz; (to) = o
$e z = [ hz(lm) (9.20)
y = ha(x)+ws,

where hy : X — R™ is a smooth matrix while all the other functions and variables have
their previous meanings. As in the previous section, we can proceed to design the controller
for the following auxiliary e-perturbed version of the plant X¢:

T = f(2) +g1(x)wr + ga1(z)ur + gaa(w)uz; x(to) = o
. hi(x)
DI z = u1 (9.21)
VEus
y = ha(x)+ ws.
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Moreover, it can be shown similarly to Proposition 9.1.1, that under the assumption that
the La-gain from w to ug is finite, the closed-loop system (9.20), (9.19) has Lo-gain < v if
and only if the closed-loop system (9.21), (9.19) has Lo-gain < . We can then employ the
techniques of Chapter 6 to design a “certainty-equivalent worst-case” dynamic controller
2G,n for the system. The following theorem gives sufficient conditions for the solvability of
the problem.

Theorem 9.2.1 Consider the nonlinear system %% and the MFBSNLHICP. Suppose for
some sufficiently small € > 0 there exist smooth C? solutions V > 0 to the HJIE (9.14) and
W >0 to the HJIE:

W () ) g W ()gn (2)gT @WE ()45 (@B (2) 522 HE (@)ha(a) =0, W(0) =0,

2y
(9.22)
on M C X such that

1 1 . .
f—gngh Vil — gggg(x)gg(x)VwT 2 —q191 V. is exponentially stable,

(f + 29191 W ) 1s exponentially stable,
Wew(2) > Vg (z) Vo € M.

Then, the dynamic controller defined by

E = SO~ Qb OV ) — Lo ©b OV (O
L01(€)aT €V () + 12 Wee(§) ~ Vee O GO0 — hal©) (g o
)

"= G e

U2

solves the MFBSNLHICP for the system locally on M.

Proof: (Sketch). For the purpose of the proof, we consider the finite-horizon problem on the
interval [tg, T], and derive the solution of the infinite-horizon problem by letting T' — oc.
Accordingly, we consider the cost-functional:

1 T
min max  Jm(w, ) = 5 /t0 {llurl® + elluz)l® + [ha(@)]1* = ¥ [lwa]* = ~*[lw2]|*}dt

where u(7) depends on y(7), 7 < t. As in Chapter 6, the problem can then be split into two
subproblems: (i) the state-feedback subproblem; and (ii) the state-estimation subproblem.

Subproblem (i) has already been dealt with in the previous section leading to the feed-
backs (9.15). For (ii), we consider the certainty-equivalent worst-case estimator:

€= f(€) + g1(&)ar(€) + ga1(E)azn (€) + gaa(€)ana(€) + Gs(€)(y — ha(€)),

where ay(z) = w* = %gl(as)ng(z)VxT(x) is the worst-case disturbance, g1 (z) = uj(z),
aga(z) = ub(z) and G,(.) is the output-injection gain matrix. Then, we can design the gain
matrix G4(.) to minimize the estimation error e = y — ha(§) and render the closed-loop
system asymptotically-stable.

Acordingly, let @y (t), a2 (t) and g(t), t € [to, 7] be a given pair of inputs and corresponding
measured output. Then, we consider the problem of maximizing the cost functional

1 (7 -
I (w,u) =V (2(r),7) + 5/ {laall® + ellaal® + (@)1 = 7 [lwi || = ¥?[lwe*}dt,
to
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with respect to x(t), wi(t), wa(t), where V(z,7) is the value-function for the first opti-
mization subproblem to determine the state-feedbacks, and subject to the constaint that
the output of the system (9.21) equals §(t). Moreover, since wy directly affects the obser-
vation y, we can substitute wy = ho(z) — ¢ into the cost functional .J,,(.,.) such that the
above constraint is automatically satisfied. The resulting value-function for this maximiza-
tion subproblem is then given by S(z,7) = V(z,7) — W(x,7), where W > 0 satisfies the
HIJIE

Wiz, t) + Wz, £)[f(2) + go1(2) a1 (t) + gaa(2)a2(t)] + 5h{ (2)hi ()
52 Wa(z, )g1(2)g] (£)W (2, 1) + —57°h3 (@) ha(x) + 713 (2)g(t)—
VIO + 3l ()2 + sellaa (@) =0, W(x,to) = 0. (9.24)

Assuming that the maximum of S(.,.) is determined by the condition S, (£(¢),t) = 0 and
that the Hessian is nondegenerate,? then the corresponding state-equation for ¢ can be
found by differentiation of S, (&(¢),t) = 0.

Finally, we obtain the controller which solves the infinite-horizon problem by letting
T — oo while imposing that z(t) — 0, and ty — —oo while x(tg) — 0. A finite-dimensional
approximation to this controller is given by (9.23). O

9.3 Singular Nonlinear H.-Control with Static Output-Feedback

In this section, we briefly extend the static output-feedback approach developed in Section
6.5 to the case of singular control for the affine nonlinear system. In this regard, consider
the following model of the system with the penalty variable defined in the following form

& = f(z)+gi(z)w+ g2 (2)u
we YT h2(2(m) (9.25)
o - |: 7612(1‘)17, :|

where all the variables and functions have their previous meanings and dimensions, and
min rank{ki2(z)} = k < p (assuming it is constant for all x). Then as discussed in Section
9.1, in this case, there exists a coordinate transformation ¢ under which the system can be
represented in the following form [42]:

T = f(x)+ g1(x)w + go1(v)ur + ga2(x)uz
se ) ¥ = el (9.26)
RS e R

where go = [g21(2) g22], D12 € R¥7"*" uy € N* is the regular control, and us € NP7, is
the singular control. Furthermore, it has been shown that the state-feedback control law

w = [ u1 } _ [ —g3,(2) ~zT(37) (9.27)

ug Q9292 (33) ’

where aga(x) is such that

Vi (2)ga2(z) gz (r) <0

2The Hessian is nondegenerate if it is not identically zero.
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and V > 0 is a smooth local solution of the HJIE (9.8), solves the state-feedback singular
Hoo-control problem (SFBSNLHICP) for the system (9.25) if the pair {f + goocr, hi} is
locally zero-state detectable. The following theorem then shows that, if the state-feedback
singular Ho-control problem is locally solvable with a regular control, then a set of condi-
tions similar to (6.91), (6.92) are sufficient to guarantee the solvability of the SOFBP.

Theorem 9.3.1 Consider the nonlinear system (9.25) and the singular Hoo-control prob-
lem for this system. Suppose the SFBSNLHICP is locally solvable with a regular control
and there exist C° functions F3: Y CR™ — R, ¢35 : Xo CX — RP, 93 : Y — RP™" such
that the conditions

F3 0 ha(z) = —g3, (2)V,! (2) + ¢3(2), (9.28)

Vi (2)[921 (%) p3(7) + goa ()13 (ha(x))] <0, (9.29)

are satisfied. In addition, suppose also the pair { f(x)+ gaa(x)Psoha(x), hi(x)} is zero-state
detectable. Then, the static output-feedback control law

=lul=len] o

solves the singular Hso-control problem for the system locally.

Proof: Differentiating the solution V > 0 of (9.8) along a trajectory of the closed-loop
system (9.25) with the control law (9.30), we get upon using (9.28), (9.29) and the HJIE
(9.8):

- g
gl(x)w — g21(2) g3 (@)V,] (@) + g21(x) 3 () + gaz(2)¥3(y))]
v

Il
S 1515151

IN
\

1
< SOPMl® = f1z1). (9-31)

Integrating now the above inequality from ¢ = tg to t = T" we have the dissipation inequality

T
-~ 1
V(D) - Vo) < [ 507wl - 2]t
to

and therefore the system has Ls-gain < 7. Moreover, with w = 0, we get
- 1
V< —=|z|?

< 5l

and thus, the closed-loop system is locally stable. Moreover, the condition V =0 for all
t > t., for some t. > to, implies that z = 0 and hy(z) = 0, u*(z) = 0 for all ¢ > ¢..
Consequently, it is a trajectory of & = f(z) 4 gaz(z)93(h2(x)). By the zero-state detectabil-
ity of {f(z) + g22(x)3(ha(z)), hi(x)}, this implies lim; o 2(t) = 0, and using LaSalle’s
invariance-principle we conclude asymptotic-stability. [
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On the other hand, if the singular problem is not solvable using the regular control
above, then it has been shown in Section 9.1.1 that a high-gain feedback can be used to
solve it. Thus, similarly, the results of Theorem 9.1.2 can be extended straightforwardly to
the static-output feedback design. It can easily be guessed that if there exist C° functions
Fi: YCR™ U, ¢y : Xy CX = RP, 1Yy : Y — NP, such that the conditions

Fyohy(z) = — { fi%g% } V. () + ¢a(z), (9.32)
Ve () (921 (2) 64 () + gaa()tba (h2(x))] < 0, (9.33)

where V is a local solution of the HJIE (9.8), are satisfied, then the output-feedback control

" uw= [ ﬁg; } (9.34)

solves the singular H ,-control problem for the system locally.

9.4 Singular Nonlinear H.,-Control for Cascaded Nonlinear Sys-
tems

In this section, we discuss the SFBSN LHICP for a fairly large class of cascaded nonlinear
systems that are totally singular, and we extend some of the results presented in Section
9.1 to this case. This class of systems can be represented by an aggregate state-space model
defined on a manifold X C 1™

= f(z)+g(x)w+ g2 (2)u; x(to) = zo
Yoy z = h(z) (9.35)

where all the variables have their previous meanings, while g1 : X — M™ " g5 : X — R"*P,
h: X — R° are C* function of z. We assume that the system has a unique equilibrium-
point z = 0, and f(0) = 0, h(0) = 0. In addition, we also assume that there exist local
coordinates [z 23] = [z',..., 2%, 29%", ... 2"], 1 < ¢ < n such that the system Xg , can
be decomposed into

o1 = fil@r) + gu(w)w + gar(w1)he(21, 22) 1(to) = 10
Ty = fo(wr,72) + gr2(w1, x2)w + goo (w1, T2)u; w2(to) = T20
dec R O I R TCRY (9.36)
22 ha(x1,x2)
y =

where z1 € 1%, 2z € R%2, 59 > 1, s = s1 + s2. Moreover, in accordance with the represen-
tation (9.35), we have

fo(x1,x2) g12(z1, x2)

20 = | o |+ 0= | )]

T1, T2 ho(z1, z2)

flz) = { fi(@1) + ga1(21) 22 } () = { gu1(z1) } ’
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The decomposition (9.36) can also be viewed as a cascade of two subsystems:

ya . t = fi(z1) + gui(x)w + g21(z1)22;
L 21 = hi(zr)

s Ty = fa(wy,w2) + gr2(x1, x2)w + goo(21, x2)u
2 z2 = hz(l’l,iliz)-

Such a model represents many physical dynamical systems we encouter everyday; for exam-
ple, in mechnical systems, the subsystem ¢ can represent the kinematic subsystem, while
3§ represents the dynamic subsystem.

To solve the SFBSN LHICP for the above system, we make the following assumption.

Assumption 9.4.1 The SFBHICP for the subsystem ¢ is solvable, i.e., there exists a
smooth solution P : My, — R, P > 0, My C X a neighborhood of x1 = 0 to the HJI-inequality

Py, (w1) f1 (1) +%

1
Pacl(xl)[?gn(ml)gﬂ(xl) = g2 (21)g3 (21)] Py, (1) +
1
Shi (z0)hi(21) <0, P(0) =0, (9.37)
such that zo(x) viewed as the control is given by
% = —gn (1) Py, (21),

and the worst-case disturbance affecting the subsystem is also given by

1
wy = 2 — gt (x1) P}, (1)

We can now define the following auxiliary system

1 = fi(x1) + g11(x1)W0 + gor(x1)22 + 712 911(3?1)91T1(CI?1)P$T1 (x1)
Shec 1 T2 = fo(@) + g12(2)w + ga2(x)u + 5 g12(2)gi; (21) Pr, (1) (9.38)
Z = zp—z5=ho(x)+ ngl(xl)PTl (:1:1)

where z € 571 and

B 1
W=w-— ;9{1(931)1351 (21).
Now define
hz) = zZ=2—25=ha(x)+ g3, (21) P} (1)

F B { 1(71) +g1 (z1)22 + 2911(I1)91T1(931)PIT1(£E1)
)+ gl (r)gfh (o) P ()

Then, (9.38) can be represented in the aggregate form

e i = fl@)+a@w+ g f0)=
SRR

@y (&), h(0)=0. (9.39)

z =
and we have the following lemmas.

Lemma 9.4.1 For the system representations 3¢
inequality holds:

(9.85) and X2, (9.39), the following

agg agg

1, 1 1
§||Z||2 2 Poy (1) (f1(21) + g21(71)22) + 2—72||91T1(£L’1)PIT1 (@1)|* + §||Z||2- (9.40)
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Proof: Note,

1, 1 N 1 1
S22 = Sl = 231 = Peo(@)gan (@) + G lall? + 5 gy (1) BT, o)1,

and from the HJI-inequality (9.37), we get

1 1
gz llot (@) Pry (@)1” + Szl

1
§||92T1(331)PT (@)1 = Py, (1) fr(z1) + 2

Upon inserting this in the previous equation, the result follows. [J

Lemma 9.4.2 Let Ky : T*X x U x W — R be the pre-Hamiltonian for the system ¥g .
defined by

1 1
Ky, u,w) = p" (f(2) + g1 (2)w + ga(@)u) + S |21 = 577w,

where (2%, ..., 2™, (pt,...,p")T are local coordinates for T*X. Similarly, let K, :T*X x
U x W — R be the pre-Hamiltonian for X3,,. Then

K, (z,p+ PIT7u, w) < K (x,p,u, w). (9.41)

Proof: We note that f(z) + g1(x)w = f(z) + g1(x)w. Then

Rl ®) = pF (@) + gr(@hn + ga(ahu) + 51207 — 2ol

P (&) + g () + galw)u) + 127 — 577

> p'(f(@) + g1(@)w + g2(2)u) + Po, (1) (fi(21) + g1(21)22) +
o @ Pa @)l + 51:1? - 397l (9.2

where the last inequality follows from Lemma 9.4.1. Noting that

T
1 _ 1 1 1
2 = 5% (- gastien L) (0 saafilenrhn)

1
= 7 ol + 55 ||911($1)PT (z)[? = Py, (z1)gu1 (z1)w,

then substituting the above expression in the inequality (9.42), gives
Ky(z,p,u,@) > p(f(@) + g1(2)w + ga(x)u) + Poy (21)(f1(1) + gi(@1) 22 + g11 (z1)w) +

1 1

Szl = 572wl

= KW(map+P$1(x1)7uaw)' U
As a consequence of the above lemma, we have the following theorem.
Theorem 9.4.1 Let v > 0 be given, and suppose there exists a static state-feedback control
u=alx), «(0)=0

that solves the SEFBSNLHICP for the system Ea such that there exists a C' solution
W:M—R, W >0, M C&X to the dissipation- mequalzty

K (2, W} (z),a(z),w) <0, W(0)=0,Yo€W.
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Then, the same control law also solves the SEFBSNLHICP for the system X3, and the
dissipation-inequality

K (z, V' (z), a(x),w) <0, V(0)=0,YweW
is satisfied as well for a nonnegative C* function V : M — R, such that V. =W + P.
Proof: Substituting p = W and u = a(z) in (9.41), we get
K (z,Wl(2) + Pl a(z),w) < K,(z, W (2),a(z),w) <0 Vo eW (9.43)
= K, (2, V] (2),a(z),w) <0 Yw € W. (9.44)
Moreover, V(0) = 0 also, and a solution to the HJIE for the SFBHICP in Chapter 5. O

Remark 9.4.1 Again as a consequence of Theorem (9.4.1), we can consider the
SFBSNLHICP for the auziliary system iggg instead of that of X5 .. The benefit of solv-
ing the former is that the penalty variable Z has lower dimension than z. This implies that,
while the sy x p matriz Lg,h(z) may have full-rank, the s x p matriz Ly, h(x) is always rank

deficient. Consequently, the former can be strongly input-output decoupled by the feedback
u = L;,Zli_z(o:)(v — Lyh(z)).
This feature will be used in solving the SFBSNLHICP.

The following theorem then gives a solution to the SEEBSNLHICP for the system 3¢

agg-*

Theorem 9.4.2 Consider the system iggg and the SFBSNLHICP. Suppose so = p and the

s9 X 89 matriz Lg,h(x) is invertible for all x € M. Let

52

Clz) =1+ 4—720(1’),
where - -
D(x) = diag {|| Ly, ha(x)|%, ..., [|Lg, s, ()17 }
Then, the state-feedback
u=a(r) = —Lg,h(z)[Lsh(z) + C(z)h(z)] (9.45)

renders the differential dissipation-inequality
K (z, W] (2),a(z),w) <0, W(0)=0, VweW

satisfied for

1_
W(z) = 4hT(z)h(z).
Consequently, by Theorem 9.4.1, the same feedback control also solves the SEBSNLHICP
for the system X3, with
g1 L )
V(z) = ZhT(I)h(I) + P(x)

satisfying
K (z, V] (z), a(x),w) <0, V(0)=0 YweW.

x
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Proof: Consider the closed-loop system (9.39), (9.45). Then using completion of squares
(see also [199]), we have

Ko, WY (@), 0(),0) = Wel@)[F() + () + gala)a(a)] — 222l + 512
= ST @) + Lo b + Lyh(r)a(@)] — 5970 + 512
= SR@)-C@)R@) + Lo (aa] - 222l + 5zl
1 s9 - = 1- 1 -
= 5 @D@h() + 5T (@)L hla)o — 57l
_ lsahrl; - 7 o
= GNP = R Lo + 5 lol]
L ls & Ly T 7 |17 <0

Moreover, W (0) = 0, since h(0) = 0, and the result follows. [J
We apply the results developed above to a couple of examples.

Example 9.4.1 [88]. Consider the system Y5 gg, and suppose the subsystem X is passive

(Chapter 3), i.e., it satisfies the KYP property:

Vi, (@1) fi(z1) 0, Vi, (z1)ga1(z1) = h (z1), V1(0)=0

for some storage-function Vi > 0. Let also

g11(x1) = cga1(z1), c€R, and v > /||

Then the function
gl

Py(xy) = \/ﬁ%(ml)
] (1)

solves the HJI-inequality (9.87) and

Zg = —Whl
Therefore,
foy = | e Zﬁﬁhl(m) (9.46)
f2(2) + —5S—=g12(x)h1(21)
YV2—c
h(z) = z+ il (9.47)

Example 9.4.2 [88]. Consider a rigid robot dynamics given by the following state-space
model:

Ty = T2 _ _
iy = —M7YO(x1,z2)w2 + e(x1)] + M~ Ha)w+ M~ (z1)u

T o° 931
z = ,
€2

(9.48)
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where x1,15 € R™ represent joint positions and velocities, M(x1) is the positive-definite
inertia matriz, C(x1,x2)xe is the coriolis and centrifugal forces, while e(x1) is the gravity
load.

The above model ¥ of the robot can be viewed as a cascade system with a kinematic
subsystem X%, represented by the state x1, and a dynamic subsystem represented by the state
x2. Moreover, gi11(x1) =0, ¢ =0, and applying the results of Theorem 9.4.2, we get

J@) = { —M_l(ml)(c(mixz)mz+€(331)
w0 =0 = | 3 | @ =t

(z1) > 0 is nonsingular. Thus,
(C(Il, IQ)IQ + 6(1‘1))7

qlh(x) = M_l(ilfl),

=

and

D(x1) = diag{|| M1 (z1)|%, ..., | M, (z1)]*}.
Therefore, by Theorem 9.4.2, the state-feedback

u = —M(zy)ze + Oz, z2)T2 + (1) — M(21) (I + &D(mﬂ) (21 + 22)
= —ki(z1)z1 — ka(21, 22)22 + €(271)
where the feedback gain matrices ki, ko are given by
balen) = M(ar) (14 5Dl )
4~2
ko(w1,22) = —C(x1,22) + M(21) (2] + %D(mﬁ) ,

solves the SEBSNLHICP for the robot system. Moreover, the function

1 1
V(I) = 51’{931 + Z(Il + IQ)T(Il + 932)

is positive-definite and proper. Consequently, the closed-loop system is globally asymptotically-
stable at x = 0 with w = 0.

9.5 H.-Control for Singularly-Perturbed Nonlinear Systems

In this section, we discuss the state-feedback Ho-control problem for nonlinear singularly-
perturbed systems. Singularly-perturbed systems are those class of systems that are char-
acterized by a discontinuous dependence of the system properties on a small perturbation
parameter €. They arise in many physical systems such as electrical power systems and
electrical machines (e.g., an asynchronous generator, a dc motor, electrical converters),
electronic systems (e.g., oscillators) mechanical systems (e.g., fighter aircrafts), biological
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systems (e.g., bacterial-yeast cultures, heart) and also economic systems with various com-
peting sectors. This class of systems has multiple time-scales, namely, a “fast” and a “slow”
dynamics. This makes their analysis and control more complicated than regular systems.
Nevertheless, they have been studied extensively [157, 165]. The control problem for this
class of systems is also closely related to the control problems that were discussed in the
previous sections.

We consider the following affine class of singularly-perturbed systems defined on X C R™:

1 = fi(z,z2) + g11(z1, x2)w + go1(z1, z2)u; x(to) = 2o
ety = fa((w1,22) + gr2(z1, 22)w + g2 (w1, T2)u5
ng : PR [ h1($1,$2) :| (949)
U
y = z,

where 1 € R™ C X is the slow state, o € "> C X is the fast state, u € U C La([to, T, RP)
is the control input, w € W C Lao([to,T],R") is the disturbance input, z € R*® is the
controlled output, while y € R™ is the measured output and ¢ is a small parameter. The
functions f; : X X X = VX, g;j : X x X - M™*4i,j = 1,2, « =rifj=1or
* =pifj=2 and h; : X — R® are smooth C* functions of z = (2, 2I)T. We also
assume that f1(0,0) = 0 and h4(0,0) = 0.

The problem is to find a static state-feedback control of the form

u=F(x), B(0)=0, (9.50)

such that the closed-loop system (9.49), (9.50) has locally L2-gain from w to z less than or
equal to a given number v* > 0 with closed-loop local asymptotic-stability. The following
result gives a solution to this problem, and is similar to the result in Chapter 6 for the
regular problem.

Proposition 9.5.1 Consider the system (9.49) and the state-feedback Mo -control problem
(SFBNLHICP) for it. Assume the system is zero-state detectable, and suppose for some
~v >0 and each ¢ > 0, there exists a C? solution V : M — R, V >0, M C X to the HJIE

V@) ilor,) + Vas i) + 5 (V@) <A@ (G100 920 )

Vﬂ?l (I) 1 T _ _
( i ) + 3hT @hi(@) =0, V(0) =0 9.51)
where

S”(I) = ’)/72911(13)9{7(13) - 921(I)92T](93)7 i,j=1,2.
Then the state-feedback control

u' = —[g51(x) e gn @)V, (2) (9.52)
solves the SFBNLHICP for the system on M, i.e., the closed-loop system (9.49), (9.52) has
Lo-gain from w to z less than or equal to v and is asymptotically-stable with w = 0.

Proof: Proof follows along similar lines as in Chapter 5 with the slight modification for the
presence of . J

The controller constructed above depends on & which may present some computational
difficulties. A composite controller that does not depend on € can be constructed as an
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asymptotic approximation to the above controller as ¢ — 0. To proceed, define the Hamil-
tonian system corresponding to the SFBNLHICP for the system as defined in Section
5.1:

. o

T BPPI: :Fl(l‘l,plamQaPQ)

. OH

P = QH&”: = Fs(x1,p1, T2, p2) (9.53)
Xy = ap; = F3(x1,p1, 2, p2)

. OH
Ep2 = — 81; = F4(-T17p17x2ap2)’

with Hamiltonian function H, : T*X — R defined by
H’y(x17x2ap1ap2) = p{f1($1,$2)+pgf2($)+
Lop 7 Su(z)  Sia(z) h L7
- —h h .
s07 oD (o) S ) () + g @
Let now ¢ — 0 in the above equations (9.53), and consider the resulting algebraic equations:

F3(w1,p1,02,p2) =0, Fy(x1,p1,22,p2) = 0.

If we assume that H., is nondegenerate at (z,p) = (0,0), then by the Implicit-function
Theorem [157] , there exist nontrivial solutions to the above equations

T2 = ¢(1317P1)7 b2 = 1/J(1’1,£L’2)-

Substituting these solutions in (9.53) results in the following reduced Hamiltonian system:

i:l = Fl(xhpl,¢($17p1)7¢($1,p1)) (9 54)

pl = FQ(gj17p17¢(I17p1)7¢(zlap1))' .
To be able to analyze the asymptotic behavior of the above system and its invariant-
manifold, we consider its linearization of (9.49) about x = 0. Let A;; = ggj (0,0),

Bi; = 45(0,0), C; = %(O)7 1,7 = 1,2, so that we have the following linearization

#1 = Anwz + Asxe + Briw + Boju; x(tg) = 29
ety = Aoixy + Az + Biow + Baau;
lep : [ Cix1 + Coxo :| (955)
A =
u
y =

Similarly, the linear Hamiltonian system corresponding to this linearization is given by

[i}:ﬁy[i}, (9.56)

where H., is the linear Hamiltonian matrix corresponding to (9.55) which is defined as

= Hyy His
Hy = [ 5_1H21 5_1H22 :|’

and H;; are the sub-Hamiltonian matrices:

Aij -5 (0
Hij{cigCi jg):|a

Jt
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with S;; = v72B1;B1; — B2 Baj.
The Riccati equations corresponding to the fast and slow dynamics are respectively given
by

ALX ;4 Xy Agy — XS22(0) Xy + CF Coy =0, (9.57)
AT X+ X Ag — X050 X0 + Qo = 0, (9.58)
where N
o —So | _ B 1
{ —Qy AT } = Hy1 — Hi2Hyy Hoy.

Then it is wellknown [216] that, if the system (9.55) is stabilizable, detectable and does
not have invariant-zeros on the imaginary axis (this holds if the Hamiltonian matrix H., is
hyperbolic [194]), then the Hoo-control problem for the system is solvable for all small e. In
fact, the control

ue = —BH Xs1 — BL(X e + Xewr), (9-59)

X.=[X; —I|Hy'Hy [ ; }
which is e-independent, is one such state-feedback. It is also well known that this feedback
controller also stabilizes the nonlinear system (9.49) locally about « = 0. The question is:
how big is the domain of validity of the controller, and how far can it be extended for the
nonlinear system (9.49)7

To answer the above question, we make the following assumptions.

Assumption 9.5.1 For a given v > 0, the ARE (9.57) has a symmetric solution X; > 0
such that Acy = Agg — So0 Xy is Hurwitz.

Assumption 9.5.2 For a given v > 0, the ARE (9.58) has a symmetric solution Xs > 0
such that A.s = Ag — So X, is Hurwitz.

Then, under Assumption 9.5.2 and the theory of ordinary differential-equations, the
system (9.54) has a stable invariant-manifold

M; = {z1,p1 = 0s(21) = Xsa1 + O([Je1[*)}, (9.60)

and the dynamics of the system (which is asymptotically-stable) restricted to this manifold
is given by
l”l = Fl (1317 O's(l’l)7 ¢(I17 Us(Il)), ¢(I17 US('Il)))a (961)

21 in a small neighborhood of @ = 0. Moreover, from (9.54), the function o satisfies the
partial-differential equation (PDE)

Jo
(9131

Fi(z1,05(21), d(1,05(21)), ¥ (21,05(21))) = Fo(x1,05(21), (21, 05(21)),
Y(x1,04(21))) (9.62)

which could be solved approximately using power-series expansion [193]. Such a solution
can be represented as

os(x1) = Xsx1 + 0s2(x1) + 053(x1) + . .. (9.63)

where og;(.),4 = 2,..., are the higher-order terms, and o4 = X,. In fact, substituting
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(9.63) in (9.62) and equating terms of the same powers in x1, the higher-order terms could
be determined recursively.

Now, substituting the solution (9.60) in the fast dynamic subsystem, i.e., in (9.53), we
get for all 2 such that M exists,

B9 = F3(21,22,p2), P2 = Fa(x1,22,p2),

where -
F3(xy,22,p2) = F3(x1,04(x1), 02 + (21, 04(21),p2 + 05(21)),

Fy(w1,22,p2) = Fu(w1,05(21), 22 + ¢(21, 05(21), p2 + 05(21)).
The above fast Hamiltonian subsystem has a stable invariant-manifold
M;f = {z2,p2 = Vy(21,22)}
with asymptotically-stable dynamics
Z.EQ = F3(I13 0'5(931)7 €2, 19f(1‘17 1‘2))

for all x1,x2 € € neighborhood of = 0. The function ¥; similarly has a representation
about x =0 as
Vy(w1,22) = Xy + O((lza || + [[z2]Dlz2])

and satisfies a similar PDE:

oY - _
a—mF3(Ila £L‘2719f(931,1‘2)) = F4(I13 Z2, ﬂf(zla IQ))

Consequently, J;(.,.) has the following power-series expansion in powers of xo
19f(1‘171‘2)) = Xfl‘g + 19f2(£l?1, £L‘2) —+ ﬂfg(:l?l, £L‘2) + ...

where ¥¢;,7 = 2,3, ... denote the higher-order terms.
Finally, we can define the following composite controller

Ue = —g31(2)0s (1) — 935 (x) [ (21, 05(21)) + D21, 22 — P(21,05(1))] (9.64)
which is related to the linear composite controller (9.59) in the following way:
te = ter + O(||z1[| + [[z2])-

Thus, (9.64) solves the nonlinear problem locally in M. Summing up the above analysis, we
have the following theorem.

Theorem 9.5.1 Consider the system (9.49) and the SFBNLHICP for it. Suppose Assump-
tions 9.5.1, 9.5.2 hold. Then there exist indices my, my € Zy and an €9 > 0 such that, for
all e € [0,e9) the following hold:

(i) there exists a C? solution V : Qu, X Qpy — Ry Uy X Qn, C X to the HIIE (9.51)
whose approrimation is given by

V(Ihl‘g) = %(Il) + 0(5)

for some function Vo = [og(x1)dxi. Consequently, the control law (9.52) also has the
approzximation:
u=u.+ 0(e);
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(ii) the SEBNLHICP for the system is locally solvable on Qy,, X Qm, by the composite
control (9.64);

(iii) the SEBNLHICP for the system is locally solvable on Qy,, X Qp,, by the linear composite
control (9.59).

Proof: (i) The existence of a C? solution to the HJIE (9.51) follows from linearization.
Indeed, Vo ~ 2T X 2 > 0 is C2.

(ii) Consider the closed-loop system (9.49), (9.64). We have to prove that Assumptions
9.5.1, 9.5.2 hold for the linearized system:

i1 = Apxy + Argxs + Briw, o = Agxy + Aggxs + Brow, 2= [01 CN'Q]CE,

where C; = (1 BIX,- BLX/], Cy = [Ca, —B2,X¢]. This system corresponds to the
closed-loop system (9.55), (9.59) whose Hamiltonian system is also given similarly by (9.56)
with Hamiltonian matrix ﬁv, and where all matrices are replaced by “tilde” superscript,
with gij = —’)/QBliBu, i,j = 1, 2.

It should be noted that Assumptions 9.5.1, 9.5.2 imply that the fast and reduced
subsystems have stable invariant-manifolds. Setting ¢ = 0 and substituting p; = Xsx1,
p2 = Xcx1+ Xsxo leads to the Hamiltonian system (9.56) with e = 0. Therefore, po = Xyxo
and p; = Xxp are the desired stable manifolds.

(iii) This proof is similar to (ii). O

9.6 Notes and Bibliography

The results of Sections 9.1-9.2 are based on the References [42, 194]. A detailed proof of The-
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can be found in [176]. In addition, the full-information problem for a class of nonlinear sys-
tems is discussed in [43].

The material of Section 9.4 is based on the Reference [88]. Application of singular H .-
control to the control of a rigid spacecraft can also be found in the same reference.

The results presented in Section 9.5 are based on References [104]-[106]. Results on
descriptor systems can also be found in the same references. In addition, robust control of
nonlinear singularly-perturbed systems is discussed in Reference [218].

Finally, the results of Section 9.3 are based on [27].



10

‘H -Filtering for Singularly-Perturbed Nonlinear
Systems

In this chapter, we discuss the counterpart filtering results for continuous-time singularly-
perturbed affine nonlinear systems. The linear Ho. filtering problem has been considered
by a number of authors [178, 246], and the nonlinear problem for fuzzy T-S models has also
been considered by a number of authors [39, 40, 41, 283]. This represents an interpolation of
a number of linear models for the aggregate nonlinear system. Thus, the filter equations can
be solved using linear-matrix inequalities (LMI) which makes the approach computationally
attractive.

However, the general affine nonlinear filtering problem has only been recently considered
by the authors [25, 26]. The results we present in this chapter represent a generalization of
the results of Chapter 9. But in addition, various classes of filter configuration are possible
in this case, ranging from decomposition to aggregate and to reduced-order filters.

10.1 Problem Definition and Preliminaries

We consider the following affine nonlinear causal state-space model of the plant which is
defined on X C R™ "2 with zero control input:

& = fi(zr,x2) + g1z, z2)w; x1(to,€) = 210
ng : 6532 = fg(llil, £L‘2) + 921(131, Ig)w; 1:2(t07 6) = X20 (101)
Y hot(x1) + hoo(z2) + ko1 (21, x2)w

x1

where x = € X is the state vector with z; the slow state which is n;-dimensional,

and xo the fast, which is ng-dimensional; w € W C La([tg,00), R") is an unknown dis-
turbance (or noise) signal, which belongs to the set W of admissible exogenous inputs;
y € Y C R™ is the measured output (or observation) of the system, and belongs to ), the
set of admissible measured-outputs; while € > 0 is a small perturbation parameter.

The functions ( ﬁ ) CX o VRO(X) C R2mAn2) g s X MY, gog - X —

M"2X7 (X)) where M7 is the ring of i X j smooth matrices over X, hay, hoa : X — R™, and
kap @ X — M™*7(X) are real C* functions of . Furthermore, we assume without any loss
of generality that the system (10.1) has an isolated equilibrium-point at (x1,22) = (0,0)
and such that f1(0,0) = 0, f2(0,0) = 0, h21(0,0) = ha(0,0) = 0. We also assume that
there exists a unique solution (¢, to, g, w,£) Vt € R for the system for all initial conditions
xo, for all w € W, and all € € R.

In addition, to guarantee local asymptotic-stability of the system (10.1) with w = 0, we
assume that (10.1) satisfies the conditions of Theorem 8.2, [157], i.e., there exists an ¢* > 0
such that (10.1) is locally asymptotically-stable about = = 0 for all ¢ € [0,&*).

269
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The Hoo-suboptimal local filtering/state estimation problem is redefined as in Chapter
8.

Definition 10.1.1 (Nonlinear Hoo (Suboptimal) Filtering Problem (NLHIFP)). Find a fil-

ter, ¥, for estimating the state x(t) from observations Y £ {y(r) : 7 < t} of y(r) up to
time t, to obtain the estimate

i’(t) - F(Yt)7

such that the Lo-gain from the input w to some suitable penalty variable Z is rendered less
or equal to a given number v > 0, i.e.,

/ |12(7)||2dt < 72/ lw(T)||?dt, Yw e W, (10.2)

to to

for all initial conditions xo € O C X. In addition, with w = 0, we also have lim; ., Z = 0.

Moreover, if the filter solves the problem for all xy € X, we say the problem is solved globally.
We shall also adopt the following definition of zero-input observability.

Definition 10.1.2 For the nonlinear system Pg,, we say that it is locally zero-input ob-

servable, if for all states x1, vo € U C X and input w(.) =0
y(ta T, w) = y(tv 'I27w) = X1 = X2,
where y(., z;,w), i = 1,2 is the output of the system with the initial condition x(ty) = x;.

Moreover, the system is said to be zero-input observable, if it is locally observable at each
To€ X orU=2X.

10.2 Decomposition Filters

In this section, we present a decomposition approach to the H., state estimation problem.
As in the linear case [79, 178], we assume that there exists locally a smooth invertible
coordinate transformation (a diffeomorphism)

51 = @1(3?)7 901(0) = Oa 52 = 902($)7 902(0) = 07 61 S §Rn17§2 S §RTL2’ (103)

such that the system (10.1) can be decomposed into the form

_ G = [+ 3w &lto) = ¢i(xo)
P34 e = fa(&) + g21(Qw;  &(to) = p2(20) (10.4)
y = h21(§1) + haa(§2) + kar (§w.

The necessary conditions that guarantee the existence of such a transformation are given
in [26]. Subsequently, we can proceed to design the filter based on this transformed model
(10.4) with the systems states partially decoupled. Accordingly, we propose the following
composite filter

& = [i)+gu @i + L y)(y — hai(€)) = haa(é2));
Fi.:{ &1to) = ¢1(0) . o (10.5)
€2 = fa(&2) + G21 (0" + La(&,y)(y — ha1(&1) — h22(&2));
2(to) = ¢2(0)
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where 5 € X is the filter state, w* is the certainty-equivalent worst-case noise, Ly e gm xm
Lo € R™*™ are the filter gains, while all the other variables have their corresponding
previous meanings and dimensions. We can then define the penalty variable or estimation
error as

2=y — ha1(&1) — hoa(&2). (10.6)
Similarly, the problem can then be formulated as a zero-sum differential game with the
following cost functional (Chapter 2):

. PP 1 [
i swp Ak Law) =5 [P - el
L, e ! ><m’ weWw to
iQ € Rraxm
s.t.(10.5)  and with w =0, lim {Et) — @)} = 0. (10.7)

A pair of strategies (L*, w*), L* = [L%, L3] is said to constitute a “saddle-point solution” to
the above game, if the following conditions are satisfied [57]:

JU(LF,w) < Ji (L, w*) < Ji(L,w*); YLy € RMX™ Ly € R™2*™ vw e W.  (10.8)
To proceed to find the above saddle-points, we form the Hamiltonian function H :
T*X x T*Y x W x Rmxm x Rrzxm _ R corresponding to the above dynamic game:
H(E y,w, Ly, Lo, VIV = Ve (G y)lAi&) + gu@w+ L y)(y — har(§) -
hoa(€a))] + 2V, (€ ) Fale) + Goa(E)w +
Lo, 9)(y — har (&1) — haa(&2))] + Vi (S w)i +
Sl =+ wl?) (10,9

for some C' function V : X x Y — R. Then, applying the necessary condition for the
worst-case noise, we have

OH A SR 1

Gu|  =0= = SEhEVIEw + ROV E ) (10.10)
Moreover, we note that

0°H
Ow?

= 7721 = H(é7y7wail7z23‘>éT7‘A/yT) S (6 yaw L17L23‘/§ ) ) Vw e W.

Substituting now @* in (10.9) and completing the squares for Ly and E27 we have

H(E,y, 0, Ll,L27VT VD) = Ve, (6 u) fulén) + gvg,_,(&y)f2(€2)+‘7y(g,y)y+

; [V, (€ 0)in O3 OV Gy >+g Ve, €9 ©Fh OV G y) +

H

LTEVEEy) + (y— har (&) - h22(£2))H2—%H(y—ilzl(él)—’322(52))”2—

>
>

o

o
—
AN
<
=

N <§1y>vg<é, 0+ 3| FEEETIE D + 0 ) - haalle)

2

N = N~ N~ O

Iy — Fon(60) ~ Raa(@DI? ~ g Ve, € Ea(€ ) LT (€ 9)VE (E,) + 5121

252 52

2
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Therefore, setting the optimal gains L1 (€, ), L3(€,y) as
& (3 ZJ)E{(S, y) = (- 7121(51) - 522(52))T (10.11)

(3 y)fé(éa y) = (- 521(51) - 7322(52))T (10.12)
minimizes the Hamiltonian (10.9) and implies that the saddle-point condition

H( y, 0%, L1, Ly, VI V) < H(E y, 0", L, Lo, V) (10.13)
is satisfied. Finally, setting

H(y, 0%, L1, L, VI, V] =0

results in the following Hamilton-Jacobi-Isaacs equation (HJIE):

Ve €0 1(E) + 2V, En)foln) + V(€ )i +

RN NG AR MG AGRIRA A

alleEn Ve | f o0 S Vi)

SVe, G ENLTE WV ) — 5572, €0 EE T €T E ) -

;(y h21(§1) ﬁzz(éz))T(y*fNLm(&)*h22(§2)):0, V(0,0) =0, (10.14)
or equivalently the HJIE

Ve, (€)1 + 2V, € ) folén) + Vi€ )i +

RN NG A NG AGRIRA A

palVa o) V@ | FrCinCl S | Iy

g( — ho1(61) — ha2(€2))" (y — ha1(&1) — haa(é2)) =0, V(0,0) = 0. (10.15)

In addition, from (10.9), we have

S A A ~ ~ 1~
H(§7ya w, L’I(a 57 VvéTa VyT) = él (é-a y)fl(fl) + g‘/éz (E’ y)f2(§2) + %(§7y)y -
2 2
—||w w*||* + 77||w*||2 12112

2
= H(£7yaw*aLYa 57%T7%T)_%Hw_w*”2'

Therefore, o o o o
H(g,y,w,L;,L;VT, v, < H(g,y,w*,L;,Lg,VéTJ@T). (10.16)
Combining now (10.13) and (10.16), we have that the saddle-point conditions (10.8) are

satisfied and the pair ([L%, L3], w*) constitutes a saddle-point solution to the game (10.7).
Consequently, we have the following result.

Proposition 10.2.1 Consider the nonlinear system (10.1) and the NLHIFP for it. Suppose
the plant PZ, is locally asymptotically-stable about the equilibrium-point x = 0 and zero-
input observable for all e € [0,e*). Further, suppose also there exist a local diffeororphism ¢



Hoo-Filtering for Singularly-Perturbed Nonlinear Systems 273

that transforms the system to the partially decoupled form (10. 4), a C' positive-semidefinite
function V:NxT > $4 locally defined in a neighborhood NxTcxxy of the origin
(€,y) = (0,0), and matriz functions L; : N x T — RM*™ i = 1,2, satisfying the HJIE
(10.14) together with the coupling-conditions (10.11), (10.12) for some v > 0 and € < €*.
Then, the filter F{, solves the NLHIFP for the system locally in <p71(]\7).

Proof: The first part of the proof regarding the optimality of the filter gains ﬁ’{, ig has
already been shown above. It remains to prove asymptotic convergence of the estimation
error vector. For this, let V > 0 be a C* solution of the HJIE (10.14) or equivalently (10.15).
Then, differentiating this solution along a trajectory of (10.5) with the optimal gains i{,
ﬁg, and for some w € W inplace of w*, we get

Vo= Vi Eulfi) + g @w+ L€ y) (v — hai(€r) — haa(€2))] +

Ve, (€ 0)[F2(82) + g1 (©)w + L5(E, ) (y — har(§1) — haa(§2))] + Vi (€, )9

™ | = <>

= Tl =+ 577l ~ S el?
1 1
< sPlel® - S,

where the last equality follows from using the HJTE (10.14). Integrating the above inequality
from t =ty to t = oo and since the system is asymptotically-stable, implies that the L£-gain
condition (10.2) is satisfied.

In addition, setting w = 0 in the above inequality implies that V (£(t), y(t)) < —3 212
Therefore, the filter dynamics is stable, and V (£(t), y(t)) is non-increasing along a trajectory
of (10.5). Moreover, the condition that V (£(t t),y(t)) = 0Vt > ts, for some ts > 1o, implies
that z = 0, which further implies that y = hgl(«fl) + hoo (&) Vt > t,. By the zero-input
observability of the system, this implies that § . Finally, since ¢ is a diffeomorphism and
(0) =0, £ =& implies & = =1 (§) = p~1(¢) = 2. O

The above result can be specialized to the linear singularly-perturbed system
(LSPS)[178, 246]

&y = Az + Apxs + Bhw;  x(to) = 210
Plsp : ety = Aniwy + Aswy + Bojw;  wa(to) = w20 (10.17)
y = Couzi+Cpretw

where A; € §Rn1><n1’ Ag € RMX"2 0 Ay € RM2X™M Ay € §Rn2><n2’ By € §Rn1><s7 and
By € R"2*% while the other matrices have compatible dimensions. Then, an explicit form
of the required transformation ¢ above is given by the Chang transformation [79]:

[ g } = { s fHL }i? } [ . } (10.18)

where the matrices L and H satisfy the equations
0 = Aol — Ay —el(41 — Apsl)
0 = —H(A2+eLA)+ Aa +e(A — ApL)H
The system is then represented in the new coordinates by
& = A&+ Buw; &(to) = o

Pl i & = Az&s + Borw;  &(to) = &a0 (10.19)
y = Cu&i+Cubh+w
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where
Ay = A —Apl=A — Ap Ay Ay + O(e)
By = By —eHLBy —HBy = By — A12A2_1321 + O(e)
Ag = A9 +elAo= A+ O(E)
By = By +¢LBiy = By + O(e)
Cor = Cg —Col = Cy — Coa Ay Agy + O(e)
Coa = Cog+e(Coy — Cog)H = Coy + O(e).

Specializing the filter (10.5) to the LSPS (10.19) results in the following filter

>e
i

&S = (Ai+ %BHBEI%)EH + #Buﬁ’%ﬁzéﬁ
Fi.:q Laly - ?2{51 ~ Oba), 511(“3) =0 (10.20)
562 = (AZ + %BQIBEIPQ)gQ + ?Bng’irlplfl—‘r
Lo(y — Ca1&1 — C2&2), &2(to) =0,
where Ph ]32, I:l, Lo satisfy the following matrix inequalities:
A{pl + P 1211 -+ %Pléugﬂpl — 30;1021
’Y_éEP2321B?1~ 1 + 30;2021
3C
0
- P1B11 B}, P> +3CF, Coo 3¢L 0 |
AT Py + PyAy + 5 PyBn B3 Py = 3C3HCn 3C3, 0 | (10.21)
3C9 =3I %Q B
0 2@ 0
0 0 (L —CF)
0 0 —-3C, <0 (10.22)
%( 1L1 — Czl)T _%Csz (1 — )l
0 0
0 0 > (PaLy —C%) | <0 (10.23)
—5Ca1 5 (Paly — C3)7T (1 —p2)I ]

for some symmetric matrix Q € R™*™ > 0, and numbers u, ue > 1. Consequently, we
have the following corollary to Proposition 10.2.1.

Corollary 10.2.1 Consider the LSPS (10.17) and the H-filtering problem for it. Suppose
the plant Plsp is asymptotically-stable about the equilibrium-point x = 0 and observable for
all e € [0,e*). Suppose further, the system is transformable to the form (10.19), and there
exist positive-semidefinite matrices Py € Rrxmi | P, ¢ Rnaxnz Q € R™*™ together with
matrices L1, Ly € R™™ satisfying the matriz-inequalities (MlIs) (10.21)-(10.23) for some
v >0 and € < e*. Then, the filter F}, solves the Hoo-filtering problem for the system.

Proof: Take 1
V(&) = 5 (6 P& + & P +y"Qy)

and apply the result of the proposition. [
So far we have not exploited the benefit of the coordinate transformation ¢ in designing
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the filter (10.5) for the system (10.4). Moreover, for the linear system (10.17), the result-
ing governing equations (10.21)-(10.23) are not linear in the unknown variables Py, P
Therefore, we shall now consider the design of separate reduced-order filters for the two
decomposed subsystems. Accordingly, let € | 0 in (10.4) and obtain the following reduced
system model:

G = h&)+am@w

P2 0 = &) +im@w (10.24)
y = hoi(&) + hoa(&2) + ka1 (§w.

Then we assume the following.

Assumption 10.2.1 The system (10.1), (10.24) is in the “standard form,” i.e., the equa-
tion ~
0= fa(&2) + ga1(Hw (10.25)
has I > 1 isolated roots, we can denote any one of these solutions by
&2 = q(&1,w) (10.26)

for some smooth function q: X x W — X.

Using Assumption 10.2.1 results in the reduced-order slow subsystem

Pf:{ él
Yy

Fi(&) + 116, q(&, w))w + O(e)
ﬁzl(fl) + 522(11(51,111)) + 12121(517 q(&1, w))w + O(e) (10.27)

and a boundary-layer (or quasi-steady-state) subsystem

dé.

2 ~ — - —
= = fo(&(7) + §21(&1, &2(7))w (10.28)
where 7 = t/e is a stretched-time parameter. This subsystem is guaranteed to be

asymptotically-stable for 0 < ¢ < €* (see Theorem 8.2 in Ref. [157]) if the original sys-
tem (10.1) is asymptotically-stable.

Then, we can design separate filters for the above two subsystems (10.27), (10.28) re-
spectively as

& = fil€) + gl g€y, 0h))wt + L&, y)(y — hai(ér) -
_ _ ha2(q(§1,w7)));  &i(to) =0
Fae €€y = 52(52) + go1(E)wh + La(Ea,y) (y — ha1(€1) — haa(£2)), (10.29)
&2(to) =0

I\1e

= y—ha(&1) — haa (&)

where we have decomposed w into two components w; and ws for convenience, and w; is
predetermined with &; constant [82], i # j, i,j = 1, 2.
The following theorem summarizes the design.

Theorem 10.2.1 Consider the nonlinear system (10.1) and the Hoo local state estimation
problem for it. Suppose the plant PZ, is locally asymptotically-stable about the equilibrium-
point x = 0 and zero-input observable for all € € [0,e*). Suppose further, there exists a
local diffeomorphism ¢ that transforms the system to the partially decoupled form (10.4),
and Assumption 10.2.1 holds. In addition, suppose for some v > 0 and & € [0,e*), there
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exist O positive-semidefinite functions Vi : N; X T, — Ry, i = 1,2, locally defined in
neighborhoods N; x Té CXx)Y of the origin (&,y) = (0,0), i = 1,2 respectively, and
matrixz functions L; : N; x T; — R™>*™ 4 =1,2 satisfying the HJIEs:
U Lo v v sy e em s
‘/15“1 (517 y)fl(gl) + 2_/72‘/151 (617y)gll(§17 Q(gla w{))ga(gh Q(gla w{))vlrgl (517?-/) +

Vig &9 — 5y — i (€0) — haa(a(r, D)y — han (1) — aala(a ) =,

Vi(0,0) =0 (10.30)
D (€0) o) + 5z Vi, (6 0) O OVE, Eo0) + Vo ()i -
S = () ~ hn(&))7 (5~ Fon(6) ~ (€)= 0, V3(0,00=0  (1031)
Wy = 712 911(51,52) (517 Y) (10.32)

together with the coupling conditions

Vie, €, L (€Ly) = —(—har (&) — haa(q(&r,w)))" (10.33)
%‘7252 EWLa€y) = ~(y—hn(&) — ha(&)". (10.34)

Then, the filter Fgc solves the NLHIFP for the system locally in g@’l(]\vfl X Ng)

Proof: (Sketch). Define the two separate Hamiltonian functions H; : T*X x W x Rmixm —
R, i = 1,2 with respect to the cost-functional (10.7) for the two filters (10.29) as

Vig, (€L, 0)[f1(6) + 11 (&1, &)wr +
1(€0,9) (Y — ha1 (€1) — haa(&2))] + %(HZH2 =72l [|?)

Iv{l(gla Y, wq, ih Z?a ‘V/g;a ‘v/yT)

C

v

(& Y)[f2(E2) + Go1(E)wa +
2(E,y)(y — ha1(&1) — haz(&2))] + %(HZH2 — 7% ||w2l?)

q

M | = b«

ﬁ2(£7y7w2ai17i2a%TﬂvyT) =

[
M

e

for some smooth functions V; : X x Y — R, ¢ = 1,2. Then, we can determine w}, w3 by
applying the necessary conditions for the worst-case noise as

1 o
Wy = 72911(‘51;52) 5(517)
1 o o
wy = Wﬁﬂ(&)‘éi(&l/)

where 07 is determined with &, fixed. The rest of the proof follows along the same lines as

Proposition 10.2.1. O
The limiting behavior of the filter (10.29) as & | 0 results in the following reduced-order

filter

v v ~ v v

Fo . { & = F1(&) + gu (&, a(&, @)t + La(€n,9)(y — har(§1) — haa(g(ér,® w1))f10.35)
' §1(to) =0
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which is governed by the HJIE (10.30).
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The result of Theorem 10.2.1 can similarly be specialized to the LSPS (10.17). Assuming

As is nonsingular (i.e., Assumption 10.2.1 is satisfied), then we can solve for
& = —A; ' By,

and we substitute in the slow-subsystem to obtain the composite filter

v

&= /1151 + %Buéﬂplé + f1(y — 6'2151 + %6221451321B1T1ﬁ151)7
FZQC : . 51 (to) = 0
ey = Ayly + 3 32132113252 + Loy — Con€) — Caaly), E(to) = 0.

Thus, the following corollary can be deduced.

Corollary 10.2.2 Consider the LSPS (10.17) and the H-filtering problem for it. Suppose
the plant Plsp is asymptotically-stable about the equilibrium-point x = 0 and observable for
all e € [0,e%). Further, suppose it is transformable to the form (10.19) and Assumption
10.2.1 holds, or As is nonsingular. In addition, suppose for some ~ >0and e € [0,e*),
there exist positive-semidefinite matrices Py e Rmixni | Py e Rm2X12 Q1 Qy € R™™ and

matrices Ly € R™MX™ | Ly € RM2%™  satisfying the lmear matrix- mequalztzes (LMIs)

7P1B11B21A TCECo

Bﬂpl 7,}/72]
PlBllB21A TC22 0
021 — —02214. BngUP1 0
L 0 0
G d; B BB, O - LB B BRATTCL 0
0 0 0
2 0 0 | <o
0 -1 (o
0 O 0
Chea w0 cf o0
~CLCn MATPy+ PAy) — CHCn  PiBn Ch 0
0 BQTng —e 24721 0 0 <0
Co Cao 0 —I Q2
0 0 Q2 0
0 l P1L1 021+ 1
PanleA e,
o C’ T <0
1 P Ly —
1 ool 1—67)1
2 < %P 11321A r'cd, ) ( ) ]
0 0 ~3Ch
0 0 s(IPLy—CE) | <0
—%021 %(%PQLQ — CEQ)T (1 — (52)]

[ ATP + PA; - 021021-1- 021022/1 !By B P+ -
Py By

(10.36)

(10.37)

(10.38)

(10.39)

for some numbers 81,03 > 1. Then the filter Fb, solves the Hoo-filtering problem for the
2c

system.
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Proof: Take

oL 1 oo o 5
Vil&,y) = §(€1TP1€1 +y"Quy)
oL 1T oo o 5
Va(&2,y) = §(€2TP2€2 + 47 Q2y)

and apply the result of the theorem. Moreover, the nonsingularity of A, guarantees that a
reduced-order subsystem exists. [J

10.3 Aggregate Filters

If the coordinate transformation, ¢, discussed in the previous section cannot be found,
then an aggregate filter for the system (10.1) must be designed. Accordingly, consider the
following class of filters:

T = fl(l‘laﬂﬂz) + g11 (@1, )W + L1(2,y) (y — ho1(21) + hoa(¥2));
_ 1 (to) = .
| exy = fo(2, 3?2) + g12(¥1, 2)W* + La(, y)(y — ha1 (1) + haa(22));
zg(to) 0
z = y—hoi(&1)+ hoa(Z2)

where Ly € R1X™ L, € R™2X™ are the filter gains, and 2 is the new penalty variable. Then
the following result can be derived using similar steps as outlined in the previous section.

Theorem 10.3.1 Consider the nonlinear system (10.1) and the NLHIFP for it. Suppose
the plant PZ, is locally asymptotically-stable about the equilibrium-point x = 0 and ob-
servable for all € € [0,e*). Further, suppose for some v > 0 and ¢ € [0,e*), there ex-
ists a C! positive- semidefinite function V:NxT = R, locally defined in a neigh-
borhood N x ¥ C X x Y of the origin (Z1,22,y) = (0,0,0), and matriz functions
Li: N xT— Rrixm =12, satisfying the HJIE:

Vi (,9) fr(21, 22) + gVi2($7y)f2($17332) + Vy (&, y)y +
I o s S g11(2)g1, (%) %911(53)9;1(53) } { ‘:/a;Tl(i,y) } _

2—72[%@1 (,y) Va,(2,y)] Looi(2)g5 () Lrgon (¥)gh () Vi (2,y)
g(y — ha1 (1) = haa(£2))T (y — ha1(21) — haa(2)) =0, V/(0,0) = 0. (10.40)

together with the side-conditions

Vi (@, 9) L1 (2,y) = —(y — ho1(21) — hoo(d2))” (10.41)
éVi2 (i‘, y)ig(i‘, y) = —(y — h21 (.1‘1) - hgg(ﬁ?g))T. (1042)

Then, the filter ¥5,, with
N T (s Lo oo\orT s
@ = 5 Ioh )V ) + S )V o)

solves the NLHIFP for the system locally in N.
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Proof: Proof follows along the same lines as Proposition 10.2.1. [J

The above result, Theorem 10.3.1, can similarly be specialized to the LSPS Plsp.

To obtain the limiting filter (10.40) as ¢ | 0, we use Assumption 10.2.1 to obtain a
reduced-order model of the system (10.1). If we assume the equation

0= fo(z1,22) + Go1(z1, x2)w (10.43)

has k& > 1 isolated roots, we can denote any one of these roots by
To = p(a1,w), (10.44)
for some smooth function p : X x W — X. The resulting reduced-order system is given by
P L e T = (1045

and the corresponding reduced-order filter is then given by
iy = f1(f17p(f17ﬂ3*)) + g11(Z1, p(£1, w*) )™
Fagr Ly(#,y)(y — ha1(£1) + haz(p(£2, *))» i1(to) =0
2 = y—hai(d1) + haa(p(£1, %)),

where all the variables have their corresponding previous meanings and dimensions, while
7 % 1 4, ’
Vi, (&, y) L1 (2, y) = —(y — ha1(21) — haz(p(d1,6*))T
and V satisfies the following HJIE:
Vi, (£, ) fu(#1, (1, 0*)) + Vy (F1, )3+
o Vi, (1, 9) 001 (&, p(in, ) gy (. p(d1, %)V (1, 4)—
5y — ha1(£1) — haa(p(#1,10%)) T (y — ho1(£1) — hoa(p(£1,10%)) = 0, (10.46)

with V(O, 0) = 0. In the next section, we consider some examples.

10.4 Examples

Consider the following singularly-perturbed nonlinear system

9.31 = 7.1‘:13 + X9
ey = —T1— X2+ w
y = x1+x2+w,

where w € £2[0,00), € > 0. We construct the aggregate filter F4,, presented in the previ-

ous section for the above system. It can be checked that the system is locally zero-input

observable, and the function V() = (2% 4 £23), solves the inequality form of the HJIE

(10.40) corresponding to the system. Subsequently, we calculate the gains of the filter as
s . oy — b — 3

(y—a1 932)7 Lo(,y) = — (y 9\31 932)7 (10.47)

Ly(x,y) = —
1($7y) i,l 2o

where L (,y), La(2,y) are set equal to zero if ||| < e (small) to avoid the singularity at
x=0.
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10.5 Notes and Bibliography

This chapter is mainly based on [26]. Similar results for the Hs filtering problem can be
found in [25]. Results for fuzzy TS nonlinear models can be found in [40, 41, 283].



11
Mixed Hy/H~ Nonlinear Control

In this chapter, we discuss the mixed Hs/Ho-control problem for nonlinear systems. This
problem arises when a higher-degree of performance for the system is desired, and two
criteria are minimized to derive the controller that enjoys both the properties of an H,
(or LQG [174]) and Hoo-controller. A stronger motivation for this problem though is that,
because the solution to the H.-control problem is nonunique (if it is not optimal, it can
hardly be unique) and only the suboptimal problem could be solved easily, then is it possible
to formulate another problem that could be solved optimally and obtain a unique solution?

The problem for linear systems was first considered by Bernstein and Haddad [67],
where a solution for the output-feedback problem in terms of three coupled algebraic-
Riccati-equations (AREs) was obtained by formulating it as an LQG problem with an H.o
constraint. The dual to this problem has also been considered by Doyle, Zhou and Glover
[93, 293]. While Mustapha and Glover [205, 206] have considered entropy minimization
which provides an upper bound on the Hs-cost under an H,-constraint.

Another contribution to the linear literature was from Khargonekhar and Rotea [161] and
Scherer et al. [238, 239], who considered more general multi-objective problems using convex
optimization and/or linear-matrix-inequalities (LMI). And more lately, by Limebeer et al.
[179] and Chen and Zhou [81] who considered a two-person nonzero-sum differential game
approach with a multi-objective flavor (for the latter). This approach is very transparent
and is reminiscent of the minimax approach to Heo-control by Basar and Bernhard [57].
The state-feedback problem is solved in Limebeer et al. [179], while the output-feedback
problem is solved in Chen and Zhou [81]. By-and-large, the outcome of the above endeavors
are a parametrization of the solution to the mixed Ha/Hoo-control problem in terms of
two cross-coupled nonstandard Riccati equations for the state-feedback problem, and an
additional standard Riccati equation for the output-feedback problem.

Similarly, the nonlinear control problem has also been considered more recently by Lin
[180]. He extended the results of Limebeer et al. [179], and derived a solution to the state-
feedback problem in terms of a pair of cross-coupled Hamilton-Jacobi-Isaac’s equations. In
this chapter, we discuss mainly this approach to the problem for both continuous-time and
discrete-time nonlinear systems.

11.1 Continuous-Time Mixed H5/H ., Nonlinear Control

In this section, we discuss the mixed Hs/H ~ nonlinear control problem using state-feedback.

The general set-up for this problem is shown in Figure 11.1 with the plant represented

by an affine nonlinear system 3¢, while the static controller is represented by K. The

disturbance/noise signal w = IwUO ), is comprised of two components: (i) a bounded-
1

spectral signal (e.g., a white Gaussian-noise signal) wy € S (the space of bounded-spectral

signals), and (ii) a bounded-power signal or Ly signal wy € P (the space of bounded power

281
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FIGURE 11.1
Set-Up for Nonlinear Mixed Hs/H ~-Control

signals). Thus, the induced norm from the input wg to z is the Ly-norm of the closed-loop
system K o X% i.e.,

A z||lp
IKoS e 2 sup (&l

, (11.1)
o£woes || wolls

while the induced norm from w; to z is the Loo-norm of the closed-loop system Ko 3% i.e.,

||K o 2:(1||£OC é sup ||Z||2
0w e [[will2

(11.2)

where
P 2 {w(t): w € Loy Ryw(T), Sww(jw) exist for all 7 and all w resp.,
[wllp < oo},
s & {w(t) : weE Lo, Ruw(T), Sww(jw) exist for all 7 and all w resp.,

[[Sww (jw)loo < 00},

T
2 A L. 1 2
= lim — t)||~dt

lwolls = l[Swowo (7)o,

and Ry (T), Sww(jw) are the autocorrelation and power-spectral density matrices of w(t)
respectively [152]. Notice also that, ||(.)||» and ||(.)||s are seminorms. In addition, if the plant
is stable, we replace the induced £-norms above by their equivalent H-subspace norms. The
standard optimal mixed Ho/H oo state-feedback control problem is to synthesize a feedback

control of the form
u=ax), «(0)=0 (11.3)

such that the above induced-norms (11.1), (11.2) of the closed-loop system are minimized,
and the closed-loop system is also locally asymptotically-stable. However, in this chapter, we
do not solve the above problem, instead we solve an associated suboptimal Hs/H o-control
problem which involves a single disturbance w € Lo entering the plant, and where the
objective is to minimize the output energy ||z||#, of the closed-loop system while rendering
1K o 3. <7°.

The plant is represented by an affine nonlinear causal state-space system defined on a
manifold X C R" containing the origin x = 0:

= f(@) +gi(@)w + ga(x)u; x(to) = 70
= hi(z) + ki2(2)u (11.4)
y = @,

ISR

DI
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where © € X is the state vector, u € U C RP is the p-dimensional control input, which
belongs to the set of admissible controls U C Ls([to, T], RP), w € W is the disturbance
signal, which belongs to the set W C R" of admissible disturbances (to be defined more
precisely later), the output y € R™ is the measured output of the system, and z € R*
is the output to be controlled. The functions f : X — V=(X), g1 : X — M™*"(X),
g2 X = M™*P(X), hy : X = R and k2 : X — M**P(X), are real C* functions of z.

Furthermore, we assume without any loss of generality that the system (11.4) has a
unique equilibrium-point at = 0 such that f(0) = 0, h1(0) = ha(0) = 0, and for simplicity,
we also make the following assumption.

Assumption 11.1.1 The system matrices are such that

i } (11.5)

The problem can now be formally defined as follows.

5
B
G

I
=
[\CI V]
2=

N

Definition 11.1.1 (State-Feedback Mived Ho/Hoo Nonlinear Control Problem (SF-
BMH2HINLCP)).

(A) Finite-Horizon Problem (T < o0): Find (if possible!) a time-varying static state-
feedback control law of the form:

u = &2(3?,15)7 dg(t,O) =0, teR,
such that:

(a) the closed-loop system

cha . T
N

1s stable with w = 0 and has locally finite Lo-gain from w to z less or equal to v,
starting from xg =0, for all t € [0,T] and all w € W C L5[0,T];

(b) the output energy ||z||3, of the system is minimized.

f(@) + 1w + go(x)az(z,t)
hi(z) + kay(x)ds (2, t)

(11.6)

(B) Infinite-Horizon Problem (T — oc): In addition to the items (a) and (b) above, it is
also required that

(c) the closed-loop system Y defined above with w = 0 is locally asymptotically-stable
about the equilibrium-point x = 0.

Such a problem can be formulated as a two-player nonzero-sum differential game (Chapter
2) with two cost functionals:

1 T

vt Silww) =g / (P lw(n)1? = l=(r)|?)dr (11.7)
1 T

uEZI/lI,lgleWJQ(u’w) = §/to ||Z(T)||2d7' (11.8)

for the finite-horizon problem, with T > t¢y. Here, the first functional is associated with the
Ho~o-constraint criterion, while the second functional is related to the output energy of the
system or Ho-criterion. It can easily be seen that, by making J; > 0, the Ho-constraint
Ko X3, = |24 < 7 is satisfied. Subsequently, minimizing .J» will achieve the
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Ho/Hoo design objective. A Nash-equilibrium solution to the above game is said to exist if
we can find a pair of strategies (u*, w*) such that

Jr(u*, w)

Jo (u*, w*)

Ji(u*,w) Yw e W, (11.9)
Jo(u,w*) Yu € U. (11.10)

INIA

Furthermore, by minimizing the first objective with respect to w and substituting in the sec-
ond objective which is then minimized with respect to u, the above pair of Nash-equilibrium
strategies could be found. A sufficient condition for the solvability of the above differential
game is provided from Theorem 2.3.1, Chapter 2, by the following pair of cross-coupled
HJIEs for the finite-horizon state-feedback problem:

“Yi(at) = inf {Yo(e,0)f(@,u (@) @) + 2@ - |2 @)]2}, Y1) =0,
“Vi(e,t) = min{Va(e,O)f (e,u(@) v @) + @)} =0, VD) =0,

for some negative-definite function Y : X — R and positive-definite function V : X — R,
where z* () = hi(x) + kiz(z)u*(z).

In view of the above result, the following theorem gives sufficient conditions for the
solvability of the finite-horizon problem.

Theorem 11.1.1 Consider the nonlinear system X% defined by (11.4) and the finite-
horizon SFBMH2HINLCP with cost functionals (11.7), (11.8). Suppose there exists a
pair of negative and positive-definite C-functions (with respect to both arguments) Y, V :
N x [0, T] = R locally defined in a neighborhood N of the origin x = 0, such that Y (0,t) =0
and V(0,t) =0, and satisfying the coupled HJIEs:

Vil t) = Valw 00 (@) — 5Val Oga()gd 2V () -
73 Yel@ ) @] @V (@) = Vil () (2)V (2.0) -
%th(Q:)hl(:z:), Y(z,T) =0 (11.11)
Vi, t) = Vale,)f (@) — 2 Vel O gala)gd @)V (1) -

2

%Vm(z,t)gl (:z:)ng(o:)YzT(z,t) + %th(z)hl(Q:), V(z,T)=0. (11.12)

Then the state-feedback controls

u*(z,t) = fgg(:z:)VZT(x,t) (11.13)
w*(x, t) = f%ng(as)YmT(z,t) (11.14)

solve the finite-horizon SFBMH2HINLCP for the system. Moreover, the optimal costs
are given by

Jr(uF, w*) =Y (tg, z0) (11.15)
J3(u*,w*) =V (tg, xg). (11.16)

Proof: Assume there exists locally solutions Y < 0, V' > 0 to the HJIEs (11.11), (11.12)
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in N C X. We prove item (a) of Definition 11.1.1 first. Rearranging the HJIE (11.11) and
completing the squares, we have

1 72
Yy + Yo (f(2) + gr(@)w — go(2)g" (2)V,] (2)) = §||h1(13)||2 + 5 llw = w* || +
1 1
Sl 2 = 247w
y 1 1 72 *
SVt = sl el + L — )

* 1 1
=Yt < 7wl® -l
2 2
for some function Y = —Y > 0. Integrating now the above expression from ¢y and z(ty) to
t =T and z(T), we get the dissipation-inequality

T
V(D). 7) = V(atto o) < [ 50P10l? - 1)

Therefore, the system has locally Ls-gain < « from w to z. Furthermore, the closed-loop
system with u = v* and w = 0 is given by

@ = f(x) = g2(2) g3 (2)V, (2).

Differentiating ¥ from above along a trajectory of this system, we have

Y

Vi) + V(o) @) — gal@)ed (0)VT) Vo€ N
~5llal <o

IN

Hence, the closed-loop system is Lyapunov-stable.
Next we prove item (b). Consider the cost functional J; (u, w) first. For any T' > ¢, the
following holds

T 4 )
Jl(u,wHY(I(T),T)*Y(x(to)vto):/t {5(72llwll2*||Z||2)+Y(I,t)}dt

T
- / {GO7 Il = I21%) + i + Ya(F(2) + gr(w)w + gale)u) fdt

2 2

/T{Yt + Yo/ (@) + Yago(@)u+ -

to

1

2
v, 1
- ?H?%T(QJ")YEHQ

1 2 1 2
5l = 1A (@)1 .

Using the HJIE (11.11), we have

2

T, w) + Y (@(T), T) — Y(x(to), to) = /{% ~

t

1

Sl g )V +
9% VI + Vae)gae)u +
Yaga(@)(u — g ()V,] (@) fdt,
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and substituting v = u*, we have

T 2
Tyt w) + Y (@(T), T) — Y ((to), to) = / T w — w2t > 0.
to

Therefore
Ji(u*w*) < Jp(ut,w)

with
J1(u*,wr) =Y (x(to), to)

since Y (z(T),T) = 0.
Similarly, considering the cost functional Ja(u,w), the following holds for any 7' > 0

T
T w) + V(). 1) = Visttahte) = [ {3l + V(e far

T
| {31+ Ve + Vi) +

T
— / {m + Vi f(z) + Vegr (z)w +

to

1
Slut g2 Vill? = lloz (@) VI + gllth(z)IIQ}dt-

Using the HJIE (11.12) in the above, we get
1 Tv,T |2 L ror
Jo(u,w) +V(x(T),T) = V(x(to), to) = lu+ g2 Vo |7 + Vagu (@) (w — 29 Y ) ¢ dt.
to
Substituting now w = w* we get
1
Taw,w) + V@(T).T) = V(o). to) = |5l g VI |Pde =0,
to

and therefore
Jo(u*, w*) < Jo(u, w*)

with
JQ(U*7 w*) = V(l‘(to)7 to).D

We can specialize the results of the above theorem to the linear system

r = Ax -+ Biw -+ Bau
»:{ 2z = Ciz+Dpw (11.17)
Y

= =z
under the following assumption.

Assumption 11.1.2
CrI'Diy =0, DLDy, =1

Then we have the following corollary.

Corollary 11.1.1 Consider the linear system X' under the Assumption 11.1.2. Suppose



Mized Ha/Hoo Nonlinear Control 287

there exist Pi(t) < 0 and Pa(t) > 0 solutions of the cross-coupled Riccati ordinary-
differential-equations (ODEs):

_Pi(t) = AP+ Pi(t)A— [Pi(t) Pa(t)] [ WZQBéflT gzgi}: } [ 28 } —cTo,
Pi(T) =0

“h) = ATRPOA- IR0 P g e it || A | el
Py (T) = 0

on [0, T]. Then, the Nash-equilibrium strategies uniquely specified by

u* = —BIPy(t)x(t)
wt = f%prl(t)o:(t)

solve the finite-horizon SFBMH2HICP for the system. Moreover, the optimal costs for
the game associated with the system are given by

Ji(ut wh) = %xT(tO)Pl(tO)x(%%
JQ(U*7 ’LU*) = %IT(to)PQ(to)l‘(to).

Proof: Take 1
Y (z(t),t) = 5;z:T(t)Pl(lt)a:(t), Pi(t) <0

1
V((t),t) = §IT(t)Pz(t)x(t)7 Py(t) =0
and apply the results of the Theorem. [J

Remark 11.1.1 In the above corollary, we considered negative and positive-(semi)definite
solutions of the Riccati (ODEs), while in Theorem 11.1.1 we considered strict definite solu-
tions of the HJIEs. However, it is generally sufficient to consider semidefinite solutions of
the HJIEs.

11.1.1 The Infinite-Horizon Problem

In this subsection, we consider the infinite-horizon SFBM H2HIN LCP for the affine non-
linear system 3. In this case, we let T' — oo, and seek time-invariant functions and feedback
gains that solve the HJIEs. Because of this, it is necessary to require that the closed-loop
system is locally asymptotically-stable as stated in item (c) of the definition. However, to
achieve this, some additional assumptions on the system might be necessary. The follow-
ing theorem gives sufficient conditions for the solvability of this problem. We recall the
definition of detectability first.

Definition 11.1.2 The pair {f, h} is said to be locally zero-state detectable if there exists
a neighborhood O of x = 0 such that, if x(t) is a trajectory of ©(t) = f(x) satisfying
x(to) € O, then h(x(t)) is defined for all t > to, and h(xz(t)) = 0, for all t > ts, implies
lim;_, o0 2(t) = 0. Moreover, {f, h} is detectable if O = X.

Theorem 11.1.2 Consider the nonlinear system % defined by (11.4) and the infinite-
horizon SEBM H2HIN LCP with cost functions (11.7), (11.8). Suppose
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(H1) the pair {f, h1} is zero-state detectable;

(H2) there exists a pair of negative and positive-definite C*-functions Y, V : N — R locally
defined in a neighborhood N of the origin x = 0, and satisfying the coupled HJIEs:

xu@ﬂmféhummmguWﬂ@fj%nummwﬂ@ﬁﬂmf

V.()g2(x)od ()77 (@) — 5T (@)ha(a) =0, V(0) =0 (11.18)
Vo(e) (@) = 3V @)aal@)od @V (@) = Vel @)a] (@) (@) +
%h{(x)hl(m) =0, V(0)=0. (11.19)

Then the state-feedback controls

) = —gF @)V () (11.20)
W) = —%ﬂmﬁﬂm (11.21)

solve the infinite-horizon SFBMH2HINLCP for the system. Moreover, the optimal costs
are given by

Jr(u*, w*) :}7(9:0) (11.22)

J3(u*,w*) = V(xg). (11.23)

Proof: We only prove item (c) in the definition, since the proofs of items (a) and (b) are
similar to the finite-horizon case. Using similar manipulations as in the proof of item (a) of
Theorem 11.1.1, it can be shown that with w = 0,

M 1
Y =l

for some function Y = —Y > 0. Therefore the closed-loop system is Lyapunov-stable.
Further, the condition Y = 0vt > ts, for some t; > tg, implies that u* = 0, hy(z) = 0. By
hypothesis (H1), this implies lim;_,~, 2(t) = 0, and we can conclude asymptotic-stability
by LaSalle’s invariance-principle. [J

The above theorem can again be specialized to the linear system Y in the following
corollary.

Corollary 11.1.2 Consider the linear system X! under the Assumption 11.1.2. Suppose
(C1, A) is detectable and there exists symmetric solutions Py < 0 and Py > 0 of the cross-
coupled ARFEs:

-2 T T P
Th . b4 _1p 1|V BBl B2Bj ) O R P
A P1+P1A [Pl P2]|: BQB%—' BQBg ) 0101707
= = = = 0 —2p, BT P
T _ v 107 1 T
A P+ P A [P1 PQ] |: ’772B1B¥1 Bng :| |: P, :| + Cl Ci;=0.
Then, the Nash-equilibrium strategies uniquely specified by
u* = —BIPy(t)x(t) (11.24)

* 1 D
w* = f?BlTPla:(t) (11.25)
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solve the infinite-horizon SFBMH2HINLCP for the system. Moreover, the optimal costs
for the game associated with the system are given by

T, w) = %xT(to)Plx(to)7 (11.26)
To(u,w) = %xT(to)ng(to). (11.27)

Proof: Take 1
Y(x,t) = §;L~TP1937 P <o,
1 T — —
Vix,t) = 3% Pox, P, >0.
and apply the result of the theorem. [

Remark 11.1.2 Sufficient conditions for the existence of the asymptotic solutions to the
coupled algebraic-Riccati equations are discussed in Reference [222].

The following proposition can also be proven.

Proposition 11.1.1 Consider the nonlinear system (11.4) and the infinite-horizon
SFBMH2HINLCP for this system. Suppose the following hold:

(al) {f+ grw*, h1} is locally zero-state detectable;

(a2) there exists a pair of C' negative and positive-definite functions Y,V : N = ®
respectively, locally defined in a neighborhood N C X of the origin x = 0 satisfying the
pair of coupled HJIEs (11.18), (11.19).

Then f — ggngf/wT — 7—1291ng5~/5 18 locally asymptotically-stable.

Proof: Rewrite the HJIE (11.19) as

Va(f(x) = g2(2)g3 (2)V, (2) — %ng(r)ng(I)Yz(I))

Sl @VE @7 = Sl

3 1 ~ 1
=V = *§||92T(I)VZT(I)||2 - §||’11(93)||2
< 0.

Again the condition V =0Vt > t,, implies that u* = 0, hi(x) =0Vt > ts. By Assumption
(al), this implies lim; o, #(t) = 0, and by the LaSalle’s invariance-principle, we conclude
asymptotic-stability of the vector-field f — gogd V.I' — % gigtYyr. O

Remark 11.1.3 The proof of the equivalent result for the linear system ¥' can be pursued
along the same lines. Moreover, many interesting corollaries could also be derived (see also
Reference [179]).

11.1.2 Extension to a General Class of Nonlinear Systems

In this subsection, we consider the SEFBM H2HINLCP for a general class of nonlinear
systems which are not necessarily affine, and extend the approach developed above to this
class of systems. We consider the class of nonlinear systems described by

& = F(Iawau)7 x(tO) = 2o
Y:9 z = Z(z,u) (11.28)
y =
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where all the variables have their previous meanings and dimensions, while F' : X x W xU —
R Z : X xU — R° are smooth functions of their arguments. It is also assumed that
F(0,0,0) = 0 and Z(0,0) = 0 and the system has a unique equilibrium-point at 2z = 0. The
infinite-horizon SFBM H2HIN LCP for the above system can similarly be formulated as
a dynamic two-person nonzero-sum differential game with the same cost functionals (11.7),
(11.8). In addition, we also assume the following for simplicity.

Assumption 11.1.3 The system matrices satisfy the following conditions:

)
(Zo.o) (‘Z—f(&@)] #0

Z(x,u)=0=u=0

det

(ii)

Define now the Hamiltonian functions K; : T*X x W xU — R, i = 1,2 corresponding to
the cost functionals (11.7), (11.8) respectively:

_ _ 1
Ki(w,w,u,Y)) = Yo(@)F(w,wu) + 597 [lw]® = 12 (2, vl

_ 1
Kol w,u, VI) = Va(@)F(,w,u) + 5] 20, 0)|?

for some smooth functions Y,V : X — R, and where p; = Y,I', po = V. are the adjoint
variables. Then, it can be shown that

A Ky  9%°K,
2
0 £ | E

Oudw Ow?

K| (0)

w=0,u=0 (

w=0,u=0

l (22(0,0)" (22(0,0)) 0 ]
0 VI

is nonsingular by Assumption 11.1.3. Therefore, by the Implicit-function Theorem, there
exists an open neighborhood X of x = 0 such that the equations

0K,

a—w(wi*(x)va*(m)) = 0,
0K> " e _
W(lﬂw (x),u*(z)) = 0

have unique solutions (a*(z), w* (z)), with @*(0) = 0, w*(0) = 0. Moreover, the pair (a*, @w*)
constitutes a Nash-equilibrium solution to the dynamic game (11.28), (11.7), (11.8). The
following theorem summarizes the solution to the infinite-horizon problem for the general
class of nonlinear systems (11.28).

Theorem 11.1.3 Consider the nonlinear system (11.28) and the SFBMH2HINLCP for it.
Suppose Assumption 11.1.3 holds, and also the following:

(A1) the pair {F(z,0,0),Z(x,0)} is zero-state detectable;

(A2) there exists a pair of C' locally negative and positive-definite functions Y,V : N — R
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respectively, defined in a neighborhood N of x = 0, vanishing at x = 0 and satisfying the
pair of coupled HJIFEs:

Yo (2)F (2, w* (x), 0" (x)) + %VQHW(JJ)HQ - %HZ(I, @*(x))|I* =0, Y(0) =0,
Vo (@) F (2, 0" (x), 0" (x)) + %HZ(I, @*(x))|I* =0, V(0)=0;
(A3) the pair {F(x,w*(x),0), Z(x,0)} is zero-state detectable.

Then, the state-feedback controls (u*(x), w*(x)) solve the dynamic game problem and the
SEFBMHZHINLCP for the system (11.28). Moreover, the optimal costs of the policies are
given by

(@ w) = ¥(x)
B@,ar) = Viw).

|

Proof: The proof can be pursued along the same lines as the previous results. O

11.2 Discrete-Time Mixed Hs/H., Nonlinear Control

In this section, we discuss the state-feedback mixed Ha/Hoo-control problem for discrete-
time nonlinear systems. We begin with an affine discrete-time state-space model defined on
X CR" in coordinates (x1,...,2y,)

ipr1 = f(zg) + g1(ze)wk + ga(wr)ur; x(ko) = 2°
yda 2 = hi(zk) + kia(or)uk (11.29)
Y = Tk,

where all the variables and system matrices have their previous meanings and dimensions
respectively. We assume similarly that the system has a unique equilibrium at x = 0, and
is such that f(0) = 0 and h10) = 0. For simplicity, we similarly also assume the following
hold for the system matrices.

Assumption 11.2.1 The system matrices are such that

=
=5
&
o
z
no
&
|

?ﬁ } (11.30)

e
5N
Py
B
&
ol
2
no
2
B
&
|

Again, as in the continuous-time case, the standard problem is to design a static state-
feedback controller, K%, such that the Hs-norm of the closed-loop system which is defined

as

”Kda o Zda”[g é ”ZHP/

0#woes [[wolls:’

and the Ho.-norm of the system defined by

K ow, 2 sp 2
ozwrer w2



292 Nonlinear Hoo-Control, Hamiltonian Systems and Hamilton-Jacobi Equations

are minimized over a time horizon [ko, K| C Z, where

P = {w: w € loy, Ruw(k), Sww(jw) exist for all k and all w resp.,
[wllp < oo}

s & {w: w € loo, Ruw(k), Sww(jw) exist for all k and all w resp.,
[[Sww(jw)lee < 00}

K

2 A L. 1 2

23 2 lim o > [l
k=—K

lwollg: = l|Swowo (&)l

and Ry, Sww(jw)) are the autocorrelation and power spectral density matrices of w [152].
Notice also that ||(.)]|»- and ||(.)||s: are seminorms. The spaces P’ and S’ are the discrete-
time spaces of bounded-power and bounded-spectral signals respectively.

However, we do not solve the above standard problem in this section. Instead, we solve
an associated suboptimal problem in which w € la[kg, 00) is a single disturbance, and the
objective is to minimize the output energy ||z||¢, subject to the constraint that [|$94(,. < v*
for some number v* > 0. The problem is more formally defined as follows.

Definition 11.2.1 (Discrete-Time State-Feedback Mized Ha/Hoo Nonlinear Control Prob-
lem (DSFBMH2HINLCP)).

(A) Finite-Horizon Problem (K < oo): Find (if possible!) a time-varying static state-
feedback control law of the form:

U:de(k,Ik)7 &Qd(k70) :Oa keZ
such that:

(a) the closed-loop system

clda . Tk+1 = f(m)-ﬁ-m(a:k)wk +gg(xk)@2d(xk)
= { —;k = hl(mk)+k21(mk)d2d(mk) (1131)

is stable with w = 0 and has locally finite a2-gain from w to z less or equal to v*,
starting from z° = 0, for all k € [ko, K| and for a given number v* > 0.

(b) the output energy ||z|le, of the system is minimized for all disturbances w € W C
42 [ko, OO) .

(B) Infinite-Horizon Problem (K — o0): In addition to the items (a) and (b) above, it is
also required that

(c) the closed-loop system L9 defined above with w = 0 is locally asymptotically-stable
about the equilibrium-point x = 0.

The problem is similarly formulated as a two-player nonzero-sum differential game with two
cost functionals:

K
i — 1 2 2 2
webiyy hal ) = gkzl;ﬁ wkl* = 1l2511%) (11.32)
=Fo
1 X
i - - 2
uelfll,l%uneWJQd(u’w) = 3 Z Iz l* (11.33)

B
Il
™

=}
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Again, sufficient conditions for the solvability of the above dynamic game (11.32), (11.33),
(11.29), and the existence of Nash-equilibrium strategies are given by the following pair of
discrete-time Hamilton-Jacobi-Isaac’s difference equations (DHJIEs):

Wah) = inf {7 +gulehu -+ galalat b 1)+ 507 al? ~ 41}

Wz, K +1) =0, (11.34)
Uet) = it {U0 @) + oo’ + o)k 1)+ 17

Uz, K +1) =0, (11.35)

for some smooth negative and positive-definite functions W, U : X x Z — R respectively,
and where 2} = hi(z) + ki2(z)u* ().

To solve the problem, we define the Hamiltonian functions H; : X x W x U x ® — R,
i = 1,2 corresponding to the cost functionals (11.32), (11.32) respectively and the system
equations (11.29):

Hio,w,u, W) = W)+ g1(@)w + gale)u b+ 1) — W(z) +

SOl ~ ), (11.36)
Hy(z,w,u,U) = U(f(z)+ g (x)w+ g2(z)u,k+1) - Ul(z) +

el (11:37)

Similarly, as in Chapter 8, let

82H(z) 2 l 8@2$2 g;gi ] (z) 2 { ri(z)  ria(x)

0“H, 0“H,
Oudw Ow? ’1"21(.%‘) T22($)
F*(2) 2 f(z) + g1 (2)w* (z) + ga(2)u (2), (11.38)
and therefore
2
ru(z) = g3 (@)% N g2(x) +1
2
ri2(z) = g @)%z gi()
ool (11.39)
ra(z) = g1 (2)Ge N 92(x)
_ 27 T ()02 W
r22() I+ 91 () G A:F*(m)gl(l’)

The following theorem then presents sufficient conditions for the solvability of the finite-
horizon problem.

Theorem 11.2.1 Consider the discrete-time nonlinear system (11.29), and the finite-
horizon DSFBMH2HINLCP with cost functionals (11.32), (11.33). Suppose there exists
a pair of negative and positive-definite C? (with respect to the first argument)-functions
W, U : M xZ — R locally defined in a neighborhood M of the origin x = 0, such that
W(0,k) =0 and U(0,k) = 0, and satisfying the coupled DHJIEs:

W(zk) = W
W

(f(2) + g1(@)w” + ga(2)u”, k + 1) + %(VQIIwII2 = NIz,

(z, K+1)=0, (11.40)
U
U

Uz, k) f@) + gi(x)w” + ga(w)u”, k + 1) + %IIZ;IIQ,

(
(z, K +1) =0, (11.41)
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together with the conditions
r92(0) > 0, det[r11(0) — 55" (0)r21(0)] # 0. (11.42)

Then the state-feedback controls defined implicitly by

1 oW
R (1143
A= F(2) L0 (2w +g2 ()t
= —f@Z (11.44)
O (3= (@) +01 (@)w* +g2 ()ur

solve the finite-horizon DSFBMH2HINLCP for the system. Moreover, the optimal costs
are given by

Jia(u*, w*) = W(ko, o), (11.45)

Jaq(u*, w*) = U(ko, x0). (11.46)

Proof: We prove item (a) in Definition 11.2.1 first. Assume there exist solutions W < 0,
)

U > 0 of the DHJIEs (11.40), (11.41), and consider the Hamiltonian functions H;(., .,
Hs(.,.,.). Applying the necessary conditions for optimality

0H, B 0H, B
a—w(x,u, w) =0, (,u,w) =0,

ou

and solving these for w*, u* respectively, we get the Nash-equilibrium strategies (11.43),
(11.44). Moreover, if the conditions (11.42) are satisfied, then the matrix

)
r11(0)  712(0 3 }
(0

)

82H|w:0,u:0 (O) = |: 7‘21(0) 7"22(

[ OO ][O Om© o OF L1

is nonsingular. Therefore, by the Implicit-function Theorem, there exist open neighborhoods
Xy of . =0, Wy of w=0 and U; of u = 0, such that the equations (11.43), (11.44) have
unique solutions.

Now suppose, (u*,w*) have been obtained from (11.43), (11.44), then subsituting in
the DHJIEs (11.34), (11.35) yield the DHJIEs (11.40), (11.41). Moreover, by Taylor-series

expansion, we can write

Hy(z,w,u*(z), W) = H(z,w*(z)u*(x), W)+ %(w - w*(m))T[rgg(x) +

O(llw — w*(@)[D](w — w*(2)).

In addition, since r22(0) > 0 implies r92(x) > 0 for all x in a neighborhood Xs of x = 0
by the Inverse-function Theorem [234], it then follows from above that there exists also a
neighborhood W5 of w = 0 such that

H1(937’LU7U*(£E), W) Z Hl(m,w*(z),u*(x),W) =0 Vre XQ,VU} S W2a
& W(f(z) + gi(x)w + g2(x)u* (), k + 1) = W(z, k) + 5 (32wl — [lu*(@)[|* = [h1]]?) = 0
Vo € Xo,Vw € W,

Setting now w = 0, we have

W () + gae)u* (@) k1) = W (o, k) < @) — L)) <0
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for some function W = —W > 0. Hence, the closed-loop system is Lyapunov-stable. To
prove item (b), consider the Hamiltonian function Hs(.,w*,.,.) and expand it in Taylor’s-
series:

1
Hy(z,w*,u,U) = Ha(z,w*,u*,U) + §(u —u*) [ (2) + O(|Ju — w*|)] (v — u*).
Since
*W
ON?

again there exists a neighborhood X5 of = 0 such that r11(x) > 0 by the Inverse-function
Theorem. Therefore,

r11(0) = I + g3 (0) (0)g2(0) > 1,

Hy(z,w*,u,U) > Hy(z,w*,u*,U)=0 Yu el

and the Hs-cost is minimized.
Finally, we determine the optimal costs of the strategies. For this, consider the cost
functional Jy4(u*, w*) and write it as

K
1 * *
Tl w) + W (wrcrn, K +1) = Wleng ko) = Y {502l - 12717 +
k=ko
W (wn,k+1) = Wan, k) |
K
= Z Hy(z,w*,u*, W) =0.
k=ko

Since W(z k1, K + 1) = 0, we have the result. Similarly, for Jo(w*,u*), we have

K

1
S {1 + Ul k+ 1) — Ul )}
k=ko

Jog(u,w) + U(xgy1, K+ 1) — U(xp,, ko)

K
Z Hy(z,w*,u*,U) =0,
k=ko

and since U(rg4+1, K + 1) = 0, the result also follows. O
The above result can be specialized to the linear discrete-time system

Tp1 = Axp + Biwy, + Baug
»ndt . 2 = Chiay + Digwy (11.47)
Yo = Tk

where all the variables and matrices have their previous meanings and dimensions. Then
we have the following corollary to Theorem 11.2.1.

Corollary 11.2.1 Consider the linear system % under the Assumption 11.1.2. Suppose
there exist Py, < 0 and Py, > 0 symmetric solutions of the cross-coupled discrete-Riccati
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difference-equations (DRDEs):

Py = AT{PM — 2P, 4 B1B; iT1k — 2Py k BoAy ' BY Py +
20 B BiPiBoAy ' BoPy ko i + T B i Bi Py BB, (T +
I3 PokBaAy " BaPy BaAy ' By Py Lo + WQFIT,kB;fB;}gFLk —

T PoaBaA T BY Pl oy A = CTCry - Puic =0 (11.48)
Py = AT{PM — 2Py B1B il — 2Pk BoAy ' BY PosTa i +

2T B, L BiPa BaA ' By Pa il g +

r;kpz,kBQA,;TA,;leTpg,krz,k}A +CTCy, Py =0 (11.49)
Byrx = [V — BoA'BY Py By + BY Py xBi] > 0 (11.50)

for all k in [ko, K|. Then, the Nash-equilibrium strategies uniquely specified by

wiy = *B;,iFLkAl"k, k € [ko, K] (11.51)
uiy = —Ag'B3 PoslapAwy, k€ [ko, K] (11.52)
where
Ay = (I+BIP;By), VE,
Ty := [B{Piy— BA,'BIPyy] VE,
Ty = [I— BB, (B] Py — BaA ' By Pay)] VE,

solve the finite-horizon DSFBMH2HINLCP for the system. Moreover, the optimal costs
for the game are given by

1

Jl,l(u*’w*) = §ajgoP17koxk07 (11.53)
* * 1 T
Jo(utw”) = Sz PokoTho- (11.54)

Proof: Assume the solutions to the coupled HJIEs are of the form,

1

W (xg, k) = 59:{1317,@95,@, Pip<0, k=1,...,K, (11.55)
1

Ulxr, k) = 59:ZP2,;€9:;€, Py >0, k=1,.... K. (11.56)

Then, the Hamiltonians Hy (., .,.,.), Ha(.,.,.,.) are given by
1
Hy(z,w,u, W) = §(A£E + Byw + Bou)T Py (Az 4 Byw + Bou) —

1 1 1
§£ETP1,k93 + E’YQHWHQ - 5”2’”2,

1
Hy(z,w,u,U) = §(A£E + Biw + BQU)TPQJC(AI + Biw + Bau) —

1 1
§$TP2,]€$+ §||Z||2
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Applying the necessary conditions for optimality, we get

OH
aulfl = BT Py 1(Az + Byw + Byu) + 7w = 0, (11.57)
OH.
a;’l = BY Py 1 (Az + Byw + Bou) +u = 0. (11.58)

Solving the last equation for u we have
u=—(I + BY P ;By) "' BI Py (Az + Byw),
which upon substitution in the first equation gives

B;Pl,k {Al‘ + Byw — BQ(I + ngg,kBg)_lBgPQ,k(Al‘ + Blw)} + 72w =0
> wf,, = =B} [B] PLi — BoAy ' BY Py ] Axy,
= =B T1xAzy k€ [ko, K], (11.59)
if and only if
B, i = [v’I — BoA, ' BI P>, By + B{ P ;.B1] > 0 Vk,

where

Ay = (I+ BIPy;By), VEk,
Ty = [BIPiy— BoA'Bl Pay] Vk.

Notice that Ay is nonsingular for all k since P»j, is positive-definite. Now, substitute w* in
the expression for u to get

uiy = —Ag'B3 Poy[l — BiB (B Py — BoAp ' By Pyy)|Axy, k€ [ko, K]
= —A.'BY Pyl Axy, (11.60)

where

Do o= [ — BiB}(BY Piy — BoA ' BY Py,

Finally, substituting (uj,w; ) in the DHJIEs (11.40), (11.41), we get the DRDEs (11.48),
(11.49). The optimal costs are also obtained by substitution in (11.45), (11.46). OJ

Remark 11.2.1 Note, in the above Corollary 11.2.1 for the solution of the linear discrete-
time problem, it is better to consider strictly positive-definite solutions of the DRDEs
(11.48), (11.49) because the condition B~y > 0 must be respected for all k.

11.2.1 The Infinite-Horizon Problem

In this subsection, we consider similarly the infinite-horizon DSFBM H2HIN LCP for the
affine discrete-time nonlinear system $9¢, We let K — oo, and seek time-invariant functions
and feedback gains that solve the DSFBMH2HIN LCP. Again we require that the closed-
loop system be locally asymptotically-stable, and for this, we need the following definition
of detectability for the discrete-time system %9

Definition 11.2.2 The pair {f, h} is said to be locally zero-state detectable if there exists
a neighborhood O of = = 0 such that, if zj, is a trajectory of xpr1 = f(xg) satisfying
z(ko) € O, then h(xy) is defined for all k > ko, and h(zxy) = 0 for all k > ki, implies
limg 00 2k = 0. Moreover {f,h} is said to be zero-state detectable if O=2x.
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Theorem 11.2.2 Consider the nonlinear system %% defined by (11.29) and the infinite-
horizon DSFBMH2HINLCP with cost functionals (11.32), (11.8). Suppose

(H1) the pair {f, h1} is zero-state detectable;

(H2) there exists a pair of negative and positive-definite C? -functions W,U: M XZ =R
locally defined in a neighborhood M of the origin © = 0, such that W(0) =0 and U(0) = 0,
and satisfying the coupled DHJIEs:

W (f(x) + gr(2)w* + ga(z)u*) = W (x) + %(v2llwll2 —[Iz£]1>) =0, W(0) =0, (11.61)
U(F (@) + g1 (@) +gale)u’) — O(x) + 2122 =0, U(0) =0.(11.62)
together with the conditions

792(0) > 0, det[ri1(0) — 755 (0)r21(0)] # 0. (11.63)

Then, the state-feedback controls defined implicitly by

N 1 oW
P 791T(I)?W (11.64)
A=F(@)+g1 ()w* +g2 (@)u*
ou
u = —gg(m)a (11.65)
A=f(@)+g1 (@) w* +g2(a)u

solve the infinite-horizon DSFBM H2HIN LCP for the system. Moreover, the optimal costs
are given by

T, w*) = W(xo), (11.66)
Jaq(w*, w*) = U(xo). (11.67)

Proof: We only prove item (c) in the definition, since the proofs of items (a) and (b) are
exactly similar to the finite-horizon problem. Accordingly, using similar manipulations as
in the proof of item (a) of Theorem 11.2.1, it can be shown that with w = 0,

W(f(2) + galo)u’) — W) = = 5 I

Therefore, the closed-loop system is Lyapunov-stable. Further, the condition W (f(z) +
go(z)u*(x)) = W(z)Vk > k., for some k, > ko, implies that u* = 0, hy(z) = 0Vk > k..
By hypothesis (H1), this implies lim; o, 2 = 0, and by LaSalle’s invariance-principle, we
conclude asymptotic-stability. [

The above theorem can again be specialized to the linear system %% in the following
corollary.

Corollary 11.2.2 Consider the discrete linear system Y4 under the Assumption 11.1.2.
Suppose there exist P; < 0 and P, > 0 symmetric solutions of the cross-coupled discrete-
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algebraic Riccati equations (DAREs):

P = AT{P1 — 2P BB 'T'y — 2P By A" By Py + 2T B] " B1 Py By A" By PoT' +
I'TB;"B1PiB1B;'Ty + 15 P,BoA™ " BoP By A By Pol'y + 4T BT BTy —
rgPQBQA—TA—lBgﬁgrg}A —cToy, (11.68)

Py = AT{P,~2RBiB; Ty~ 2PBA BY PaTs +

QF,{B;TBl,pQBQAk_:lBgPQFQ + FgPQBgAiTAilBgPQFQ}A + CITC1 (1169)
B, = [y*I — BoA"'BIP,B; + B PBy] >0 (11.70)

Then the Nash-equilibrium strategies uniquely specified by

wiy = —By'TiAzy, (11.71)
uiy = —AT'ByPRIaAxy, (11.72)
where
A = (I+BjPBy),
I'y := [BfP,— ByA'BIP),
Iy := [[—-BB'(B{ P —BA"'B] Py,

solve the infinite-horizon DSFBM H2HIN LCP for the system. Moreover, the optimal costs

for the game are given by

1 _
Jri(w'w) = 5513;‘501319:1@0, (11.73)
* * 1 T D
Jo(ut,w*) = iszPkao- (11.74)
Proof: Take
1 = _
Y(:Ek) = 5:13%113193]6, P <0
1 = _
Vi) = §z£P29:k, P, >0

and apply the results of the theorem. [J

11.3 Extension to a General Class of Discrete-Time Nonlinear
Systems

In this subsection, we similarly extend the results of the previous subsection to a more
general class of nonlinear discrete-time systems which is not necessarily affine. We consider

the following state-space model defined on X C R” in local coordinates (z1,...,2,)
Tpy1 = f?(mk, Wy, uk), *(to) = o
> 2y = Z(mk’uk) (11.75)

Y = Tk,
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where all the variables have their previous meanings, while F:XxWxU — &, Z:XxU —
J° are smooth functions of their arguments. In addition, we assume that F' (0,0,0) =0 and

Z(0,0) = 0. Furthermore, define similarly the Hamiltonian functions corresponding to the
cost functionals (11.32), (11.33), K; : X x W xU x R — R, i = 1, 2 respectively:

Kl(maw’uvw) = W( (Lw,u))—W(m)—l—%vQHwHQ—||Z(x,u)||2,
Rolew,u,0) = B(F(r,w,w) ~ U() + 2| 2w,

for some smooth functions W, U:X >R In addition, define also

9Ky %Ky
2K é Ju? Owdu _ 311(1') 812(1‘)
T [ by Lok ] (@) { so1(x)  saa(x) |’

where

511(0) -

T .~ . NT .
or\" o0 or  (07\" 02
ON2 ou ou ou ’

x=0,w=0,u=0

NT .~
oF 02U , OF
512(0) = <—> W(O)[)_m )
z=0,w=0,u=0
NT . — -
OF\' W OF
ON2 ou ’

L z=0,w=0,u=0

B ~\ T —~ ~
<6_F> O*W  OF

S21 (0) =

L x=0,w=0,u=0

5929 (0) -

We then make the following assumption.

Assumption 11.3.1 For the Hamiltonian functions, f(l, I?Q, we assume
822(0) > 0, det[Sn(O) — 812(0)8521821 (0)] 7é 0.

Under the above assumption, the Hessian matrix 92K (0) is nonsingular, and therefore by
the Implicit-function Theorem, there exists an open neighborhood My of x = 0 such that
the equations

81?1 ~ % ~ % _
@(Lw (x),a*(x)) = 0,
0K> ~ % ~ % _
au (1’711) (I),U (I)) - O

have unique solutions @*(z), w*(x), with @*(0) = 0, w*(0) = 0. Moreover, the pair (@*,w*)
constitutes a Nash-equilibrium solution to the dynamic game (11.32), (11.33), (11.75). The
following theorem then summarizes the solution to the infinite-horizon problem for the
general class of discrete-time nonlinear systems (11.75).

Theorem 11.3.1 Consider the discrete-time mnonlinear system (11.75) and the DSF-
BMH2HINLCRP for this system. Suppose Assumption 11.3.1 holds, and also the following:
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(Ad1) the pair {F(z,0,0), Z(z,0)} is zero-state detectable;

(Ad2) there exists a pair of C? locally negative and positive-definite functions W, U:M—
R respectively, defined in a neighborhood M of x = 0, vanishing at x = 0 and satisfying
the pair of coupled DHJIEs:

W (B (e, 0 (2), 0 () = W) + 5220 @) — 5| 2 a*@)]? =0, W) =0,

U(F(x, 0" (2),a"(2))) = U(z) + %IIZ(I, @ (x))|*> =0, U(0) =0

(A3) the pair {F(x,@*(x),0), Z(x,0)} is locally zero-state detectable.

Then the state-feedback controls (u*(x),w*(x)) solve the dynamic game problem and the
DSFBMH2HINLCP for the system (11.75). Moreover, the optimal costs of the policies
are given by

Jh(@,a*) = W(zo),

Tsa(@*, @) = Ulxo).

Proof: The proof can be pursued along the same lines as the previous results. [J

11.4 Notes and Bibliography

This chapter is mainly based on the paper by Lin [180]. The approach adopted throughout
the chapter was originally inspired by the paper by Limebeer et al. [179] for linear systems.
The chapter mainly extended the results of the paper to the nonlinear case. But in addition,
the discrete-time problem has also been developed. Finally, application of the results to
tracking control for Robot manipulators can be found in [80].






12

Mixed Hy/H~ Nonlinear Filtering

The Hoo nonlinear filter has been discussed in chapter 8, and its advantages over the
Kalman-filter have been mentioned. In this chapter, we discuss the mixed Hs/H o-criterion
approach for estimating the states of an affine nonlinear system in the spirit of Reference
[179]. Many authors have considered mixed Ha/Hoo-filtering techniques for linear systems
[162, 257], [269]-[282], which enjoy the advantages of both Kalman-filtering and H .-filtering.
In particular, the paper [257] considers a differential game approach to the problem, which
is attractive and transparent. In this chapter, we present counterpart results for nonlinear
systems using a combination of the differential game approach with a dissipative system’s
perspective. We discuss both the continuous-time and discrete-time problems.

12.1 Continuous-Time Mixed H;/H., Nonlinear Filtering

The general set-up for the mixed Ha/Hoo-filtering problem is shown Figure 12.1, where
the plant is represented by an affine nonlinear system 3¢, while F is the filter. The filter
processes the measurement output y from the plant which is also corrupted by the noise
signal w, and generates an estimate Z of the desired variable z. The noise signal w entering

Wo

the plant is comprised of two components, w = < w ), with wg € § a bounded-spectral
1

signal (e.g., a white Gaussian noise signal); and w; € P is a bounded-power signal or Lo-
signal. Thus, the induced-norm (or gain) from the input wp to Z (the output error) is the
Lo-norm of the interconnected system F o 3¢ i.e.,

IFoxe|,, & Izl (12.1)
0£woes [[wolls
while the induced norm from w; to Z is the L,,-norm of P%, i.e.,
[Fome, 2 sup L2 (12.2)

otwrep lwillz’

The objective is to synthesize a filter, F, for estimating the state x(¢) or a function of it,
z = hy(x), from observations of y(7) up to time ¢ over a time horizon [tg, T], i.e.,

Y, 2 {y(r) T <t}, te€ [ty T,

such that the above pair of norms (12.1), (12.2) are minimized, while at the same time
achieving asymptotic zero estimation error with w = 0. In this context, the above norms
will be interpreted as the Hy and H.,-norms of the interconnected system.

However, in this chapter, we do not solve the above problem, instead we solve an asso-
ciated Ha/Hoo-filtering problem in which there is a single exogenous input w € Ls[tg, T

303
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FIGURE 12.1
Set-Up for Mixed Ha/Hoo Nonlinear Filtering

and an associated Ha-cost which represents the output energy of the system in Z. More
specifically, we seek to synthesize a filter, F, for estimating the state x(t) or a function
of it, z = hy(x), from the observations Y; such that the L£s-gain from the input w to the
penalty function Z (to be defined later) as well as the output energy defined by || 2|3, are
minimized, and at the same time achieving asymptotic zero estimation error with w = 0.

Accordingly, the plant is represented by an affine nonlinear causal state-space system
defined on a manifold X C R" with zero control input:

z = flx)+q(z)w; x(ts) = zo
DIREE z = hi(z) (12.3)
= hg(ai) + ko1 (x)w,

where z € X' is the state vector, w € W C La([to, 00),R") is an unknown disturbance (or
noise) signal, which belongs to W, the set of admissible noise/disturbance signals, y € Y C
R™ is the measured output (or observation) of the system, and belongs to ), the set of
admissible outputs, z € R? is the output of the system that is to be estimated.

The functions f : X — V°(X), g1 : X = M™"(X), by : X = R°, hg : X = R
and kop : X — M™*7(X) are real C*°-functions of z. Furthermore, we assume without
any loss of generality that the system (12.3) has a unique equilibrium-point at = 0 such
that f(0) = 0, hi1(0) = 0, ha(0) = 0. We also assume that there exists a unique solution
x(t, to, xo, w),Vt € R for the system for all initial conditions zy and all w € W.

Again, since it is difficult to minimize exactly the H,,-norm, in practice we settle for a
suboptimal problem, which is to minimize ||Z||%, while rendering || F o X¢||_ < v*. For
nonlinear systems, this H.-constraint is interpreted as the £,-gain constraint and is defined
as . .

/ |1 2(7)||2dr < 72/ llw(T)||*dr, T > 0. (12.4)
to to

More formally, we define the local nonlinear (suboptimal) mixed Hso/Hoo-filtering or
state estimation problem as follows.

Definition 12.1.1 (Mized Ha/Hoo (Suboptimal) Nonlinear Filtering Problem (MH2HINL-
FP)). Given the plant £ and a number v* > 0, find a filter F : Y — X such that

J%(t) = ]:(Yt)

and the output energy ||Z||z, is minimized while the constraint (12.4) is satisfied for all
v > A%, for all w € W and for all initial conditions z(tg) € O.In addition with w = 0,

Moreover, if the above conditions are satisfied for all x(tg) € X, we say that F solves
the MH2HINLFP globally.

Remark 12.1.1 The problem defined above is the finite-horizon filtering problem. We have
the infinite-horizon problem if we let T — oo.
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12.1.1 Solution to the Finite-Horizon Mixed Hs/H~, Nonlinear Filtering
Problem

To solve the M H2HIN LF P, we similarly consider the following Kalman-Luenberger filter

structure
nael . {

where & € X is the estimated state, L(.,.) € M™*™(X x R) is the error-gain matrix which
is smooth and has to be determined, and z € R?® is the estimated output of the filter. We
can now define the estimation error or penalty variable, Z, which has to be controlled as:

&(to) = 2o (12.5)

[STERH
\
>
_ o~
>

P —a
+

h
—
=

~
S~—
)

\

>

(V]
=
P

Then we combine the plant (12.3) and estimator (12.5) dynamics to obtain the following
augmented system:

:; - {EZ;Jré(i’)wa (to) = (x5 #5)" }’ (12.6)

where

K¢
I
N

SHS

N g1(z) S\ S
10 = (i )+ ) =)~ (@)

The problem can then be formulated as a two-player nonzero-sum differential game
(from Chapter 3, see also [59]) with two cost functionals:

T

ALw) = 5 / P lw(m)? = 12|, (12.7)
T

Jo(L,w) = %/t | 2(7)||?dr. (12.8)

Here, the first functional is associated with the H.-constraint criterion, while the second
functional is related to the output energy of the system or Ho-criterion. It can easily be
seen that, by making J; > 0 then the Hoo-constraint ||F o P*||5_ < « is satisfied. A Nash-
equilibrium solution [59] to the above game is said to exist if we can find a pair of strategies
(L*, w*) such that

Ji(L*, w*)
Jo(L*, w*)

Ji(L*,w) Yw e W, (12.9)
Jo(L,w*) VL € M™*™. (12.10)

INIA

To arrive at a solution to this problem, we form the Hamiltonian function H; : T*(X x X) x
W x MM*m — R4 =1,2, associated with the two cost functionals:

Hi(d,w,LY]) = Ya(@,0)(f(@)+ g(@)w) + %(VQHWH2 = 1), (12.11)
y 1
Hy(2,w, L, Vi) = Vi(&,t)(f(Z) + g(@)w) + LG (12.12)

with the adjoint variables p; = YjT7 P2 = ViT respectively, for some smooth functions
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Y, V:X xX xR — R and where Yz, Vi are the row-vectors of first partial-derivatives of
the functions with respect to (wrt) & respectively. The following theorem from Chapter 3
then gives sufficient conditions for the existence of a Nash-equilibrium solution to the above
game.

Theorem 12.1.1 Consider the two-player nonzero-sum dynamic game (12.7)-(12.8),(12.6)
of fized duration [to,T] under closed-loop memoryless perfect state information pattern. A
pair of strategies (w*, L*) provides a feedback Nash-equilibrium solution to the game, if there
exists a pair of Cl-functions (in both arguments) Y, V : X x X x R — R, satisfying the
pair of HJIFEs:

Yy(#,t) = — inf Hy(#w,L*,Yz), Y(£,T)=0, (12.13)
we

Vi(#,t) = — min  Hy(i,w*, L,Vy), V(&,T)=0. (12.14)
LeMnXm,

Based on the above theorem, it is now easy to find the above Nash-equilibrium pair
for our game. The following theorem gives sufficient conditions for the solvability of the
MH2HINLFP. For simplicity we make the following assumption on the plant.

Assumption 12.1.1 The system matrices are such that

kai(x)g] (x) = 0,
ko1 (z)k3, (z) =

Remark 12.1.2 The first of the above assumptions means that the measurement noise and
the system noise are independent.

Theorem 12.1.2 Consider the nonlinear system (12.3) and the MH2HINLFP for it. Sup-
pose the function hy is one-to-one (or injective) and the plant ¢ is locally asymptotically-
stable about the equilibrium point x = 0. Further, suppose there exists a pair of C' (with
respect to both arguments) negative and positive-definite functions Y,V : N x N x £ — R
respectively, locally defined in a neighborhood N x N C X x X of the origin £ = 0, and a
matrix function L : N x ® — M™ ™ satisfying the following pair of coupled HJIEs:

Vi(#,8) + Yo (2,0)f(2) + Ya (2, ) f () — 52 Ya(@)g1(2)g] ()Y, (2)—
532 Ya () L(2, ) LT (2, )Y (%) — 55 Ya (@) L(2,t) LT (2, )V (%)~

Y (
L(hi(z) = h1(2))T (h1(z) — hi(2)) =0, Y(2) =0 (12.15)
Vi(#,t) + Vo (2, 0) f (x) + Va (2, 1) f(2) — %Vz(f)gl(m)gf(x)yf(f)—
= Va(@)L(2, )L (2,8)Y;" — 7*(ha(z) — ha(2))" (h2(x) — ha(2))+
3(h1(z) = ()" (h(x) — (@) =0, V(&,T) =0, (12.16)
together with the coupling condition
Vi (&, t)L(&,t) = —~*(ha(z) — hao(2))T, x, & € N. (12.17)

Then:

(i) there exists locally a Nash-equilibrium solution (w*,L*) for the game (12.7), (12.8),
(12.6);
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(ii) the augmented system (12.6) is dissipative with respect to the supply-rate s(w,2) =
S(V¥Jwl|* = ||£]|*) and hence has finite L2-gain from w to % less or equal to ;

(iii) the optimal costs or performance objectives of the game are Jy(L*,w*) = Y (Zo,t0)
and J3(L*,w*) =V (Zo,10);

(iv) the filter % with the gain matriz L(Z,t) satisfying (12.17) solves the finite-horizon
MH2HINLFP for the system locally in N.

Proof: Assume there exist definite solutions Y, V' to the HJIEs (12.15)-(12.16), and (i)
consider the Hamiltonian function Hy(.,.,.,.) first:

Hi(#w,L,Y]) = Yof(x) +Yaf(2) + YaL(Z,t)(ho(z) — ho(&)) + Yogi (x)w +
VL@, Do (0w — g 121 + 527wl

where some of the arguments have been suppressed for brevity. Since it is quadratic and
convex in w, we can apply the necessary condition for optimality, i.e.,

OH,
21 -0
aw w=w* ’
to get
* 1 % A~ ]
w* = *?(ng(I)YzT(Lt) + kg (2) LT (2, 0)Y (2,1)). (12.18)
Substituting now w* in the expression for Hy(.,.,.,.) (12.12), we get
y N . . 1
Hy(#,w*, L, Vi) = Vof(x) +Vaf(2) + VaL(,t)(ha(z) — ha()) — ?ngl(iv)ng(ﬂf)YzT -
1 . A 1 . .
?Vﬁ?L(za LT (2,0)Y; + 5 (ha(z) - hi(2))" (ha () — ha(2)).
Then completing the squares for L in the above expression for Hs(., ., .,.), we get
v * ~ 1
Ho(#,w", L) = Vol (0) +Vaf(@) = 5Vegr(@)g1 (@)Y +
1 . .
5 () ~ ha(2))" (ha () = (&) +
L LT @OV +42(hafa) — ha@)]* = L lha(e) — ha(d) [ —
2—72 H Z, % Yy 2\ T 2\T H ? 2\ T 2\ T
1 T/ T T/ T2 1 T/ T2
22 HL (@,)Vz + L7 (2, 0)Y; H + 2—72”1; (@, 0)Y5 [|°.
Thus, choosing L* according to (12.17) minimizes Ha(.,.,.,.) and renders the Nash-

equilibrium condition
Hy(w*, L*) < Hy(w*, L) YL € M™™
satisfied. Moreover, substituting (w*, L*) in (12.14) gives the HJIE (12.16).
Next, substitute L* as given by (12.17) in the expression for Hi(.,.,.,.) and complete
the squares to obtain:

x

1
Hl(i‘a w, L*a YiT) = me(z) + Yﬁ:f(j:) - ?YﬁrL(i’at)LT(jzat)vAT -
1 T T 1 ANTT (5 T
37 Yagi(z)g; ()Y, — 27 YaL(2)L" (2)Y; +

2
7_2
2

1
ER

1 1 .




308 Nonlinear Hoo-Control, Hamiltonian Systems and Hamilton-Jacobi Equations

Substituting now w = w* as given by (12.18), we see that the second Nash-equilibrium
condition

Hy(w*,L*) < Hy(w, L*), YweW

is also satisfied. Therefore, the pair (w*, L*) constitute a Nash-equilibrium solution to the
two-player nonzero-sum dynamic game. Moreover, substituting (w*, L*) in (12.13) gives the
HIIE (12.15).

(ii) Consider the HJIE (12.15) and rewrite as:

{w,t)+Yzf<x>+Yif<f>+YjL<f7t><h2< ) = ha(@) + Yogs (w)w +
VL (@, Ok (@ — 512 + 572l — 242wl — Yagn (e

Y L(Z, t) ko1 (z)w — iymgl(x)gf(z)YT - LY Lz, t) LT (&, )Y =0

22 22 £
= {Yt(iﬁt) + Yilf(#) + g(2)w ]+ 37 wll* = || ||2} 37 llw —w** =0
— {¥ie0) + BIF@ + 5@} < 577l - 1P (12.19)
for some function ¥ = —Y > 0. Integrating now the last expression above from ¢t =ty and

Z(to) to t =T and x(T'), we get the dissipation-inequality:

Y(@#(T),T) — Y (2(t /{7 lw(@®I* = 2@ }at, (12.20)

and hence the result.
(iii) Consider the cost functional Jy (L, w) first, and rewrite it as

Ii(Low) + Y (E(T),T) — ¥ (#(to). to)
/T{lfnw(t)n? Lisop v t)}dt
W 12 2 ’

T
Hy (&, w, L, Y )dt

to

T 2 1
_ /t {?”w . ’LU*||2 + Y L(2,t) (ha(z) — ho()) + ?YiL(.’i7t)LT(§j‘7t)VjT}dt;

where use has been made of the HJIE (12.15) in the above manipulations. Substitute now
(L*,w*) as given by (12.17), (12.18) respectively to get the result.
Similarly, consider the cost functional J2(L,w) and rewrite it as

T
R(Lw) -V = | {§||é<t>||2+v<az,t>}dt
— /THQ(E:,w,L,YiT)dt.

Then substituting (L*, w*) as given by (12.17), (12.18) respectively, and using the HIJIE
(12.16) the result also follows.

Finally, (iv) follows from (i)-(iii). O
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Remark 12.1.3 Notice that by virtue of (12.17), the HJIE (12.16) can also be represented
in the following form:

Vi(&,t) + Vi (2, 0) f(2) + Va (2, 1) f (93) W—%Vw(ﬂt)gl(m)g?(w)Y (Z,t)—
%V (&, ) L(2,t) LT (&, ) YL (2,t) — 5 Va (&, t)L(2,t) LT (&, ) VI (2, )+
5 (hi(z) = hi(2))" (hi(x) = ha(2)) =0, V(2,T)=0. (12.21)

The above result (Theorem 12.1.2) can be specialized to the linear-time-invariant (LTT)
system:

& = Az+ Giw, z(ty) =
el o2 = Oi(x—1) (12.22)
y = Cgl‘ + .D21’LU7

where all the variables have their previous meanings, and A € ®"*", G, € R"*", C € <™,

Co € R™*™ and Doy € R™*" are real constant matrices. We have the following corollary to
Theorem 12.1.2.

Corollary 12.1.1 Consider the LTI system X! defined by (12.22) and the MH2HINLFP for
it. Suppose Cy is full-column rank and A is Hurwitz. Suppose further, there exist a negative
and a positive-definite real-symmetric solutions Py (t), Py(t), t € [to,T] (respectively) to the
coupled Riccati ordinary differential-equations (ODEs):

—P1(t) = ATP1(t) + P1(t)A —
1 [ L)L (t) + G1GT  L(t)LT(t) Pi(t)
PO POV 0 } [ Py(1) } -
crey, P(T)=0, (12.23)
—Py(t) = ATPy(t) + Py(t)A —
1 [ 0 L)LY (t) + G1GT Py(t)
2O POV porey ca6T L)L) } [ Pa(t) } i
ctoy, Py(T)=0, (12.24)
together with the coupling condition
Py(t)L(t) = —~*CT, (12.25)

for some n x m matriz function L(t) defined for all t € [ty,T]. Then:

(i) there exists a Nash-equilibrium solution (w*, L*) for the game given by

* 1 ~
whi= —?(Gf + D3, L(t) P (t) (@ — @),
(@ —2)"R(L* = —7*(z—3)"Cy;
(ii) the augmented system
i = A 0 ¥+ Ch
. B L*(t)Cy A — L*(t)Cs L*(t) Dy ’
by : o o i)
l‘(to) - |: i,o :|
5 = [Cl — 01].1‘ = CQUT
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has Hoo-norm from w to Z less than equal to ~y;

(iii) the optimal costs or performance objectives of the game are Jy(L*,w*) = %(9:0 —
iﬁo)Tpl(to)(l‘o - i‘o) and J;(L*, w*) = %(1‘0 - j:O)TPQ(tO)(xO - i‘o),‘

(iv) the filter XU with the gain matriz L(t) = L*(t) satisfying (12.25) solves the finite-
horizon MH2HINLF P for the system.

Proof: Take

Y(#,t) = %( VP (t)(x—2), PL=Pl <0
V(i,t) = %( VP (t)(x — 2), Po=Pf >0

and apply the result of the theorem. [

12.1.2 Solution to the Infinite-Horizon Mixed #H3/H ., Nonlinear Filter-
ing
In this section, we discuss the infinite-horizon filtering problem, in which case we let 7' — oo.

In this case, we seek a time-independent gain matrix L( ) and functions Y, V : NxNc
XXX — ?R such that the HJIEs:

Vo) (@) + Vil (8) = 53 Vel ()] @)V (0) = 33 Ye(0) @) LT @)V (2) -
SVDL@LT @OV (@) = 50 (@) = ha () (s (@) = 1a () = 0
Y (0) = (12.26)
Vo) (@) + V(@) (@) = Vel (@] (0T () = 5 Va(@) L@ LT @) (@) -
() — ha@))" (o) — ha@)) + 5 (s (@) — b (2))" (s () — () =0,
V(0) =0 (12.27)

are satisfied together with the coupling condition:
Vi (2)L(2) = —72(ha(2z) — ho(2))”, z, & € N, (12.28)

where L is the asymptotic value of L. It is also required in this case that the augmented
system (12.6) is stable. Moreover, in this case, we can relax the requirement of asymptotic-
stability for the original system (12.3) with a milder requirement of detectability which we
define next.

Definition 12.1.2 The pair {f, h} is said to be locally zero-state detectable if there exists a
neighborhood O of x = 0 such that, if x(t) is a trajectory of ©(t) = f(x) satisfying x(ty) € O,
then h(xz(t)) is defined for allt > to and h(xz(t)) = 0 for all t > tg, for some ts > to, implies
lim;_, oo 2(t) = 0. Moreover, the system is zero-state detectable if O = X.

Remark 12.1.4 From the above definition, it can be inferred that, if hy is injective, then
{f,h1} zero-state detectable = {f,h} zero-state detectable

and conversely.
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It is also desirable for a filter to be stable or admissible. The “admissibility” of a filter
is defined as follows.

Definition 12.1.3 A filter F is admissible if it is asymptotically (or internally) stable for
any giwen initial condition x(tg) of the plant X%, and with w =0

lim z(t) = 0.

t—o00

The following proposition can now be proven along the same lines as Theorem 12.1.2.

Proposition 12.1.1 Consider the nonlinear system (12.3) and the infinite-horizon
MH2HINLFP for it. Suppose the function hy is one-to-one (or injective) and the plant
3% is zero-state detectable. Further, suppose there exists a pair of C' negative and positive-
definite functions Y,V : N x N — R respectively, locally defined in a neighborhood
N X N C X x X of the origin & = 0, and a matriz function L:N - Mnxm satisfy-
ing the pair of coupled HJIEs (12.26), (12.27) together with (12.28). Then:

(i) there exists locally a Nash-equilibrium solution (w*, i*) for the game;

(ii) the augmented system (12.6) is dissipative with respect to the supply-rate s(w,z) =
L(V*Jwl|* = ||£][?) and hence has Lo-gain from w to % less or equal to ;

(iii) the optimal costs or performance objectives of the game are Jr(L*,w*) = Y (&) and
J3(L* %) =V (Zo);

(iv) the filter 207 with the gain matriz L(#) = L*(2) satisfying (12.28) is admissible and
solves the infinite-horizon MH2HIN LF P locally in N .

Proof: Since the proof of items (i)-(iii) is the same as in Theorem 12.1.2, we only prove (iv)
here. Using similar manipulations as in the proof of Theorem 12.1.2, we get an inequality
similar to (12.19). This inequality implies that with w = 0,

Y < ——|IZ)2 (12.29)

1
2
Therefore, by Lyapunov’s theorem, the augmented system is locally stable. Furthermore,
for any trajectory of the system Z(t) such that Y (2) =0 for all t > t., for some t. > tg, it
implies that 2 = 0V > t.. This in turn implies hy(z) = hi(Z), and x(t) = &(t) Vt > t. by
the injectivity of hy. This further implies that ha(x) = ho(Z) Vt > t. and it is a trajectory

of the free system:
M ( f(z) > .
f(&)

By the zero-state detectability of { f, h1}, we have lim;_, -, Z(¢) = 0, and asymptotic-stability
follows by LaSalle’s invariance-principle. On the other hand, if we have strict inequal-
ity, ¥ < —3[12]|?, asymptotic-stability follows immediately from Lyapunov’s theorem, and
lim; oo 2(t) = 0. Therefore, X%/ is admissible. Combining now with items (i)-(iii), the
conclusion follows. O

Similarly, for the linear system X! (12.22), we have the following corollary.

Corollary 12.1.2 Consider the LTI system %! defined by (12.22) and the MH2HIN LF P
forit. Suppose C1 is full column rank and (A, C1) is detectable. Suppose further, there exist a
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negative and a positive-definite real-symmetric solutions Py, P, (respectively) to the coupled
algebraic-Riccati equations (AREs):

1 LL" +G,GT LL" | [ P
ATP + PA— ?[Pl Py { mTl ! 0 P; ~-cfcy =0 (12.30)
AT P 0 LLT + G,GT P oTCn —
PaBA-GIP R ir gor T angr p | TCIC1=0, (1231)
together with the coupling-condition
PL = —~%CT. (12.32)

Then:
(i) there exists a Nash-equilibrium solution (w*, L*) for the game;
(ii) the augmented system XY has Hoo-norm from w to % less than equal to ~y;

(iii) the optimal costs or performance objectives of the game are Ji(L* i*) = 3(wo —
i‘o)Tpl(l‘o - i‘o) and J;(L*, ’LZ)*) = %(IO - .IA?())TPQ(IO - i‘o),‘

(iv) the filter ¥y with gain-matriz L = L* € R™™ satisfying (12.32) is admissible, and
solves the infinite-horizon MH2HINLF P for the linear system.

We consider a simple example.
Example 12.1.1 We consider a simple ezample of the following scalar system:
i = —2 2(0) = o,
T
y = x+w.
We consider the infinite-horizon problem and the associated HJIFEs. It can be seen that

the system satisfies all the assumptions of Theorem 12.1.2 and Proposition 12.1.1. Then,
substituting in the HJIEs (12.21), (12.26), and coupling condition (12.28), we get

) 1 1 )
ety = @ys = ol = Py — 50 - )7 =0,

1
—z3v, — 2Pz — ?F%yi — vz —2)% + 5(1’ — &) =0,
vel + 73 (z — &) = 0.

Looking at the above system of PDEs, we see that there are 5 variables: vy, vz, Yz, Vz, [
and only 3 equations. Therefore, we make the following simplifying assumption. Let

Uy = —Vg.
Then, the above equations reduce to
3 ~3 Looo 1o 1 <2
Yy + & yi+2—72l y:z_?l vzyi—&—i(aj—aﬁ) =0, (12.33)
23, — &3, — %l%zyi + 7z — )% — %(m —1)? =0, (12.34)

vl — 73 (x — &) = 0. (12.35)
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H2/HI Filter Estimates H2/HI Estimation Error

states

Time

FIGURE 12.2
Nonlinear Hs/Ho-Filter Performance with Unknown Initial Condition; Reprinted from
Int. J. of Robust and Nonlinear Control, vol. 19, no. 4, pp. 394-417, (© 2009, “Mixed
Ho/Hoo nonlinear filtering,” by M. D.S. Aliyu and E. K. Boukas, with permission from
Wiley Blackwell.

Subtract now equations (12.33) and (12.84) to get

(23y, + #3yz) + (22 — 2%)v, + 2—;123/35 + (1 -7z —-2)2=0, (12.36)
Vel — ¥ (x — &) = 0. (12.37)
Now let
vy =(x—2) = v =—(z—2), v(z,z)= %(m —2)% and = lg/oo =2

Then, if we let v = 1, the equation governing y. (12.36) becomes
Y3+ 2(2%ys + 2%ys) +2(2° — 2)(x —2) =0

and

approximately solves the above PDE (locally!). This corresponds to the solution

Figure 12.2 shows the filter performance with unknown initial condition and with the
measurement noise w(t) = 0.5wp + 0.01sin(t), where wq is zero-mean Gaussian-white with
unit variance.

12.1.3 Certainty-Equivalent Filters (CEFs)

It should be observed from the previous two sections, 12.1.1, 12.1.2, that the filter gains
(12.17), (12.28) may depend on the original state of the system which is to be estimated,



314 Nonlinear Hoo-Control, Hamiltonian Systems and Hamilton-Jacobi Equations

except for the linear case where the gains are constants. As discussed in Chapter 8, this will
make the filters practically impossible to construct. Therefore, the filter equation and gains
must be modified to overcome this difficulty.

Furthermore, we observe that the number of variables in the HJIEs (12.15)-(12.27) is
twice the dimension of the plant. This makes them more difficult to solve considering their
notoriety, and makes the scheme less attractive. Therefore, based on these observations,
we consider again in this section certainty-equivalent filters which are practically imple-
mentable, and in which the governing equations are of lower-order. We begin with the
following definition.

Definition 12.1.4 For the nonlinear system (12.3), we say that it is locally zero-input
observable if for all states 1, x2 € U C X and input w(.) =0

y(wmlﬂw) = y(-7$2,UJ) = X1 = T2

where y(., z;,w), i = 1,2 is the output of the system with the initial condition x(ty) = x;.
Moreover, the system is said to be zero-input observable, if it is locally observable at each
roeX orU=24.

Consider now as in Chapter 8, the following class of filters:

= f(&)+ g1(@)w* + L(&,y)[y — ho(2) — ka1 (2)0*], &(to) = Fo
ha(2) (12.38)

y — ha(2),

DL

ISTRRS PP

where f,(,) € M"*™ is the filter gain matrix, w* is the estimated worst-case system
noise (hence the name certainty-equivalent filter) and Z is the new penalty variable. Then,
consider the infinite-horizon mixed Hs/H~ dynamic game problem with the cost functionals
(12.7), (12.8), and with the above filter. We can define the corresponding Hamiltonians
Hi :T*X x W x T*Y x M™™ 5 R i=1,2as

Hy(&,w,y, LY]Y)) = Y)If (@ )+91( )erL(ﬂlj Y)Yy — ha(2) — ka1 (2)w)] +

Yi(#,y)

Y, ( 7y)y+ 27 ) — ||5||27
ﬁg(i,w,y,i,viT,VyT) = Vi(d,y)

Vy (&, 9)3

H

i

) f(E )+91( )w+L(ﬂtj Y)(y — ha(&) — ka1 (&)w))] +

2112
y (&, 9) —||Z|| :
for some smooth functions V,Y : X x Y — R, and where the adjoint variables are set as

p1 = Y , P2 = VT Further, we have

% :O:MI;*:,%[gh( &) — L(&, y)ka1 (2)] 7Y (2, 9),

and repeating similar derivation as in the previous section, we can arrive at the following
result.

Theorem 12.1.3 Consider the nonlinear system (12.3) and the MH2HINLFP for it.
Suppose the plant X is locally asymptotically-stable about the equilibrium point x = 0
and zero-input observable. Further, suppose there exists a pair of C1 (with respect to both

arguments) negative and positive-definite functions Y,V NxT— R respectively, locally
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defined in a neighborhood NxYTCXxY of the origin (&,y) = (0,0), and a matriz function
L:N xYT — M™™ satisfying the following pair of coupled HJIEs:

2 Ya (&, y) L(&,y)L" (2, 9) Y (&,y) — 35Y3(2,y)L(&,y)L
Ly — ha(2))(y — ha(2)) =0, YV(0,0)=0, #€N,yeT (12.39)
Vi (&, y) (&) + Vy (2, 9)5 — 25 Va (@, 9)g1 (£)gT (&) VT (&, ) —
LVi(@,y9)L(3,y) L7 (2, 9)YF (3,y) — HVa(@,9) L(&,y) LT (&, 9)V (&, y)+
Ly —ha()T(y — ha(2)) =0, V(0,0)=0, 3 €N, ye T (12.40)
together with the coupling condition
Va2, y)L(#,y) = =72y — ha(2))T, 2 € N, y € Y. (12.41)

Then, the filter yof with the gain matriz L(z,vy) satisfying (12.41) solves the infinite-horizon
MH2HINLFP for the system locally in N.

Proof: (Sketch) Using similar manipulations as in Theorem 12.1.2 and Prop 12.1.1, it can
be shown that the existence of a solution to the coupled HJIEs (12.39), (12.40) implies the
existence of a solution to the dissipation-inequality

~ ~ 1 [ ~
F(o) = Vo) < 5 [ Gl - 2P
to
for some smooth function Y = —Y > 0. Again using similar arguments as in Theorem 12.1.2

and Prop 12.1.1, the result follows. In particular, with w = 0 and ?(i,y) =0=2=0,
which in turn implies = Z by the zero-input observability of the system. [J

Remark 12.1.5 Comparing the HJIEs (12.39)-(12.40) with (12.26)-(12.27) we see that
the dimensionality of the former is half. This is indeed significant. Moreover, the filter gain
corresponding to the new HJIEs (12.41) does not depend on x.

12.2 Discrete-Time Mixed H;/H., Nonlinear Filtering

The set-up for this case is the same as the continuous-time case shown in Figure 12.1 with
the difference that the variables and measurements are discrete, and is shown on Figure
12.3. Therefore, the plant is similarly described by an affine causal discrete-time nonlinear
state-space system with zero input defined on an n-dimensional space X C R™ in coordinates

x=(21,...,2p):

1 = flzr) + gr(zp)wr; x(ko) = xo
yda . 2 = hi(xy) (12.42)
yr = ha(zr) + ko (z)ws

where z € X is the state vector, w € W is the disturbance or noise signal, which belongs to
the set W C £a([ko, 00)R") of admissible disturbances or noise signals, the output y € R™ is
the measured output of the system, while z € R* is the output to be estimated. The functions
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FIGURE 12.3
Set-Up for Discrete-Time Mixed Ha/Hoo Nonlinear Filtering

f: X=X, g1: X 5> M>X"(X),hy: X = R, hg: X = R™, and kia : X = MS*P(X),
ko : X = M™*7(X) are real C* functions of . Furthermore, we assume without any loss
of generality that the system (12.42) has a unique equilibrium-point at @ = 0 such that
f(0) =0, h1(0) = h2(0) = 0.

The objective is again to synthesize a filter, Fy, for estimating the state xj (or more
generally a function of it zy, = hy(zx)) from observations of y; up to time &k and over a time
horizon [kg, K], i.e., from

Yo 2 {yii <k}, ke [k, K]
such that the gains (or induced norms) from the inputs wo := {wox}, w1 = {w1}, to

the error or penalty variable Z defined respectively as the fo-norm and /. ,-norm of the
interconnected system Fj o 39 respectively, i.e.,

|Feostoy 2 sup A2t (12.43)
0£woeS’ ||w0||$/

and

|Fostell, 2 sup A2 (12.44)

0751111673/ ||’LU1 ||2

are minimized, where

’

P2 {w: w € loo, Ruw(k), Sww(jw) exist for all k and all w resp.,
[wllpr < oo}

s 2 {w: w € loo, Ryw(k), Sww(jw) exist for all k and all w resp.,

[[Sww(jw)lloe < 00}

K

2 A . 1 2
:1 _
212 2 dim > |z
k=—K
lwoll = [1Swows (Gw)lloos  NlwollEr = [[Swowo (500) oo

and Ry, Sww(jw) are the autocorrelation and power spectral-density matrices of w [152].
In addition, if the plant is stable, we replace the induced ¢-norms above by their equivalent
‘H-subspace norms.

The above problem is the standard discrete-time mixed Ho/Hoo-filtering problem. How-
ever, as pointed out in the previous section, due to the difficulty of solving the above
problem, we do not solve it either in this section. Instead, we solve the associated problem
involving a single noise/disturbance signal w € W C {s[kg, 00), and minimize the output
energy of the system, ||Z|;,, while rendering || F, o £9¢||,.. < ~* for a given number v* > 0,
for all w € W and for all initial conditions z° € O C X. In addition, we also require that
with wy, = 0, the estimation error converges to zero, i.e., limg_, o, Zr = 0.
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Again, for the discrete-time nonlinear system (12.42), the above H., constraint is inter-
preted as the /5-gain constraint and is represented as

K K
S a2 <22 Y flunl? K> ko € Z (12.45)
k=kgo k=kgo

for all w € W, for all initial states z° € O C X.
The discrete-time mixed-Hz/Hoo filtering or estimation problem can then be defined
formally as follows.

Definition 12.2.1 (Discrete-Time Mized Hao/Hoo (Suboptimal) Nonlinear Filtering Prob-
lem (DMH2HINLFP)). Given the plant 9% and a number v* > 0, find a filter Fj, : Y — X
such that

1 = Fr(Yi)

and the output energy ||Z|e, is minimized, while the constraint (12.45) is satisfied for all
v >, for allw € W and all 2° € O. In addition, with wy, = 0, we have limy_o0 %5 = 0.

Moreover, if the above conditions are satisfied for all z° € X, we say that Fy, solves the
DMH2HINLFP globally.

Remark 12.2.1 The problem defined above is the finite-horizon filtering problem. We have
the infinite-horizon problem if we let K — oo.

12.2.1 Solution to the Finite-Horizon Discrete-Time Mixed Hy/Hoo
Nonlinear Filtering Problem

We similarly consider the following class of estimators:

sdaf . { xk;; - zfﬂ(ﬁiz;r L&y, k)yx — ha(zx)], (ko) = 2° (12.46)

where 23, € X is the estimated state, L(.,.) € M™*™(X x Z) is the error-gain matrix which

is smooth and has to be determined, and z € R?® is the estimated output of the filter. We

can now define the estimation error or penalty variable, Z, which has to be controlled as:
Zv:k = Zk — ?:’k = hl(zlik) — hl(ﬁjk)

Then, we combine the plant (12.42) and estimator (12.46) dynamics to obtain the following
augmented system:

o = {(fmgm)wk, i(ko) = (2°" 207 } (12.47)

where
o ¥ f(xk)
Tk = ( Fp ) . f@) = ( F(@r) + L(2g, k) (ha(zr) — ho(Tr)) ) )
A g1(zx) Yoy .
g(l‘) - ( L(.’i‘k,k)km(l‘k) > ) h(zk) - hl(zk) - hl(zk)'

The problem is then similarly formulated as a two-player nonzero-sum differential game
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with the following cost functionals:

K
1 y
Ji(Lw) = gz{vﬂlwk”?fllz:@ll?}? (12.48)
k=ko
1 K
Jo(L,w) = 52”5%”27 (12.49)
ko

where w := {wy,}. The first functional is associated with the H.-constraint criterion, while
the second functional is related to the output energy of the system or Hs-criterion. It is seen
that, by making .J; > 0, the Ho, constraint ||Fx o X293 < ~ is satisfied. Then, similarly,
a Nash-equilibrium solution to the above game is said to exist if we can find a pair (L*, w*)
such that

Ji(L*, w™)
Jo(L*, w™)

Ji(L*,w) Yw e W, (12.50)

<
< Jo(Lp,w*) VL € M™™, (12.51)

Sufficient conditions for the solvability of the above game are well known (Chapter 3, also
[59]), and are given in the following theorem.

Theorem 12.2.1 For the two-person discrete-time nonzero-sum game (12.48)-(12.49),
(12.47), under memoryless perfect information structure, there exists a feedback Nash-
equilibrium solution if, and only if, there exist 2(K — ko) functions Y,V : N C X X Z — R,
N C X such that the following coupled recursive equations (discrete-time Hamilton-Jacobi-
Isaacs equations (DHJIE)) are satisfied:

. . 1 . .
YR = ol {§h2[||wk||2 BRI + Y o, 1)} ,
Y(#K+1)=0, k=ko...,K,Vie NxN (12.52)
9 . 1.0 .. 9
v = i {LIA@P V@b |
VEK+1)=0, k=ko...,K, Vi€ NxN (12.53)

where & = &y, L = L(xg, k), w:= {wg}.

Thus, we can apply the above theorem to derive sufficient conditions for the solvability of
the DM H2HINLFP. To do that, we define the Hamiltonian functions H; : (X x X') x W x
MR — R, i = 1,2 associated with the cost functionals (12.48), (12.49) respectively:

o . . g 1 1, .
Hy (8w, 1Y) = Y (F(2) + gy, b+ 1) = Y (@, ) + 57w = S5l (1254)

v

1
Ho(#,wy, L, V) = V(f (&) + §g(@)wg, k+ 1) = V (2, k) + 5||5;€||2 (12.55)

for some smooth functions Y,V : X — R, Y < 0, V > 0 where the adjoint variables
corresponding to the cost functionals (12.48), (12.49) are set as p; = Y, po = V respectively.

The following theorem then presents sufficient conditions for the solvability of the
DMH2HINLFP on a finite-horizon.

Theorem 12.2.2 Consider the nonlinear system (12.42) and the DMH2HINLFP for
it. Suppose the function hy is one-to-one (or injective) and the plant X% is locally
asymptotically-stable about the equilibrium-point x = 0. Further, suppose there exists a
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pair of C? negative and positive-definite functions Y,V : N x N x Z — R respectively,
locally defined in a neighborhood N x N C X x X of the origin & = 0, and a matriz function
L: N xXZ — M"™™ satisfying the following pair of coupled HJIESs:

v

Y Y Yk [ * [ 1 Y 1 9 9 Y
V(& k) = Y(f*(@) + §*(©)wi (@), k+ 1) + 577w (@)1 = 5 12@)]% Y (#, K +1) =0,

(12.56)
o 1
VER) = V(@) + 3 @i, k+ 1) + S15@) 2 VEK+1)=0,  (1257)
k =ko,..., K, together with the side-conditions
17, 0TY( N E+1
N Ot Ll | (12.58)
v A=F(@)+g(®)w}
L* = arg mLin {Ha(Z,wy, L, V)}, (12.59)
0°H, , N
W(.’E, Wi L ,Y) o > 0, (1260)
0%°H,
W(.’E,wz7L7V) o > 0, (1261)
where y y
F@ =@ 7@ =g
Then:

(1) there exists locally a Nash-equilibrium solution (w*,L*) for the game (12.48), (12.49),
(12.42) locally in N;

(ii) the augmented system (12.47) is locally dissipative with respect to the supply-rate
s(wk, Zk) = 2(V?|wil|* = [|Zk]1?) and hence has y-gain from w to % less or equal to ~;

(iii) the optimal costs or performance objectives of the game are Ji(L*,w*) = Y (&°, ko)
and J3(L*,w*) = V(, ko);

(iv) the filter 2997 with the gain matriz L(2, k) satisfying (12.59) solves the finite-horizon
DMH2HINLFP for the system locally in N.

Proof: Assume there exist definite solutions Y, V' to the DHJIEs (12.56)-(12.57), and (i)
consider the Hamiltonian function Hi(.,.,.,.). Then applying the necessary condition for
the worst-case noise, we have

TY (N k+1)

oT /v 2 *
=g (%) T 7w =0,
Ow |y oA A=F (@) +i@yw;
to get
1 op, o 0TY(NE+1 o %
wi=——4" m)i(a/\ ) = ao (&, wy)- (12.62)

A
Thus, w* is expressed implicitly. Moreover, since

0?H, T O?Y (\k+1)

5oz =9 (B35 9(&) +~°1

A=F(#)+§(&)w}

is nonsingular about (Z,w) = (0,0), equation (12.62) has a unique solution ay (), a1(0) =0
in the neighborhood Ny x Wy of (z,w) = (0,0) by the Implicit-function Theorem [234].
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Now, substitute w* in the expression for Ha(.,.,.,.) (12.55), to get
N I VN N 1, .
Ha(Z,wy, L,V) = V(f(Z)+ g(@)w(2),k +1) = V(2. k) + §||Zk($)||2a

and let
L* = argmLin {Hz(Z,w;,L,V)}.

Then by Taylor’s theorem, we can expand Ha(.,w*,.,.) about L* [267] as

Hy(#,w*,L,Y) = Hy(Z,w*,L*\Y])+
0% H,
0L?

%TT{[In ® (L — L*)7]
O(IL = L*[%).

(', L)Im @ (L= L)7]} +

Therefore, taking L* as in (12.59) and if the condition (12.61) holds, then Ha(.,.,w*,.) is
minimized, and the Nash-equilibrium condition

Hy(w*,L*) < Hy(w*,L) YL € M™™ k =kq,..., K

is satisfied. Moreover, substituting (w*, L*) in (12.53) gives the DHJIE (12.57).
Now substitute L* as given by (12.59) in the expression for Hi (., .,.,.) and expand it in
Taylor’s-series about w* to obtain

y B ruy | sk 1 Lo
Hi(&wp, LY) = V(@) + " (@)w, bk +1) = Y (2,k) + 597 lwe|* = 512

T62H2

a—@ug(“”“ L) (wy, — wi) +

1
= Hy(x,w;,L*)Y)+ §(wk — wj)
O(||wy, — wi|?)-

Further, substituting w = w* as given by (12.62) in the above, and if the condition (12.60)
is satisfied, we see that the second Nash-equilibrium condition

Hy(w*,L*) < Hy(w,L*), Yw e W

is also satisfied. Therefore, the pair (w*, L*) constitute a Nash-equilibrium solution to the
two-player nonzero-sum dynamic game. Moreover, substituting (w*, L*) in (12.52) gives the
DHJIE (12.56).

(ii) The Nash-equilibrium condition

Hy(&,w,L*,Y) > Hy(#,w*,L*,Y) =0 VZ € U, Yw € W

implies
Y(z,k) =Y (Tpy1,k+1) < %72||wk||2 — %||ék||27 vz e UVYw e W
= V(g1 k+1) =YV (E, k) < %72||wk||2 - %||5k||27 Vi € U, Yw € W(12.63)
for some positive-definite function ¥ = —Y > 0. Summing now the above inequality from

k = ko to k = K we get the dissipation-inequality

K
. . 1 L.
V(@ K +1) = V(ang ko) < 3 =22l = = [5]1% (12.64)
= 2 2
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Thus, from Chapter 3, the system has {5-gain from w to Z less or equal to 7.
(iii) Consider the cost functional J; (L, w) first, and rewrite it as

K
¥ o 1 1, .
(L) + Y (i1, K +1) = V(o) o) = 3 {372l = 1502 +
k=ko

Y (Frsr, k1) — Y (i, k:)}

K
== Z Hl(f7wkaLkaY)'
k=ko

Substituting (L*,w*) in the above equation and using the DHJIE (12.56) gives
Hy (%, w*, L*,Y) = 0 and the result follows. Similarly, consider the cost functional Jo(L, w)
and rewrite it as

K
y y L y §
Jo(L,w) +V(Fxa1, K +1) = V(& ko) = Z{§||zk||2+V(zk+1,k+1)V(xk,k:)}
k=ko
K
Z HQ(j7wkaLk7V)'
k=ko

Since V (&, K + 1) = 0, substituting (L*,w*) in the above and using the DHJIE (12.57) the
result similarly follows.
(iv) Notice that the inequality (12.63) implies that with wy, = 0,

o o 1
Y (g1, k+1) = Y (Zk, k) < —§||ék||2, Vie T, (12.65)

and since Y is positive-definite, by Lyapunov’s theorem, the augmented system is locally
stable. Finally, combining (i)-(iii), (iv) follows. O

12.2.2 Solution to the Infinite-Horizon Discrete-Time Mixed Hy/Hoo
Nonlinear Filtering Problem

In this subsection, we discuss the infinite-horizon filtering problem, in which case we let K —
00. Moreover, in this case, we seek a time-invariant gain ﬁ(iﬁ) for the filter, and consequently
time-independent functions Y, V : N xN =R locally defined in a neighborhood NxNcC
X X X of (z,&) = (0,0), such that the following steady-state DHJIEs:

Y (f(#) + g*(2)0* (%) — Y () + %72”11)*(%”2 - %||5(5:||2 =0, Y(0)=0,  (12.66)
V(&) + " (#)a*) — V(&) + %||é(5:||2 =0, V(0)=0, (12.67)

are satisfied together with the side-conditions:

1 Ty
e LA G GT)\()\) = (&, W), (12.68)
v A=f(2)+§(2)
%) = arg mjn{ﬁg(aé,w*,i, V)}, (12.69)
L
O*H .
8w21 (F,w,L*,Y)| >0, (12.70)
=0
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>0, (12.71)

L=L~*
(s 7 AT o L o o Lo
Hy(&,w, L,Y) = Y(f(Z) +§(@)wk) = Y(Z) + 577 wkll” = SlIZ]7,
~ ~ - N . 1, .
Hy(#wy, L,V) = V(f(#)+ g(@)we) = V(#) + 5] %]

Again here, since the estimation is carried over an infinite-horizon, it is necessary to
ensure that the augmented system (12.47) is stable with w = 0. However, in this case,
we can relax the requirement of asymptotic-stability for the original system (12.42) with a
milder requirement of detectability which we define next.

Definition 12.2.2 The pair {f, h} is said to be locally zero-state detectable if there exists
a neighborhood O of x = 0 such that, if xy is a trajectory of xxy1 = f(xr) satisfying
x(ko) € O, then h(xy) is defined for all k > ko and h(xy) = 0, for all k > ks, implies
limg o0 2, = 0. Moreover {f, h} is zero-state detectable if O = X.

The “admissibility” of the discrete-time filter is similarly defined as follows.

Definition 12.2.3 A filter F is admissible if it is asymptotically (or internally) stable for
any given initial condition x(ko) of the plant X%, and with w = 0

lim % = 0.
k—o00

The following proposition can now be proven along the same lines as Theorem 12.2.2.

Proposition 12.2.1 Consider the nonlinear system (12.42) and the infinite-horizon
DMH2HINLFP for it. Suppose the function hy is one-to-one (or injective) and the
plant X is zero-state detectable. Suppose further, there ewists a pair of C? negative and
positive-definite functions Y, V : N x N — R respectively, locally defined in a neighborhood
N x N C X x X of the origin % = 0, and a matriz function L : N — M™ ™ satisfying the
pair of coupled DHJIEs (12.66), (12.67) together with (12.68)-(12.71). Then:

i) there exists locally a Nash-equilibrium solution (w*, L*) for the game;
i) th ists locally a Nash libri luti v*, L*) for th

(ii) the augmented system (12.47) is dissipative with respect to the supply-rate s(w,%) =
s(V¥Jw]|* = ||£][?) and hence has y-gain from w to % less or equal to ~;

(iii) the optimal costs or performance objectives of the game are Ji(L*,w*) =Y (2°) and
Jy(L* %) = V(2%);

(iv) the filter £9F with the gain matriz L(2) = L*(Z) satisfying (12.69) solves the infinite-
horizon DM H2HINLF P locally in N .

Proof: Since the proof of items (i)-(iii) is similar to that of Theorem 12.2.2; we prove only
item (iv).
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(iv) Using similar manipulations as in the proof of Theorem 12.2.2, it can be shown that
a similar inequality as (12.63) also holds. This implies that with wy = 0,

o o 1 ~
Y (Fpa1) — V(i) < —§||ék||27 VieN (12.72)

and since Y is positive-definite, by Lyapunov’s theorem, the augmented system is locally
stable. Furthermore, for any trajectory of the system &y such that Y (#r11) — Y (#) = 0
for all k > k. > ko, it implies that z; = 0. This in turn implies hy(zr) = hi(2)), and
xx = T Vk > k. since hy is injective. This further implies that ho(zr) = ho(Zx) Yk > k.
and it is a trajectory of the free system:

g fl@)
et f@r) )
By zero-state of the detectability of {f, h1}, we have limy_; o 2, = 0, and we have internal

stability of the augmented system with limg_,oo 2z = 0. Hence, X%/ is admissible. Finally,
combining (i)-(iii), (iv) follows. OJ

12.2.3 Approximate and Explicit Solution to the Infinite-Horizon
Discrete-Time Mixed #Hy/H~ Nonlinear Filtering Problem

In this subsection, we discuss how the DM H2HINLF P can be solved approximately to
obtain explicit solutions [126]. We consider the infinite-horizon problem for this purpose,
but the approach can also be used for the finite-horizon problem. For simplicity, we make
the following assumption on the system matrices.

Assumption 12.2.1 The system matrices are such that

kai(z)gi (x) = 0,
Consider now the infinite-horizon Hamiltonian functions
HiGw. D V) = V(HE) +§(0w) — TE) + 222wl — 2|22
W, 1Y) = V(@) + ) — V(@) + 522wl - S22,
9 P ~ . ~ 1.
Hy(Z,w,L,V) = V(f(x)Jrg(x)W)*V(I)+§||Z|I27

for some negative and positive-definite functions Y, V : NxN — R, NcXa neighborhood

o~

of x = 0, and where & = ¥y, w = wy, z = 2;. Expanding them in Taylor series! about f()
up to first-order:

B 1Y) = {FF@) + T @)o @+ G F@)LE) o) — ha(&) + ko ()
+o(al?)} - V(@) + %72||w||2 - %nzn?, Vie N x N, we W (12.73)
Aaaw V) = {V(F@) + T (F@os o+ Ve F@)E@) (ha(e) — ha(d) + kas @)
vo(lal?)} - V(@) + %nzu?, Vie Nx N, weWw (12.74)

LA second-order Taylor series approximation would be more accurate, but the first-order method gives
a solution that is very close to the continuous-time case.
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where Y,, V, are the row-vectors of the partial-derivatives of ¥ and V respectively,

b= < . g1(z)w )
L(2)[ha(z) — ha(2) + k21 (z)w]

and Ol112
Lol

=0 [|9]|?

Then, applying the necessary conditions for the worst-case noise, we get

(@0t LV) ~ VIF@) = V@) - Ve Fon @l @7 (F@) +
V(PO L@ (o) = ha@)] = 5 V5(Fe) L@ LT @)V (Flo) +
1 2
B
Then, completing the squares for L in the above expression for H 2(+s 5+, .), we have
(@0t L)~ VIF@) = V@) - Ve Fon @l @77 (F@) + 5121 +
# |27 @)V (7)) + 7 (hat) — ho@)| — Llihate) — ha@) +
Tl @V Gl - 35 L7 @V () + 7@ 77 ()|

Therefore, taking L* as

~ ~

Vi (f(2)L*(2) = =7 (ha(x) — ha(2))T, =, € N (12.76)
minimizes ]E\IQ(.7 .,-,.) and renders the Nash-equilibrium condition
Hy(w*, L*) < Hy(w*, L) YL € M™™
satisfied. X
Substitute now L* as given by (12.76) in the expression for Hy(.,.,.,.) and complete the

squares in w to obtain:

AL~ o~ - 1 ~ -~ .

Hi(#w, 1Y) = Y((#)-Y(@) -

Similarly, substituting w = @* as given by (12.75), we see that, the second Nash-equilibrium
condition

~

Hy(w*, L*) < Hy(w,L*), YweW
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is also satisfied. Thus, the pair (d)*,I:*) constitutes a Nash-equilibrium solution to the
two-player nonzero-sum dynamic game corresponding to the Hamiltonians Hy(.,.,.,.) and
Hs(.,.,.,). With this analysis, we have the following important theorem.

Theorem 12.2.3 Consider the nonlinear system (12.42) and the infinite-horizon
DMH2HINLFP for it. Suppose the function hy is one-to-one (or injective) and the
plant X% is zero-state detectable. Suppose further, there exists a pair of C' negative and
positive-definite functions Y,V :NxN — R respectively, locally defined in a neighborhood
N XN C X x X of the origin © = 0, and a matriz function L:N — Mmnxm satisfying the
pair of coupled DHJIEs:

LYa(F@) L&) LT (2) VT (f(#)-
L(h(@) = ha(@)T (b () = ha(2)) =0, Y(0) =0, (12.77)
V(f(&) = V(&) — BV (F@)g (@)g] ()Y, (F(2) — LV (F(@)L(@) LT (@)Y (F(#)-
72 (ha(w) — ha(#))" (ha(e) — ha(@))+
3(hi(z) — hi(2))" (1 (z) — ha(2)) =0, V(0) =0, (12.78)

together with the coupling condition (12.76). Then:

(i) there exists locally in N a Nash-equilibrium solution (UA}*,ZAL*) for the dynamic game

corresponding to (12.48), (12.49), (12.47);

(ii) the augmented system (12.47) is locally dissipative with respect to the supply rate
s(w, %) = $(¥*|w||?> = ||Z||*) in N, and hence has ly-gain from w to % less or equal to
v

(iii) the optimal costs or performance objectives of the game are approzimately
JF(L* %) = Y (%) and J§(L*, %) = V(&o);

(iv) the filter £ with the gain-matriz L(Z) = L*(2) satisfying (12.76) solves the infinite-
horizon DM H2HINLFEP for the system locally in N .

Proof: Part (i) has already been shown above. To complete it, we substitute (ﬁ*,d}*) in
the DHJIEs (12.66), (12.67) with Hy(.,.,.,.), Ha(.,.,.,) replacing Hi(.,.,.,.), Ha(.,.,.,.)
respectively, to get the DHJIEs (12.77), (12.78) respectively.

(ii) Consider the time-variation of ¥ along a trajectory of the system (12.47) with L = L*:

Y (&rs1) f/(fi*(o:)Jr[]*(xA)w) Vie N, VweW
~ V(@) + Ve (F@)gr (@)w + Va(FE) [ (3) (ha(w) — ha(@) + kot (2)w)]
- Y(Yf»—#fa(f D1 (@)gT (@) VT (F()
%f@(A(f»i*<@>ﬁ*T<f>VwT<f<f>> - 2—;1@(A(af))ﬁ*(f)E*T(az)Yf(A(fc>> +
2w+ ST @VE G + k@ @ F@)| - 2
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~

T @ - D+ L LT @V T (i
= ;z:)+§||2|| 7||w|| T w*ﬁfh (@)Y, (f(2)) +

- 1 2 ~
> V(@) + SlAP - %ku? Vie N, YweWw
where use has been made of the first-order Taylor-approximation, equation (12.76), and the
DHJIE (12.77) in the above manipulations. The last inequality further implies that

2
- 1 .
Y (#Fps1) = Y (F) < %||w||2 —5lZ? vie N, vwew

for some Y = —Y > 0, which is the infinitesimal dissipation-inequality [180]. Therefore, the
system has f5-gain < «. The proof of asymptotic-stability can now be pursued along the
same lines as in Proposition 12.2.1.

The proofs of items (iii)-(iv) are similar to those in Theorem 12.2.2. OJ

Remark 12.2.2 The benefits of the Theorem 12.2.3 can be summarized as follows. First
and foremost is the benefit of the explicit solutions for computational purposes. Secondly,
the approximation is reasonably accurate, as it captures a great deal of the dynamics of
the system. Thirdly, it greatly simplifies the solution as it does away with extra sufficient
conditions (see e.g., the conditions (12.60), (12.61) in Theorem 12.2.1). Fourthly, it opens
the way also to develop an iterative procedure for solving the coupled DHJIFEs.

Remark 12.2.3 In view of the coupling condition (12.76), the DHJIE can be represented

V(F(#) = V(&) = HVa(F(@)gr(2)g] ()Y (F(#) — FVa(F(@) L) LT (@) V] (F(2)-
LVa(F(@) L&) LT (@)Y (f(&)+
L(hi(z) — h(2))T (ha(z) — ha(2)) =0, V(0) =0. (12.79)

The result of the theorem can similarly be specialized to the linear-time-invariant (LTT)
system:

i1 = Az + Grwg, (ko) = 2°
i % o= Ci(zg —2x) (12.80)
yr = Coxp+ Darwy,

where all the variables have their previous meanings, and F' € ®"*", G, € R"*", C € R¥*"™,

Co € R™*™ and Doy € R™*" are constant real matrices. We have the following corollary to
Theorem 12.2.3.

Corollary 12.2.1 Consider the LTI system X% defined by (12.80) and the DM H2HIN LF P
for it. Suppose C1 is full column rank and A is Hurwitz. Suppose further, there exist a neg-
ative and a positive-definite real-symmetric solutions Py, Py (respectively) to the coupled
discrete-algebraic-Riccati equations (DARES):

~ ~ 1 5= PN 1 o pseegn 1 s 2apn
ATP AP — WATPlGlePlA - WATPlLLTplA - ?ATHLLTPQA —-c{cy =0
(12.81)
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= PO R ~ 1 ;s sorns 1 ;s eera
ATP,A— Py — ?ATPQGlG’lTPQA - ?ATPQLLTPlA - ?ATPQLLTPQA +cfci=0

(12.82)
together with the coupling condition:
ATP, L = —y2CT. (12.83)
Then:
(i) there exists a Nash-equilibrium solution (i}, L*) for the game given by
1 A~
Wt = fﬁ(af + D3 L) P A(x — 2),
(x—2)TATP LY = —~4*(x—2)TCF;
(ii) the augmented system
y _ A 0 - Gy (ko) = 20
sllf 8 LT ey A- LGy | TR LDy | T T a0
Zk = [01 - Cl]i‘k = C.i‘]g

has Hoo-norm from w to z less than or equal to 7;

(iv) the optimal costs or performance objectives of the game are approximately

JH(Lr) = 320 — 29T Py (2 — 2°) and J3(L*,0%) = $(2° — 20)T Py(2° — 29);

(iv) the filter F defined by

Sip 0 Fks1 = Adg + L(y — Codx), (ko) = 2°

with the gain matric L = L* satisfying (12.83) solves the infinite-horizon
DMH2HINLFP for the discrete-time linear system.
Proof: Take:
V() = %(1’ —)TP(z—#), P,=DPF <o,
V() = %(1’ —)TPy(x — &), Py=PF >0,

and apply the result of the theorem. [J

12.2.4 Discrete-Time Certainty-Equivalent Filters (CEF's)

Again, it should be observed as in the continuous-time case Sections 12.2.1, 12.2.2 and
12.2.3, the filter gains (12.59), (12.69), (12.76) may also depend on the original state, x, of
the system which is to be estimated. Therefore in this section, we develop the discrete-time
counterparts of the results of Section 12.1.3.

Definition 12.2.4 For the nonlinear system (12.42), we say that it is locally zero-input
observable, if for all states xy, x € U C X and input w(.) =0,

y(];a Tk w) = y(f%kaw) = Tp = T

where y(.,x,w) is the output of the system with the initial condition x(ko) = x. Moreover,
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the system is said to be zero-input observable if it is locally observable at each x) € X or
U=2xX.

We similarly consider the following class of certainty-equivalent filters:

Ty = f(an) + gb(i‘k)wi + L&k, yi)ly — ho(@r) — ko1 (Tr )Wy
saf . 2(ko) = 2
saf . b = helan (12.84)
Zk = Yk — ha(@p),

where L(.,.) € M™™ is the gain of the filter, @* is the estimated worst-case system noise
(hence the name certainty-equivalent filter) and Z is the new penalty variable. Then, if we
consider the infinite-horizon mixed Hs /H oo dynamic game problem with the cost functionals
(12.48), (12.49) and the above filter, we can similarly define the associated corresponding
approximate Hamiltonians (as in Section 12.2.3) Hi: X XWX Y X MPXT R R,i=1,2
as

Bt L.F) = TF@0) =T @) + Bl + (e +
£, 9)(y — hal@) — ko @)w)] + 292 ol — 5 2)?

Ro(e,w,y, L,V) = V(F@)0) ~ Vi wr) + Vale ) (0) + ga(@w +
E(2, )y — ha(@) — kn (2))] + 3217

for some smooth functions XN/, Y X x Y — R, where & = &y, w = wy, y = Yr, 2 = Z, and
the adjoint variables are set as py =Y, po = V. Then

% =[1(2) — z(i", y)k21(.’i’)]T}7iT(A(£)’ y) + 72w =0

= f%m &) — L(@,y)ka D))V (F(@), ).

Consequently, repeating the steps as in Section 12.2.3 and Theorem 12.2.3, we arrive at
the following result.

Theorem 12.2.4 Consider the nonlinear system (12.42) and the DM H2HINLFP for it.
Suppose the plant £ is locally asymptotically-stable about the equilibrium point x = 0 and
zero-input observable. Suppose further, there ezists a pazr Of Cl (with respect to the first

argument) negative and positive- definite functions Y,V : NxT R respectively, locally
defined in a neighborhood N x T C X x Y of the origin (&,y) = (0,0), and a matriz function
L:NxT— Mnxm satisfying the following pair of coupled DHJIEs:
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Actual state and Filter Estimate for H2Hinf CEF Estimation Error with H2Hinf CEF
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FIGURE 12.4

Discrete-Time Ha/H oo-Filter Performance with Unknown Initial Condition and ¢3-Bounded
Disturbance; Reprinted from Int. J. of Robust and Nonlinear Control, RNC1643 (published
online August) (© 2010, “Discrete-time Mixed Ha/Hoo Nonlinear Filtering,” by M. D. S.
Aliyu and E. K. Boukas, with permission from Wiley Blackwell.

T e ]V, y € Y, together with the coupling condition

Va(F(#),y)L(@,y) = =y —ha(®))", €N ye . (12.87)
Then the filter 2/ with the gain matrix i(i,g) satisfying (12.87) solves the infinite-horizon
DMH2HINLFEP for the system locally in N .
Proof: Follows the same lines as Theorem 12.2.3. J

Remark 12.2.4 Comparing the HJIEs (12.85)-(12.86) with (12.77)-(12.78) reveals that
they are similar, but we have gained by reducing the dimensionality of the PDEs, and more
importantly, the filter gain does not depend on x any longer.

12.3 Example

We consider a simple example to illustrate the result of the previous section.

Example 12.3.1 We consider the following scalar system
1
Tpy1 = Ty +x}
Yk = T+ wg

where wy, = e~ %3%5in(0.25mk) is an la-bounded disturbance.

Approximate solutions of the coupled DHJIEs (12.85) and (12.86) can be calculated using
an iterative approach. With v =1, and g1(x) = 0, we can rewrite the coupled DHJIEs as

VI (@,0) 2V (@) + 5y — ) = V(Fw) = 5V2 (Fl® = V2RV (T, (1289)

~ o~

Vo) 2 V@) — 3= ) = V2 (F) =V (Tl = VI F V3 (R, (12:89)
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Actual state and Filter Estimate for EKF Estimation Error with EKF
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FIGURE 12.5

Extended-Kalman-Filter Performance with Unknown Initial Condition and ¢>-Bounded Dis-
turbance; Reprinted from Int. J. of Robust and Nonlinear Control, RNC1643 (published
online August) © 2010, “Discrete-time mixed Ha/Hoo nonlinear filtering,” by M. D. S.
Aliyu and E. K. Boukas, with permission from Wiley Blackwell.

j =0,1,.... Then, with the initial filter gain I° = 1, initial guess for solutions as }70(527 y) =
—%(:ﬁQ +y?), VO(&,y) = %(522 + y?) respectively, we perform one iteration of the above
recursive equations (12.88), (12.89) to get

V2! =—%[(531/5+531/3)2+y2]+%(331/5+§?1/3)27

~ 1 R .
Vl _ 5[(1‘1/5 +$1/3)2 + y2].

Therefore,

~1,. 1 1
Yl(z7yk71) = 7§(y - I)2 - §y27

) 1 1., R
V&, ye_1) = 5(1/ —z)*+ 5[(1’1/5 + 3132 4 2.

We can use the above approximate solution 171(50, yx—1) to the DHJIE to estimate the states
of the system, since the gain of the filter depends only on V}(%,y). Consequently, we can
compute the filter gain as

. — X
i) > —— P22 (12.90)

Yo — Tf — T}
The result of simulation with this filter is then shown in Figure 12.4. We also compare this
result with that of an extended-Kalman filter for the same system shown in Figure 12.5.

It can clearly be seen that, the mized Ha/H filter performance is superior to that of the
EKF.
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12.4 Notes and Bibliography

This chapter is entirely based on the authors’ contributions [18, 19, 21]. The reader is
referred to these references for more details.
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Solving the Hamilton-Jacobi Equation

In this chapter, we discuss some approaches for solving the Hamilton-Jacobi-equations
(HJE) associated with the optimal control problems for affine nonlinear systems discussed
in this book. This has been the biggest bottle-neck in the practical application of nonlin-
ear Hoo-control theory. There is no systematic numerical approach for solving the HJIEs.
Various attempts have however been made in this direction in the past three decades. Start-
ing with the work of Lukes [193], Glad [112], who proposed a polynomial approximation
approach, Van der Schaft [264] applied the approach to the HJIEs and developed a recur-
sive approach which was also refined by Isidori [145]. Since then, many other authors have
proposed similar approaches for solving the HJEs [63, 80, 125, 260, 286]. However, all the
contributions so far in the literature are local.

The main draw-backs with the above approaches for solving the HJIE are that, (i)
they are not closed-form, and convergence of the sequence of solutions to a closed-form
solution cannot be guaranteed; (ii) there are no efficient methods for checking the positive-
definiteness of the solution; (iii) they are sensitive to uncertainties and pertubations in the
system; and (iv) also sensitive to the initial condition. Thus, the global asymptotic stability
of the closed-loop system cannot be guaranteed.

Therefore, more refined solutions that will guarantee global asymptotic-stability are
required if the theory of nonlinear H.,-control is to yield any fruits. Thus, with this in
mind, more recently, Isidori and Lin [145] have shown that starting from a solution of an
algebraic-Riccati-equation (ARE) related to the linear H., problem, if one is free to choose
a state-dependent weight of control input, it is possible to construct a global solution to
the HJIE for a class of nonlinear systems in strict-feedback form. A parallel approach using
a backstepping procedure and inverse-optimality has also been proposed in [96], and in
[167]-[169] for a class of strict-feedback systems.

In this chapter, we shall review some major approaches for solving the HJE, and present
one algorithm that may yield global solutions. The chapter is organized as follows. In Section
13.1, we review some popular polynomial and Taylor-series approximation methods for
solving the HJEs. Then in Section 13.2, we discuss a factorization approach which may
yield exact and global solutions. The extension of this approach to Hamiltonian mechanical
systems is then discussed in Section 13.3. Examples are given throughout to illustrate the
usefulness of the various methods.

13.1 Review of Some Approaches for Solving the HIBE/HJIE

In this section, we review some major approaches for solving the HIBE and HJIE that have
been proposed in the literature. In [193], a recursive procedure for the HIBE for a class of
nonlinear systems is proposed. This was further refined and generalized for affine nonlinear
systems by Glad [112]. To summarize the method briefly, we consider the following affine

333
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nonlinear system

Yo: #(t) =a(z)+b(x)u (13.1)

under the quadratic cost functional:
. > 1 7
min I(z) + U Ru| dt, (13.2)
0

where a : R" = R*, b R* 5> Rk [ R R, 1>0,a, b, 1 € C®,0< R € RF*F Then,
the HIJBE corresponding to the above optimal control problem is given by

vg(z)a(z) — %vw(m)b(x)R_le(m)vf(m) +1l(z)=0, w»(0)=0, (13.3)

for some smooth C?(R™) positive-semidefinite function v : R® — R, and the optimal control
is given by
w* = k(z) = —R77 (2)0] ().

x

Further, suppose there exists a positive-semidefinite solution to the algebraic-Riccati-
equation (ARE) corresponding to the linearization of the system (13.1), then it can be
shown that there exists a real analytic solution v to the HIBE (13.3) in a neighborhood
O of the origin [193]. Therefore, if we write the linearization of the system and the cost
function as

l(x) = %JTTQQT + Iy ()
a(r) = Az + ap(x)
b(x) = B+ by(z)

v(z) = %:z:TPx + vp ()

where () = %(O)7 A= %(O), B =b(0), P= %(O) and [, ap, by, vy contain higher-order

terms. Substituting the above expressions in the HIBE (13.3), it splits into two parts:

ATP+ PA—-PBR'BTP+Q=0 (13.4)

Uha () Act + vy (z)ap (z) — %vhm(z)BRleTvgw(z) - %vz(z),ﬁh(z)vf(x) +n(x) =0 (13.5)

where
A.=A—-BR'BTP, Bj(z) =bz)R " (z) - BR™'BT

and [}, contains terms of degree 1 and higher. Equation (13.4) is the ARE of linear-quadratic
control for the linearized system. Thus, if the system is stabilizable and detectable, there
exists a unique positive-semidefinite solution to this equation. Hence, it represents the first-
order approximation to the solution of the HIBE (13.3). Now letting the superscript (m)
denote the mth-order terms, (13.5) can be written as

o (@) A = [oa () (@) — one(0) BR BoL, () — S )Gl @)™ + 15 (0).
(13.6)
The RHS contains only m — th, (m — 1) — th,...-order terms of v. Therefore, equation
(13.5) defines a linear system of equations for the (m + 1)th order coefficients with the
RHS containing previously computed terms. Thus, v"™*! can be computed recursively from
(13.6). It can also be shown that the system is nonsingular as soon as A, is a stable matrix.
This is satisfied vacuously if P is a stabilizing solution to the ARE (13.4).
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We consider an example.

Example 13.1.1 Consider the second-order system

B = —23 4 o (13.7)
To = —x9+u (138)

with the cost functional

<1
J:/ §(x%+x§+u2)dt.
0

The solution of the ARE (15.4) gives the quadratic (or second-order) approximation to the
solution of the HIBE:
1
VR (2) = 22 + 2120 + 5:1:%
Further, the higher-order terms are computed recursively up to fourth-order to obtain

1

VavEvBl oyl = 24 g+ §x§ —1.59323 — 2225 — 0.889z122 —
0.14823 + 1.998z7 + 2.778x3xy + 1.4412%22 +
0.32921 25 + 0.028873.

The above algorithm has been refined by Van der Schaft [264] for the HJIE (6.16)
corresponding to the state-feedback H..-control problem:

Va(@)f(x) + vx<x>[7—ﬂgl<x>g?<z> 2@ @IV (@) + 3T @ () =0, V(0) =0,

(13.9)
for some smooth C'-function V : M — R, M C R™. Suppose there exists a solution P > 0
to the ARE

1
FTP+PF+P[$0101T — GoGYIP+HIH, =0 (13.10)
corresponding to the linearization of the HJIE (13.9), where F = %(O)7 G1 = ¢1(0),
Ga = ¢2(0), H; = %(O). Let V be a solution to the HJIE, and if we write
1
V(z) = §xTP:1: + Vi(z)
flx) = Fz+ falz)
1.1 1.1
5[?91(37)9?(33) — go(2)g3 ()] = 5[?(;10{ — G2G3 ] + Ry()
1 1
§h1T(a:)h1(x) = §$TH1TH1$+9h($)

where Vj,, f1, Ry, and 6}, contain higher-order terms. Then, similarly the HJIE (13.9) splits
into two parts, (i) the ARE (13.10); and (ii) the higher-order equation

oV (x oV (x oV (x TV (z
- 31115 )Fczﬂf = ‘(/95: )fh(l“) +% ‘:;gg )[%GlGHT - GszT]ig;( )(95) +
%32—?&(@% +0n(2) (13.11)

where )
Fu 2 F — GGIP+ GG P.
Y
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We can rewrite (13.11) as
oV (@)
Oox
where H,,(z) denotes the m-th order terms on the RHS, and thus if P > 0 is a stabilizing
solution of the ARE (13.10), then the above Lyapunov-equation (13.12) can be integrated
for V;™ to get,

Fuax = Hy,(z), (13.12)

Vi (e) = / Ho (Pt dt.
0
Therefore, V" is determined by H,,. Consequently, since H,, depends only on y(m=1)
yim=2 V2 = 12T Pz, V™ can be computed recursively using (13.12) and starting
from V2, to obtain V similarly as

VavEpvByviE g

The above approximate approach for solving the HJBE or HJIE has a short-coming;
namely, there is no guarantee that the sequence of solutions will converge to a smooth
positive-semidefinite solution. Moreover, in general, the resulting solution obtained cannot
be guaranteed to achieve closed-loop asymptotic-stability or global Ls-gain < « since the
functions fr, Rp, 0, are not exactly known, rather they are finite approximations from a
Taylor-series expansion. The procedure can also be computationally intensive especially for
the HJIE as various values of 7 have to be tried. The above procedure has been refined
in [145] for the measurement-feedback case, and variants of the algorithm have also been
proposed in other references [63, 154, 155, 286, 260].

13.1.1 Solving the HJIE/HJBE Using Polynomial Expansion and Basis
Functions

Two variants of the above algorithms that use basis function approximation are given in [63]
using the Galerkin approximation and [260] using a series solution. In [260] the following
series expansion for V is used

V(z) = VP (z) + VEI(@) + ... (13.13)
where V¥ is a homogeneous-function of order k in n-scalar variables x1, zg, ..., Ty, i.e., it

is a linear combination of
Nn A ( n+k—1 )

k
terms of the form xlf ajg" ...aln where i; is a nonnegative integer for j = 1,...,n and
i1 +i2 + ...+ i, = k. The vector whose components consist of these terms is denoted by
z[¥: for example,
2
x 1
33[1]:|: 1:|7 .%‘[2]: Xr1T9 g
i) 2
Lo

To summarize the approach, rewrite HJIE (13.9) as

V(o) f (@) + 3Ve@) Gl R G (@)VE () + Q(x) = 0 (13.14)
where 72 . .
60) = Infa) @), R=| Yy O] Q) = geTeTCa
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and let v = [wT "7, v, = [wWI WwI1T = [IT kT]. Then we can expand f, G, v as

homogeneous functions:

fa)y = fU@)+ H@) + .
Gz) = G%z)+ W) +...
ve(z) = e (z) + v (x)+...
where .
~R7! Z T(yt1=ihT, (13.15)

fM(2) = Fz, G =[Gy Gsl, G1 = ¢1(0), G = g2(0). Again rewrite HJIE (13.14) as
V,(2)f(z) + %V*(a:)RV*(x) 0@ = o, (13.16)
ve(z) + R'GT(x)VE(z) = o. (13.17)

Substituting now the above expansions in the HJIE (13.16), (13.17) and equating terms of
order m > 2 to zero, we get

[

m— m—1
1 i .
> ViR Z_; MRy 4 glml = 0. (13.18)

It can be checked that, for m = 2, the above equation simplifies to
VR LR g -
where
fU(z) = Az, e () = —R'BTVIAT (z), Q¥ () = %ITCTCL B =[G G
Substituting in the above equation, we obtain
V2 (z) Az + %pr] (x)BR'BTVIH(2) + %QTTCTC.%‘ =0.
But this is the ARE corresponding to the linearization of the system, hence
1745 (z) = 2T Pz,
where P = PT > 0 solves the ARE (13.10) with A, = A — BR~!BT P Hurwitz. Moreover,
e (z) = =BT Pz, A (z) = —GT Pz.

Consider now the case m > 3, and rewrite (13.18) as

(V)

m— m—

Vx[m K] fle+1] Jr 1 [m 1T Rl (4 Z = 0. (13.19)
k=0 =2
Then, using
m—2
VLm—l]T _ V[mfk]G[k]Rfl

T
k=0
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equation (13.19) can be written as

m—2
S ylme gk _
k=1

[ V)

(WIm T pyM (13.20)
k=2

yiml i) —

N~

where
f(@) 2 f(@) + G ().

Equation (13.20) can now be solved for any VI™ m > 3. If we assume every VI™ is of
the form V"™ = C,, 2™, where C,,, € R?*Nm is a row-vector of unknown coefficients, then
substituting this in (13.20), we get a system of N, linear equations in the unknown entries
of Cy,. It can be shown that if the eigenvalues of A, = A — BBT P are nonresonant,' then
the system of linear equations has a unique solution for all m > 3. Moreover, since A, is
stable, the approximation V is analytic and VI converges finitely.

To summarize the procedure, if we start with VI(z) = 127Pz and v () =
—R71BT Px, equations (13.20), (13.15) could be used to compute recursively the sequence
of terms

VEl(2), 2 (z), VE (), v (2),...

which converges point-wise to V and v,. We consider an example of the nonlinear benchmark
problem [71] to illustrate the approach.

Example 13.1.2 [260]. The system involves a cart of mass M which is constrained to
translate along a straight horizontal line. The cart is connected to an inertially fixed point
via a linear spring as shown in Figure 13.1. A pendulum of mass m and inertia I which
rotates about o wvertical line passing through the cart mass-center is also mounted. The
dynamic equations for the system after suitable linearization are described by

f—i—f = 5(9%51119—9'0059)—1—10
0 = —efcosh+u

(13.21)

where £ is the displacement of the cart, u is the normalized input torque, w is the normalized
spring force which serves as a disturbance and 0 is the angular position of the proof body. The
coupling between the translational and the rotational motions is governed by the parameter

€ which is defined by
€= e 0<e<1

VI +me)(M+m)  ~ T

where e is the eccentricity of the pendulum, and ¢ = 0 if and only if e = 0. In this event,
the dynamics reduces to

)

5*2. - Z} (13.22)

and is not stabilizable, since it is completely decoupled. However, if we let x :=
[1 w3 w3 24])T = [€ € 0 0T, then the former can be represented in state-space as

) 0 0
—x1 +szi sin x3 1 —ecosxs
. I e p— T2 cos? o2 " 22 cos?
T = 1—e% cos? x3 + 1—e2 cos? x3 w + 1—e2 cos? x3 u, (1323)
Ty
_ex2 i —E£CcosT3 1
gcosxz(x ET,SINT —_— o [ —
13_(521 COSz4$3 2) 1—e2 cos? x3 1—e2 cos? x3
where 1 — g2 cos? w3 # 0 for all x3 and ¢ < 1.
LA set of eigenvalues {\1,...,\,} is said to be resonant if Z?zl i; A5 = 0 for some nonnegative integers

41,12, .. .,in such that Z?zl i; > 0. Otherwise, it is called nonresonant.
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L

OO

FIGURE 13.1

Nonlinear Benchmark Control Problem; Originally adopted from Int. J. of Robust and
Nonlinear Control, vol. 8, pp. 307-310 (©) 1998,“A benchmark problem for nonlinear control
design,” by R. T. Bupp et al., with permission from Wiley Blackwell.

We first consider the design of a simple linear controller that locally asymptotically
stabilizes the system with w = 0. Consider the linear control law

w=—k0—kof, ki >0k >0 (13.24)

and the Lyapunov-function candidate

1 1. 1. .. 1 1
V(z) = §:Z:TP(0):Z: = 552 + 592 + €6 cos 6 + 552 + §k192
where
1 0 0 0
0 1 0 ecosf
P(0) = 0 0 kq 0
0 ecosf O 1

The eigenvalues of P(0) are {1,ki,1+ecosf}, and since 0 < & < 1, P(0) is positive-definite.
Moreover, along trajectories of the the closed-loop system (13.23), (13.24),

V = —ky6% < 0.

Hence, the closed-loop system is stable. In addition, using LaSalle’s invariance-principle,
local asymptotic-stability can be concluded.

Design of Nonlinear Controller
Next, we apply the procedure developed above to design a nonlinear H-controller by solving
the HJIE. For this, we note the system specifications and constraints:

6] <1.282, =02, |u| <1411,

and we choose

C = diag{1,v0.1,v/0.1,v/0.1}.
We first expand f(x) and G(x) in the HIJIE (13.14) using the basis functions xM, 212z .



340 Nonlinear Hoo-Control, Hamiltonian Systems and Hamilton-Jacobi Equations

as
T2
:z:l Jr 9: xr3 + 9319: +.
o) = s ¥ s
Ty
5 2 65 2
5701 — 241:4933 576 L1723 + ...
0 0
25 _ 25 .2 _5 4 65,2
Gz)~ | ™ 5763 - 21 T 57623+
0 0
R 25 25 2
+ grTi +- 24 ~ e 1%z -

Then the linearized plant about x = 0 is given by the following matrices

0 1 0 0 0
25 25
-2 0 0 0 2
A=3L0) = 0 0o 1| Bi=GO=1 7 |
2 000 —2
0
_5
By = G5(0) = 024
25
24

We can now solve the ARE (13.10) with Hy = C. It can be shown that for all v > v* = 5.5,
the Riccati equation has a positive-definite solution. Choosing v = 6, we get the solution

19.6283 —2.8308 —0.7380 —2.8876
—2.8308 15.5492  0.8439 1.9915
—0.7380 0.8439  0.3330  0.4967
—2.8876 1.9915  0.4967  1.4415

yielding
0 1.0000 0 0
A — —1.6134 0.2140 0.0936  0.2777
T 0 0 0 1.000

2.7408 1.1222 —0.3603 —1.1422

with eigenvalues {—0.0415+141.0156, —0.4227 +40.3684}. The linear feedbacks resulting from
the above P are also given by

i (z) = [1[1] km]T | —0.0652x1 + 0.4384x5 4 0.021523 + 0.049324
* oo 2.4182x1 + 1.1650x5 — 0.341623 — 1.0867x4
Higher-Order Terms
Next, we compute the higher-order terms in the expansion. Since A, is Hurwitz, its eigen-
values are nonresonant, and so the system of linear equations for the coefficient matriz in
(13.20) has a unique solution and the series converges. Moreover, for this example,

PRy =0, GP*U@)=0, k=1,2,...
Thus, VBl(2) =0, and v (x) = 0. The first non-zero higher-order terms are

vl (w) = —RBTVI () + G ()],
Vi(2)Acz = —V(2)[fB)(z) + G (@) ().

x
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The above system of equations can now be solved to yield

V(@) = 1621172} + 91.137525 — 0.9243z4220, — 0.4143z 40325 —
0.19112423 + 59.60962327 — 66.0818x3wox, + 42.19152323 —
8.7947x3 w321 + 0.6489x] — 151.8854z 425 + 235.0386242027 —
193.9184x 47321 + 96.25342425 + 43.52314w375 — 45.94402 4237071 —
258.0269297% + 330.6741x507 — 186.0128x5x; — 49.3835x325 +
92.8910z3z00% — 70.7044x32321 — 0.2068x5x0 + 37.111824232% +
9.1538z3x39 — 0.2863z323 — 9.63672521 + 8.05087 3wy +
0.7288z x5 + 46.1405x375 + 9.4792252% — 6.2154x370071 +
8.4205z222 — 0.496523x1 — 0.015625

and

(@) = 0 kP =

[ 0.12612323 — 0.00222423 — 0.872423 21 + 1.150922 22 + 0.1089z3 +
1.0208z4 322 + 1.8952x323 + 0.232322 20 + 3.0554x427 — 5.2286x4 2221+
3.9335z422 — 0.6138z4x321 — 1.9128z3x021 — 0.001825 +
8.8880x2x? — 7.5123x2x1 + 1.2179x323 — 3.293525 + 4.995625 — 0.092821 x2

—0.1853z3 23 + 0.0929z422 + 8.1739z2 21 — 3.7896x2 x> — 0.5132x5 —
1.8036z42322 — 4.91012322 + 0.301823 22 — 37.61012427 + 28.4355x4 001 —
13.8702z423 + 4.3753z4z321 + 9.1991232221 + 0.0043235 — 53.5255z0 22+
42.8702z3 21 — 12.9923z322 + 52.229223 — 12.158025 + 0.02812x 22

Remark 13.1.1 The above computational results give an approzimate solution to the HJIE
and the control law up to order three. Some difficulties that may be encountered include how
to check the positive-definiteness of the solutions in general. Locally around x = 0 however,
the positive-definiteness of P is reassuring, but does not guarantee global positive-definiteness
and a subsequent global asymptotic-stabilizing controller. The computational burden of the
algorithm also limits its attractiveness.

In the next section we discuss exact methods for solving the HJIE which may yield
global solutions.

13.2 A Factorization Approach for Solving the HJIE

In this section, we discuss a factorization approach that may yield exact global solutions of
the HJIE for the class of affine nonlinear systems. We begin with a discussion of sufficiency
conditions for the existence of exact solutions to the HJIE (13.9) which are provided by the
Implicit-function Theorem [157]. In this regard, let us write HJIE (13.9) in the form:

HJI(z,V;) =0, z€MCAX, (13.25)
where HJI : T*M — R. Then we have the following theorem.

Theorem 13.2.1 Assume that V € C*(M), and the functions f(.), g1(.), g2(.), h(.) are
smooth C*(M) functions. Then HJI(.,.) is continuously-differentiable in an open neigh-
borhood N x W C T*M of the origin. Furthermore, let (T,V,) be a point in N x U such
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that HJI(%,V,) = 0 and the F-derivative of HJI(.,.) with respect to V, is nonzero, i.e.,
%HJI(JZ‘, V) # 0, then there exists a continuously-differentiable solution:

Ve(z) = HJI(x) (13.26)
for some function HJI : N — R, of HJIE (13.9) in N x U.

Proof: The proof of the above theorem follows from standard results of the Implicit-function
Theorem [291]. This can also be shown by linearization of HJI around (z, V;); the existence
of such a point is guaranteed from the linear H.-control results [292]. Accordingly,

_ _ HJI
HI(2,V,) = HII(5, V) + (Ve — vz)aav‘]

(Z,Va) + (z — )
B (13.27)
where HOT denote higher-order terms. Since HJI(z,V,) = 0, it follows from (13.27) that

there exists a ball B(z,V,;7) € N x ¥ of radius 7 > 0 centered at (z,V,) such that in the
limit as r — 0, HOT — 0 and V,, can be expressed in terms of z. [J

Remark 13.2.1 Theorem 13.2.1 is only an existence result, and hence is not satisfactory,
in the sense that it does not guarantee the uniqueness of V, and it is only a local solution.

The objective of the approach then is to find an expression for V,, from the HJIE so that
V' can be recovered from it by carrying out the line-integral foz V. (0)do. The integration is
taken over any path joining the origin to z. For convenience, this is usually done along the
axes as:

T xr2
V(I’) = / Vxl(y170,...70)dy1+/ Vm2(1‘17y27...70)dy2+...+
0 0

Tn
/ an(mlam%'-'vyn)dyn-
0

In addition, to ensure that V, is the gradient of the scalar function V, it is necessary and
sufficient that the Hessian matrix V., is symmetric for all x € N. This will be referred to
as the “curl-condition”:
OV, (z) OV, (x)
833j - 83?1'

Further, to account for the HOT in the Taylor-series expansion above, we introduce a
parameter ¢ = ((x) into the solution (13.26) as

dj=1,...,n. (13.28)

Ve(z) = HJI(x, ().

The next step is to search for & € TM such that the HJIE (13.9) is satisfied together with
the curl conditions (13.28).
To proceed, let

Q,(z) = [%gm)g?(m) — go(2)gZ ()], 7 € M,

then we have the following result.

Theorem 13.2.2 Consider the HJIE (13.9) and suppose there exists a vector field ( : N —
TN such that

(M) Q3 (2)¢(x) — [T (2)QF (2) f(x) + hT (x)h(z) < 0; Va € N, (13.29)
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where the matriz Q,JYr is the generalized-inverse of Q~, then

Va(2) = —(f(@) £ C(@))TQF (2), w € N (13.30)
satisfies the HJIE (13.9).
Proof: By direct substitution and using the properties of generalized inverses [232]. O

Remark 13.2.2 ( is referred to as the “discriminant-factor” of the system or the HJIE
and (15.29) as the “discriminant-equation.” Moreover, since V,(0) = 0, we require that
€(0) = 0. This also holds for any equilibrium-point x. of the system X.

Consider now the Hessian matrix of V' from the above expression (13.30) which is given

of (x ol (x T 3Q¢(I)
Verlo) = - (2 2 BED) 010) - (1w () £.6@)) =2 (1330
where
091 (@) [agm a@ir O _ ¢ wy—(2h 9
oz Oxy 7 Oxn | T Ox ¥ ox’ 7 ox
0 0 Gy, 0 0 Ohp,
% =2 Sy ey = Py = (P ey

Then, the Curl-conditions V. (z) = V.1 (z) will imply

T T T a T x
(3g_”iag—“) Q@) + (1, (/@) £ C(a))") 22
00+ (x
0} (o) (X + 248 L 25 (1, & (510 % 6(a1) (1332
which reduces to
<ag;> ag(gg)) ot Q+(8J;U> 3g<x>)7 ceN (13.33)

if Q¥ (z) is a constant matrix.

Equations (13.32), (13.33) are a system of = nn=1) 5 U first-order PDEs in n unknowns, ,
which could be solved for ¢ up to an arbitrary vector A € TN (cf. these conditions with the
variable-gradient method for finding a Lyapunov-function [157]).

Next, the second requirement V., > 0 will imply that

Ha
((‘”é;) x) >) Q@) + (1@ (f@) £ C@)") 22D <o vae N, (1334

and can only be imposed after a solution to (13.32) has been obtained.
Let us now specialize the above results to the a linear system

i = Faz+Giw+ Gou
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where F' € R7%", G € R™*", and G € Rk, H; € R™*™ are constant matrices. Then, in
this case, ((z) =Tz, I' € R"*", Q, = (%GHG{ — G2GT). Thus, V, is given by

Ve(z) = —(Fz +T2)"Qf = —2"(F£T)" Q7 (13.35)
where I satisfies:
r"ofr—FTofF+ H"H = 0.

Now define
A=F'QIF - Hl'H,

then I' is given by
r"ofr=A. (13.36)

This suggests that I' is a coordinate-transformation matrix, which in this case is called a
congruence transformation between QF and A. Moreover, from (13.35), Vi is given by

Vio = —(F+1)"QF (13.37)

(cf. with the solution of the linear H..-Riccati equation P = XoX | ! where the columns
of [ ?1 } span A;{w, the stable-eigenspace of the Hamiltonian-matrix associated with the
2

linear H problem, with X; invertible [68, 292]). A direct connection of the above results
with the Hamiltonian matrices approach for solving the ARE can be drawn from the fol-
lowing fact (see also Theorem 13.2, page 329 in [292]): If X € C"*™ is a solution of the
ARE

ATX + XA+ XRX +Q =0, (13.38)

then there exist matrices Xy, Xo € C™*", with X7 invertible, such that X = Xngl and

the columns of { X } form a basis for an n-dimensional invariant-subspace of H defined

Xo
by:
Al A R
it ]

In view of the above fact that the col (| £]2 !

n view of the above fact, we now prove that the columns of | | = f(FiF)TQj
span an n-dimensional invariant-subspace of the Hamiltonian matix

F (LGlGT — GQGT) A F Q
L= 7’ ! 270 = "
H, { _HTH _pT _gTH _pT (13.39)

corresponding to the ARE (13.38).

Theorem 13.2.3 Suppose there exists a T that satisfies (13.56) and such that P = —(F +
F)TQ;‘Y‘ is symmetric, then P is a solution of ARE (13.10). Moreover, if QQ is nonsingular,

then the columns of [ !

P
ot 07,
[OIHV'

} span an n-dimensional invariant subspace of H,ly Otherwise, of
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Proof: The first part of the theorem has already been shown. For the second part, using
the symmetry of P we have

ot o[ F Qy I
0 I || -H'™H -FT || -(FxD)TQ}
_[of o] F Q, I
~ | o I||-H™H -FT || -Qf(F<+D)
ot 0] I
- 5 || ~Frevyros }(ﬂ). (13.40)

Hence, P defined as above indeed spans an n-dimensional invariant-subspace of H,ly if 9, is
nonsingular. [J

13.2.1 Worked Examples

In this subsection, we consider worked examples solved using the approach outlined in the
previous section.

Example 13.2.1 Consider the following system:

in = —zi(t) — xa(t)

To = Tot+u—+tw
U
ro=| e fia=| 1] 6|

0 0 0 0
-3 4] a8 4]

Substituting the above functions in (158.29), (13.33), (13.34), we get

— O
—_ 1
>
—~
&
S—
Il
| — |
g o
—_

—4¢3 + 423 4+ 323 < 0; Vr € N, (13.41)
CLas(z) = —1 Vo € N, (13.42)
0 3— éc1 To
0 i i <0; Vze Ne. (13.43)
-3 §C2,:62

Solving the above system we get

Go(r) = igﬂfza Ci(w) = —22 + (1)

where ¢(x1) is some arbitrary function which we can take as ®(x) = 0 without any loss of
generality. Thus,

8 +4V7 )
—T2).
6 2
Finally, integrating the positive term in the expression for V, above from 0 to x, we get

247
3

Va(z) = —(f(x) £¢(x)" QT = (0

Viz) =

2
Lo



346 Nonlinear Hoo-Control, Hamiltonian Systems and Hamilton-Jacobi Equations
which is positive-semidefinite.

The next example will illustrate a general transformation approach for handling the
discriminant equation/inequality and symmetry condition.

Example 13.2.2 Consider the following example with the disturbance affecting the first
state equation and a weighting on the states:

3

i?l = 71‘1 71‘24’71}1
To = T1+xo+u+ws
p
2 = 1/2
Ry

where Q = diag{q1,q2} > 0, R =r > 0 are weighting matrices introduced to make the HJIE
solvable. The state-feedback HJIE associated with the above system is thus given by

Va(@)fa) + 3Vo(a) 5 0r (o] (@) ~ ga(@) R o @IV @)+ 5aTQa <0, (13.44

with V(0) = 0, Qy(2) = [1z91(2)g] () — g2(x)R™" g3 (x)]. Then

—x3 — 29 0 L 0 N ¥ o0
f(.’l'/'):|: l’ll+l’2 :|)G2:|:1:|7G1:I2; QWZ[B 7_72 ;QFY: 0 T'Y22 .

ry2

Substituting the above functions in (13.29), (13.33), (15.34), we get

2,2 R 2.3 2 ry? 2 2 2
S r— 72(2 =7 (2] +22)° — r—n2 (71 4 22)" + @77 + q2a5 = 0 (13.45)
2 2
7y ol
L 13.46
T772C2, 1~ Clas R (13.46)
2(¢1 00 — 322 r? a1
v (2C1, , — 3ai) - 7 (Ga +1) | (13.47)
Y (Cae = 1) 755G, +1)

One way to handle the above algebraic-differential system is to parameterize (1 and (2 as:
Ci(z) = axy + bra, Go(x) = cxy + dag + ex?,

where a,b,c,d, e € R are constants, and to try to solve for these constants. This approach
may not however work for most systems. We therefore illustrate next a more general proce-
dure for handling the above system.

Suppose we choose 1, vy such that Trjjz > 0 (usually we take r >> 1 and 0 < v < 1).

We now apply the following transformation to separate the variables:

@p(m) sin 0(z).

(o) = Zp(@)cost(o). Galo) = [T

where p, 0 : N — R are C? functions. Substituting in the equation (13.45), we get

2
,
plx) = i\/ L (1 + 22)? = 22 + 22)2 — a3 — qoa.
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Thus, for the HJIE (13.44) to be solvable, it is necessary that v, r, q1, q2 are chosen such
that the function under the square-root in the above equation is positive for all x € N so
that p is real. As a matter of fact, the above expression defines N, i.e., N ={xz | p € R}.

ry?
r—v2

%p(z) cosh0(x), (o(x) = \/(T;W—f)p(x) sinh 0(x). A difficulty also arises when Q¥ (x) is not

diagonal, e.g., if QF = [ 8 I; } , a,b,c € RN. Then CT(:E)Q;“C(QS) =il (x) + 7 (2)C(x) +

kC3(x), for some i, j, k € R. The difficulty here is created by the cross-term j(1(a as the
above parameterization cannot lead to a simplification of the problem. However, we can use
a completion of squares to get

If however we choose r,~ such that < 0, then we must paramerize (1, (2 as (1(x) =

T ) Lmz _ﬁzx
)2 () = (Vi @) + 527G + (k= G

(assuming i > 0, otherwise, pull out the negative sign outside the bracket). Now we can
define (\/5(1(:1:) + 2%@@)) = p(x) cosb(x), and ((x) = (k — %)71/2;}(9:) sinf(x). Thus,

in reality,

(z) = p(@) (% cosO(z) — %(k - %)1/2sin0(x)> .

Next, we determine 6(.) from (13.46). Differentiating (1, (o with respect to xo and 1
respectively and substituting in (13.46), we get

B, () sin 0(z) + p()6, () cos(z)) —
K(paz, (1) cosO(x) — p(x)by, (x)sinf(x)) =n (13.48)

where § = S ﬁ, Kk = %, n = % This first-order PDE in 6 can be solved using

the method of “characteristics” discussed in Chapter 4 ( see also the reference [95]). How-
ever, the geometry of the problem calls for a simpler approach. Moreover, since 0 is a free
parameter that we have to assign to guarantee that Vi, is symmetric and positive-(semi)
definite, there are many solutions to the above PDE. One solution can be obtained as follows.
Rearranging the above equation, we get

(Bz, (%) + rp(2)02, (2)) sin () + (=Fpa, (2) + Bp(2)0z, (2)) cosO(z) = 1. (13.49)

If we now assign

(Bpar (@) + (@)t (¢) = 3 sinf(x),
(~#pas(2) + Bp(a)0, (2) = Fcosb(a),

then we see that (13.49) is satisfied. Further, squaring both sides of the above equations and
adding, we get

4 4

?(ﬁpm(m) + #p(2)02, (2))? + ?(_"{pwz(m) +Bp(2)0s, (2))* = 1 (13.50)
which is the equation of an ellipse in the coordinates 0, , 0,, centered at Kg;fg), —ﬂZ;%x)
and radi #(I), #(z) respectively. Thus, any point on this ellipse will give the required

gradient for 6. One point on this ellipse corresponds to the following gradients in 6:

. Kpa, (2) L 1

_ Bpa (@) 1 [
b@ = 0w T <2ﬁ¢wm>)>
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Hence, we can finally obtain 6 as
[T (Epe(x) 1w > 2 (_Bpm(m) 1. >
o= [ o+ )|t L (P )

The above integral can be evaluated using Mathematica or Maple. The result is very com-
plicated and lengthy, so we choose not to report it here.

Remark 13.2.3 Note, any available method can also be used to solve the symmetry PDE
in @ (13.48), as the above approach may be too restricted and might not yield the desired so-
lution. Indeed, a general solution would be more desirable. Moreover, any solution should be
checked against the positive-(semi)definite condition (13.47) to see that it is satisfied. Oth-
erwise, some of the design parameters, r, 7y, q;, should be adjusted to see that this condition
is at least satisfied.

Finally, we can compute V as

V(z) = —/OI <f(33) + pla) { ‘;’jgég DT Qtda. (13.51)

+

Remark 13.2.4 It may not be necessary to compute V' explicitly, since the optimal control
u* = «a(x) is only a function of V.. What is more important is to check that the positive-
(semi)definiteness condition (15.47) is locally satisfied around the origin {0}. Then the V
function corresponding to this V, will be a candidate solution for the HJIE. However, we
still cannot conclude at this point that it is a stabilizing solution. In the case of the above
example, it can be seen that by setting (1 (x) = p(x) cosO(x), (2(x) = p(x)sinb(x), and their
derivatives equal to 0, the inequality (13.47) is locally satisfied at the origin {0}.

Example 13.2.3 In this example, we consider the model of a satellite considered in [46, 87,
154, 169] (and the references there in). The equations of motion of the spinning satellite
are governed by two subsystems; mamely, a kinematic model and a dynamic model. The
configuration space of the satellite is a siz dimensional manifold the tangent bundle of SO(3),
or TSO(3), (where SO(3) is the special orthogonal linear matriz group). The equations of
motion are given by:

R = RS(w) (13.52)
Jo = S(w)Jw+u+ Pd, (13.53)

where w € N3 is the angular velocity vector about a fized inertial reference frame with three
principal azes and having the origin at the center of gravity of the satellite, R € SO(3), is
the orientation matriz of the satellite, u € N> is the control torque input vector, and d is the
vector of external disturbances on the spacecraft. P = diag{ Py, Ps, Ps3}, P, € R, i =1,2,3,
is a constant gain matriz, J is the inertia matriz of the system, and S(w) is the skew-
symmetric matrix

0 —Ws3 w2
S(UJ) = w3 0 —W1
) w1 0

We consider the control of the angular velocities governed by the dynamic subsystem (13.53).
By letting J = diag{l1, I, I3}, where Iy > 0, I > 0, I3 > 0 and without any loss of
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generality assuming Iy # Iy # I3 are the principal moments of inertia, the subsystem
(13.53) can be represented as:

Iluﬁ(l‘,) = (Ig — Ig)(,dg(t)(.dg(t) + u + P1d1(t)
Igwg(t) = (13 — Il)wg(t)wl(t) =+ uo + Pgdg(t)
Igd)g(t) = (Il — Ig)wl (t)LUQ(t) + us + Pgdg(t)
Now define
(Iz — I3) (Is — I) (I, — I»)
Aj=——— Ag=-——— A3=-——
1 Il ) 2 12 ) 3 13 )
then the above equations can be represented as:
w(t) = ( )+ Bid(t) + Bzv
Ajwaws 0 dy
= A2w1W3 0 d2 +
Agwle b3 d3
1 0 0
(13.54)
O
where p P p
by — L po= 22 p. = 2
1 _[1 ) 2 IQ ) 3 13
In this regard, consider the output function:
C1W1
z=h(w)=| cows (13.55)
C3W3

where c1, ca, c3 are design parameters. Applying the results of Section 13.2, we have

LA ) 0
1 g o
QwZ(WBlBlT—BszT)Z 0 %-1 0 ;
2
0 0 % -1
Vo(w) = =(f(w) £ ()" QT (13.56)

and (13.29) implies
M@)QF¢w) = [T (w)QF f(w) + AT (W)h(w) < 0.

Upon substitution, we get

~2 ) ~2 ~2 ) ~2
(W)(l("‘}) (bz )Cz() (63—72)@’(&}) (b% 7)141‘*}2‘*)3

2 2
2 2 Y 2 2 2 2 2 2 2 2, 2
)A2w1w3 (b2 3 JAswiws + cjw] + cw; + cws < 0.
3

gl

(b2
Further, substituting in (13.33), we have the following additional constraints on (:

Arws + Clw, = (2,0, + Aosws, Arwa + (1 wy = Aszwr + (30,5 Aowi + (30, = Aswi + (1w,
(13.57)
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2

Thus, for any v > b=max;{b;},i =1,2,3, and ¢; = / ‘(lﬁz—%) ,i1=1,2,3, and under the

assumption Ay + As + A3 = 0 (see also [46]), we have the following solution

G = —Awwosws+wy
(2 = —Aswiwz+ws
(3 = —Azwiws + ws.

Thus,

2 2 2
Vo) = =(f@) + ¢ QF =[5 (5o (sl

and integrating from 0 to w, we get

1 v 2 v 2 7’ 2
Viw)=-|(—
@ = 5 (et + (g od + (b
which is positive-definite for any v > b.

Remark 13.2.5 Notice that the solution of the discriminant inequality does not only give
us a stabilizing feedback, but also the linearizing feedback control. However, the linearizing
terms drop out in the final expression for V, and consequently in the expression for the
optimal control u* = —BI VT (w). This clearly shows that cancellation of the nonlinearities
is not optimal.

13.3 Solving the Hamilton-Jacobi Equation for Mechanical Sys-
tems and Application to the Toda Lattice

In this section, we extend the factorization approach discussed in the previous section
to a class of Hamiltonian mechanical systems, and then apply the approach to solve the
Toda lattice equations discussed in Chapter 4. Moreover, in Chapter 4 we have reviewed
Hamilton’s transformation approach for integrating the equations of motion by introducing
a canonical transformation which can be generated by a generating function also known as
Hamilton’s principle function. This led to the Hamilton-Jacobi PDE which must be solved
to obtain the required transformation generating function. However, as has been discussed
in the previous sections, the HJE is very difficult to solve, except for the case when the
Hamiltonian function is such that the equation is separable. It is therefore our objective
in this section to present a method for solving the HJE for a class of Hamiltonian systems
that may not admit a separation of variables.

13.3.1 Solving the Hamilton-Jacobi Equation

In this subsection, we propose an approach for solving the Hamilton-Jacobi equation for a
fairly large class of Hamiltonian systems, and then apply the appproach to the Ay Toda-
lattice as a special case. To present the approach, let the configuration space of the class
of Hamiltonian systems be a smooth n-dimensional manifold M with local coordinates
qg = (q1,---,qn), e, if (p,U) is a coordinate chart, we write ¢ = ¢ and ¢, = a%i in
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the tangent bundle TM |y = TU. Further, let the class of systems under consideration be
represented by Hamiltonian functions H : T*M — R of the form:

H(q,p) = % Zp? +V(q), (13.58)

where (p1(q),...,pn(q)) € Ty M, and together with (g1, ...,qn) form the 2n symplectic-
coordinates for the phase-space T*M of any system in the class, while V : M — R, is the
potential function which we assume to be nonseparable in the variables ¢;,7 = 1,...,n. The
time-independent HJE corresponding to the above Hamiltonian function is given by

1 [ OW
5;(6%

where W : M — R is the Hamilton’s characteristic-function for the system, and h is the
energy constant. We then have the following main theorem for solving the HJE.

2
) +V(q) = h, (13.59)

Theorem 13.3.1 Let M be an open subset of R™ which is simply-connected® and let q¢ =
(q1,...,qn) be the coordinates on M. Suppose p, 0; : M — R fori = 1,..., |22, § =

2
(61, ’GLHTHJ); and (; : R x R 5 R are O2 functions such that

e (0(0).00) = 520l 6@). Viej = 1L.ooom, (13.60)
and N
5> Clola).0a) + V(@) = (13.61)

is solvable for the functions p, 6. Let
w' =" Glp(a),6(a))dg,
i=1

and suppose C' is a path in M from an initial point qo to an arbitrary point ¢ € M. Then
(i) w! is closed;

(ii) w! is exact;

(iii) if W(q) = [ w', then W satisfies the HJE (13.59).

Proof: (i)

n n

dot =" 2 (pla), 0(a))da; A dai,

j=11i=1 94;
which by (13.60) implies dw' = 0. Hence, w' is closed.?® (ii) Since by (i) w! is closed, then
by the simple-connectedness of M, w! is also exact. (iii) By (ii) w! is exact. Therefore,
the integral W(q) = fc w! is independent of the path C, and W corresponds to a scalar
function. Furthermore, dW = w' and %—qW = (i(p(q),0(q)). Thus, substituting this in the

HJE (13.59) and if (13.61) holds, then W satisfies it. O

2A subset of a set is simply connected if a loop inside it can be continuously shrinked to a point.
3A 1-form o : TM — R is closed if do = 0. It is exact if ¢ = dS for some smooth function S : M — R.
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In the next corollary we shall construct explicitly the functions (;,7 = 1,...,n in the
above theorem.

Corollary 13.3.1 Assume the dimension n of the system is 2, and M, p, 0 are as in the
hypotheses of Theorem 13.5.1, and that conditions (15.60), (13.61) are solvable for 6 and
p. Also, define the functions (;,i = 1,2 postulated in the theorem by ¢1(q) = p(q) cosB(q),
C2(q) = p(q)sinb(q). Then, if

w —ZQ sza

W = [ w', and q : [0,1] = M is a parametrization of C such that q(0) = qo, q(1) = g,
then

(i) W is given by

W(g,h) =~ / V= V(a(s)) [cosba())d, (5) + simb(a(s))gh(s)] ds  (13.62)

where vy = +v2 and q. = dql(s).
(ii) W satisfies the HJE (13.59).

Proof: (i) If (13.60) is solvable for the function 6, then substituting the functions
Gi(p(q),0(q)),i = 1,2 as defined above in (13.61), we get immediately

p(q) = £v2(h =V (q)).

Further, by Theorem 13.3.1, w' given above is exact, and W = fc w'dg is independent
of the path C. Therefore, if we parametrize the path C by s, then the above line integral
can be performed coordinate-wise with W given by (13.62) and v = ++/2. (ii) follows from
Theorem 13.3.1. [

Remark 13.3.1 The above corollary gives one explicit parametrization that may be used.
However, because the number of parameters available in the parametrization are limited, the
above parametrization is only suitable for systems with n = 2. Other types of parametriza-
tions that are suitable could also be employed.

If however the dimension n of the system is 3, then the following corollary gives another
parametrization for solving the HJE.

Corollary 13.3.2 Assume the dimension n of the system is 3, and M, p, are as in the
hypotheses of Theorem 13.83.1. Let (; : R x R x R — R, i = 1,2,3 be defined by (1(q) =

p(q)sinf(gq) cos p(q), C2(q) = p(q) sin0(q) sin p(q), ¢3(q) = p(q) cosO(q), and assume (15.60)
are solvable for 0 and o, while (13.61) is solvable for p. Then, if

3

Wt =3 Glpla). 0, 9)da;,

=1

W = [ w', and q : [0,1] — M is a parametrization of C such that q(0) = qo, q(1) = g,
then
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(i) W is given by

W) = 7 [ V=V {sinola(s) cos olals))dis) +
sinf(q(s)) sin(q(s))ga(s) + cos 9(‘1(5))(]:/3(5)}5157 (13.63)

where v = +v/2.
(ii) W satisfies the HIE (13.59).
Proof: Proof follows along the same lines as Corollary 13.3.1. OJ

Remark 13.3.2 Notice that the parametrization employed in the above corollary is now of
a spherical nature.

If the HJE (13.59) is solvable, then the dynamics of the system evolves on the n-
dimensional Lagrangian-submanifold N which is an immersed-submanifold of maximal di-
mension, and can be locally parametrized as the graph of the function W i.e.,

~ ow . .
N = {(q, 8—) |g e N C M, W is a solution of HJE (13.59)}.
q
Moreover, for any other solution W' of the HJE, the volume enclosed by this surface is
invariant. This is stated in the following proposition.

Proposition 13.3.1 Let N C M be the region in M where the solution W of the HJE
(13.59) exists. Then, for any orientation of M, the volume-form of N

is given by

w":( 1+2(h7V(q))dql/\dqg.../\dqn.

Proof: From the HJE (13.59), we have

= V1+2(h-V(q), Vge N

( 1+2(h—V(q))>dq1/\.../\dqn.D

We now apply the above ideas to solve the HJE for the two-particle nonperiodic A,
Toda-lattice described in Chapter 4.
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13.3.2 Solving the Hamilton-Jacobi Equation for the 45-Toda System

Recall the Hamiltonian function and the canonical equations for the nonperiodic Toda
lattice from Chapter 4:

n n—1
1
5 pr + Z (@5 =a11) (13.64)
J=1 J=1

Thus, the canonical equations for the system are given by

dQJ

f - p] ] = ]., ey,

p1 = —262((11_‘12), .

ddP;] —_ 7262(qj7q]'+1) +262(q]‘717qj)7 j :27”.7717 17 ( 365)
ddp;tn — 262(‘171—1—1171)_

Consequently, the two-particle system (or As system) is given by the Hamiltonian (13.64):

1
(0] +p3) + 20792, (13.66)

H(qlaq27p17p2) = 2

and the HJE corresponding to this system is given by
1(,0W ow
- {(3—111 2 8—(]2)2} +e2@—a) = p,. (13.67)

The following proposition then gives a solution of the above HJE corresponding to the A,
system.

Proposition 13.3.2 Consider the HJE (13.67) corresponding to the As Toda lattice. Then,
a solution for the HJE is given by

o [% or (D
W(di, az,he) = COS(z)/ p(q)dq —&-msm(z)/ p(q)dg:
1 1
—e=20tm=1) _ \/hy Vhaze2tmTh
_ (l—l—m{W hia tanh ™| =t ]
m—1
Vho — e=20—2(m=1)q] _ \/h_gtanh_l[\/m]
1o
m—1 }7 q1 > q2
and
) 77 a @
Wl g, ha) = cosly / rla d‘h+msm(4)/ p(q)da:
1 1
T R e [
~ (14m {\/h2€— ho tanh™ [ N ]_
m—1
\/h276—2b+2(1—m)qi 7\/h—2tanh—1[\/h2,e*\2/%m]
2
m—1 }7 q2 > q1-

Furthermore, a solution for the system equations (13.65) for the As with the symmetric
initial ¢1(0) = —q2(0) and ¢1(0) = ¢2(0) =0 is

£) = — 1oz v/l + 3 logleosh 2/ha(8 — 1), (13.68)
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where ho s the energy constant and

1 2¢q (0))
= tanh .
b= om ( V2h,
Proof: Applying the results of Theorem 13.3.1, we have gTMl/ = p(q)cosb(q), gTVZ =
p(q) sinf(q). Substituting this in the HJE (13.67), we immediately get
pla) = £1/2(ha — e2(n=)
and
P (q) €08 0(q) — b4, p(q) sin 0(q) = pq, (¢) sin 0(q) + b4, p(q) cos 0(q). (13.69)

The above equation (13.69) is a first-order PDE in 6 and can be solved by the method
of characteristics developed in Chapter 4. However, the geometry of the system allows
for a simpler solution. We make the simplifying assumption that 6 is a constant function.
Consequently, equation (13.69) becomes

: Pz (9) m
Pas(q) cos O = pg, (q)sinf = tanf = =—1=0=——.
(@) (@) et .
Thus,
™
pr = plg)cos(y),
T
p2 = —plq) SIH(Z)a
and integrating dW along the straightline path from (1, —1) on the line segment
g5+ 1 h+1, a
L: = 1 = b
%2 q'171‘h+(+q171) ¢+
to some arbitrary point (¢, ¢5) we get
o T (% o [a
W(dy,dy,he) = COS(Z)/ p(q)dq + msm(z)/ plq)dq
1 1
— b+m ) \/h e—2(b+m—1)
~ (tm) {\/hg e~ Vhatanh™ [—\/E ] -
-1
— —2—2(m-1)q, 1V hy—e=2072(m D4
Vhy —e 4 — \/hy tanh ™| NS ] }
m—1 ’
Similarly, if we integrate from point (—1,1) to (¢}, ¢5), we get
/ / T qi . ﬂ- qi
Wiqi, 45, h2) = COS(Z)/ pla)dqr + msm(Z)/ pla)dq
-1 -1
— 2 b—mtl) A /h2,e—2(b—m+1)
_ a4m {\/hg e Vhotanh™ [—\/E ] -
-1
—_obre(-m)q, _ —1V hg—e= 2020 -m)a]
Vhy —e 41 — \/hy tanh ™[ i ]}
m—1 ’
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Finally, from (4.11) and (13.66), we can write

. ™
= P1=P(Q)COS(Z

p2 = —p(q) sin(

)
o

Go

Then ¢; + ¢o = 0 which implies that ¢; + g2 = k, a constant, and by our choice of initial

conditions, k = 0 or ¢ = —g2 = —¢q. Now integrating the above equations from ¢t = 0 to ¢
we get
1 1
fanh = p(q) ) = tanh 1(/1(Q(0))) e,
2v/ho 2hs 2v/ho 2ho
1 p(q) 1 —1,,(4(0))
—— tanh™? = ———tanh +t.
o M ey 2, e e,
Then, if we let
1 ~1,P(a(0))
= —— tanh
p=5 7 tan ( o )

and upon simplification, we get

g —q = %log |:h2 (1 — tanh? 2\/h72(5 — t))]
= %log [ha sech? 24/hy (B — t)]. (13.70)

Therefore,

1 1
q(t) 3 log\/ha — 5 log[sech 2v/ha( — )]
1 1
3 log\/ha + 5 log[cosh 24/ h2(8 — t)].
Now, from (13.67) and (13.70), (13.70),

p(g(0)) = 4 (0) + ¢3(0),

and in particular, if ¢;(0) = ¢2(0) = 0, then 8 = 0. Consequently,

1 1
4(t) = =5 log \/ha + 5 log(cosh 2+/hat) (13.71)

which is of the form (4.57) with v = v/A. O

13.4 Notes and Bibliography

The material of Section 13.1 is based on the References [193, 112, 264], and practical appli-
cation of the approach to a flexible robot link can be found in the Reference [286]. While
the material of Section 13.1.1 is based on Reference [71]. Similar approach using Galerkin’s

approximation can be found in [63], and an extension of the approach to the DHJIE can
also be found in [125].
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The factorization approach presented in Section 13.2 is based on the author’s contri-
bution [10], and extension of the approach to stochastic systems can be found also in [11].
This approach is promising and is still an active area of research.

Furthermore, stochastic HIBEs are extensively discussed in [287, 98, 91, 167], and nu-
merical algorithms for solving them can be found in [173].

Various practical applications of nonlinear H.-control and methods for solving the
HJIE can be found in the References [46, 80, 87, 154, 155, 286]. An alternative method of
solving the HJIE using backstepping is discussed in [96], while other methods of optimally
controlling affine nonlinear systems that do not use the HJE, in particular using inverse-
optimality, can be found in [91, 167]-[169)].

The material of Section 13.3 is also solely based on the author’s contribution [16]. More
general discussions of HJE applied to mechanical systems can be found in the well-edited
books [1, 38, 127, 115, 122, 200]. While the Toda lattice is discussed also extensively in the
References [3]-[5], [72, 123, 201].

Generalized and viscosity solutions of Hamilton-Jacobi equations which may not neces-
sarily be smooth are discussed extensively in the References [56, 83, 95, 97, 98, 186].

Finally, we remark that solving HJEs is in general still an active area of research, and
many books have been written on the subject. There is not still a single approach that could
be claimed to be satisfactory, all approaches have their advantages and disadvantages.






A

Proof of Theorem 5.7.1

The proof uses a back-stepping procedure and an inductive argument. Thus, under the
assumptions (i), (ii) and (iv), a global change of coordinates for the system exists such that
the system is in the strict-feedback form [140, 153, 199, 212]. By augmenting the p linearly
independent set
-1
z1=h(z), 22 = Lyh(z),...,2, = L} h(z)

with an arbitrary n—p linearly independent set 2,11 = ¥p41(), ..., 2, = ¥, with 1;(0) = 0,
(di, Gp—1) =0, p+1 < i < n. Then the state feedback

1 P

globally transforms the system into the form:

o= Zig1+ ¥ (2, z)w 1<i<p—1,
2, = v+ 9T (2, 2)w
N P T g (A1)
G = Y()+E (R,
Yy = Zzi,
where 2z, = (2p41,...,%n). Moreover, in the z-coordinates we have
G { 0 L 0<j;< 1
i = span N -
J D 32;),]-’ ) aZp ) SJ)J>p )
so that by condition (iii) the system equations (A.1) can be represented as
o= zip+ (21, 220w 1<i<p—1,
Zp = v+ UT(z1,.. ., 2, 20w (A.2)
Zn = Y(z1,24) + =12, Zp)W.

Now, define
N 1
25 =—z — Zx\zl(l + 07 (21, 2,) W1 (21, 2,))

and set zo = 25(21,2,, A) in (A.2). Then consider the time derivative of the function:

1
Vl = 52’12

359



360 Nonlinear Hoo-Control, Hamiltonian Systems and Hamilton-Jacobi Equations

along the trajectories of the closed-loop system:

: 1
VvV, = 721271/\Zf(1+\1/1T\1/1)+z1\111Tw
1 . (\I/TU))Q
_ 2 2 T T LyT !
= zlA[Zzl(uqfl\pl)wﬂlfﬁ7W1w+m+—w +
_(Wwp
A1+ 9Twy)
2
1 VT (Ui w)?
2 T L -
= 22| zay/1+ 0Ty, - +
1 <2 1 1 %1 \ 1+\I/¥1‘I/1) )\(1—&—\1/{\1/1)
(\I/?’LU)Q 2 1 ||\II{||2 2
< A e S A T w
= T4y, S AHII‘IHTIIQ” H
1
< st hl )

Now if p = 1, then we set v = 25(21, 24, A) and integrating (A.3) from ¢, with z(to) = 0 to
some t, we have

W) = 0) < = [ i wdr+ 5 [ u)Par

and since V;(0) =0, Vi(x) > 0, the above inequality implies that
t

[ voir <5 [ utPar

to t(J
For p > 1, we first prove the following lemma.

Lemma A.0.1 Suppose for some index i, 1 < i < p, for the system

s o= 2+ Ul (2, Zp)w
: , (A4)
Z = Zit1 + q];(zla sy Zhy ZM)’LU
there exist i functions
27 =27 (21,5 25-1,A), 25 =27(0,...,0,A) =0, 2<j<i+1,
such that the function
RN
Vi=3 Z %5
j=1
where
=21, Zj=zj— 25 (21,5 251,20, A), 25§ <4,
has time derwative _
K3
. _ ¢
Vim =38+ S ul?
j=1
along the trajectories of (A.4) with z;11 = 27,1 and for some real number ¢ > 0.
Then, for the system
o= 204+ VT (21, 2)w
, (A.5)

. T
Zi = zZip2 + Vi (2, i1, 200
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there exists a function

25021, Zig1, 2rs A), 2540(0,...,0) =0
such that the function
i+l
1 =2
Vigr = 227
J=1
where
Zi =z — 25 (2155 2 20, N), 1< <i+1,
has time derivative
(. c+1
y =2 2
Vim =Y 2+ Sl
=1

along the trajectories of (A.5) with ziyo = 27, 5.

Proof: Consider the function

s
Visr = 5 z3
j=1
with zi12 = 2 9(21,...,2i11, 24, A) in (A.4), and using the assumption in the lemma, we
have
: ¢ L0z
y 2 2, s T i+1 T
Vipr < =) F+ Tl + Zi+1(2i + Ul w =Y 5, (it T Vi w) —
j=1 j=1 J
0z7 1, =
S+ ETw) + 2. (A.6)
m
Let
i
. 0zF4 0zF4
041(217...721‘_;,_1,2”) = Z; — Zj+1 — ’(/J,
=1 82]- 62#
i T
0zf 0z}
042(217...7Zi+1,zﬂ) = \I/Z'Jrl — itl \I/j 75 ild) 3
— Oz, 0z
J=1

1
* 5 5 T
Zio(21, s Zi1, 20) = —a1 = Zip1 — Z)\Zi-i-l(l + oz az)
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and subsituting in (A.6), we get

1+1
. C
Vier < *XJ:Z] +Zipagw— < /\Zz+1(1+042 az) + X”w||2

AR T Ziy1 1 (a3 w)?
- _Z (4 2 +042042)—T0‘2w+m>+
(O‘QTiw)Q w2
M1+ afas) A
itl T 2 T, )2
_ 52 T QW (ay w)
= — Z 1+ o500 — + +
Z < +14/ 3 (2 I\ /—1+a2Ta2> A1+ af'an)
ann?

1+1

< 7Z~2 C+1 ||2

as claimed. U

To conclude the proof of the theorem, we note that the result of the lemma holds for
p = 1 with ¢ = 1. We now apply the result of the lemma (p — 1) times to arrive at the
feedback contol

v = z;+1(21,...7zp,zﬂ,)\)

10
:52

and the function

J=1
has time derivative )
o P
=25+ ] (A7)
j=1
along the trajectories of (A.4) with 241 = 21 (21,...,2p, 24, A), 1 <0< p.

Finally, integrating (A.7) from ¢y and z(typ) = 0 to some ¢, we get

t Pt t
V() - Visto) < - [ *(rdr = [ 2@r+§ [ ue)Par,
to j=2to A to
and since V,(0) = 0, V,(z) > 0, we have

t p t
[ i <8 [ )P
to t(J

and the L£,-gain can be made arbitrarily small since A is arbitrary. This concludes the proof
of the theorem. [J



B
Proof of Theorem 8.2.2

We begin with a preliminary lemma.
Consider the nonlinear time-varying system:

#(t) = ¢(z(t), w(t), =(0)=zo (B.1)

where z(t) € R" is the state of the system and w(t) € R" is an input, together with the
cost functional:

Ji(z(),w() = /OOO (), wt))dt, i=0,...,1. (B.2)

Suppose the following assumptions hold:
(al) &(.,.) is continuous with respect to both arguments;
(a2) For all {z(t),w(t)} € L2]0,00), the integrals (B.2) above are bounded:

(a8) For any given € > 0, w € W, there exists a § > 0 such that for all ||zg|| < §, it implies:
i (), w() — Ji(a(t), )] < &, i=0,...,1,

where x1(.), z2(.), are any two trajectories of the system corresponding to the initial
conditions zy # 0.

We then have the following lemma [236].

Lemma B.0.2 Consider the nonlinear system (B.1) together with the integral functionals
(B.2) satisfying the Assumptions (al)-(a3). Then Jo(z(.),w(.)) >0 V{z(.),w(.)} € X x W
subject to Ji(x(.),w(.)) > 0,4 =1,...,1 if, and only if, there exist a set of numbers 7; >
0,7=0,...,1, 22:0” > 0 such that

ToJO ZTl i )

for all {z(.),w(.)} € X x W, z(.) a trajectory of (B.1).

We now present the proof of the Theorem.
Combine the system (8.25) and filter (8.26) dynamics into the augmented system:

f(z) + Hi(x)v + g1(x)w; 2(0) =0
(5()) b(§)ha(z) + b(§) Ha(2)v + b(§) k21 (z)w; £(0) =

c(§
= ha(z) + Ha(x)v + ko1 (2)w

A
S

)

@ W W m. R
|

363
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where v € W is an auxiliary disturbance signal that excites the uncertainties. The objective
is to render the following functional:

Jo(z(.),€(),v(.) = /OOO(IIwII2 —[I12]*)dt > 0. (B.4)

Let Ji(z(.),&(.),v(.)) represent also the integral quadratic constraint:

Ji(z(.),€(),0() = /OOO(IIE(I)II2 = [o@)I*)dt > 0.

Then, by Lemma B.0.2, the Assumption (al) holds for all z(.), w(.) and v(.) satisfying (a2)
if, and only if, there exists numbers 7y, 71, 79 + 71 > 0, such that

T0Jo(.) =T J1(.) >0 Vw(.),v(.) eW

for all z(.), &£(.) satisfying (al). It can be shown that both 79 and 7 must be positive by
considering the following two cases:

1. 71 = 0. Then 79 > 0 and Jy > 0. Now set w = 0 and by (a3) we have that
zZ =0Vt >0 and v(.). However this contradicts Assumption (a2), and therefore
71 > 0.

2. 1790 = 0. Then J; < 0. But this immediately violates the assertion of the lemma.
Hence, 79 = 0.

Therefore, there exists 7 > 0 such that
Jo() =7 () >0 Vw(),v()eW (B.5)

)
w0 -1

We now prove the necessity of the Theorem.
(Necessity:) Suppose (8.27) holds for the augmented system (B.3), i.e.,

2) >0 (B.7)

T T
/ 12(t) — 5(0)|%dt < 72/ () [2dt Y € W. (B.8)
0 0
Then we need to show that
T T
/ 26(8) — 2, ()|2dt < 72/ () |2dt Vs € W. (B.9)
0 0
for the scaled system. Accordingly, let

ws =0 Vt>T

without any loss of generality. Then choosing

{ ) ] -

we seek to make the trajectory of (B.3) identical to that of (8.29) with the filter (8.30). The
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result now follows from (B.7).

(Sufficiency:) Conversely, suppose (B.9) holds for the augmented system (B.3). Then we
need to show that (B.8) holds for the system (8.25). Indeed, for any w,v € W, we can
assume w(t) = 0Vt > T without any loss of generality. Choosing now
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