Huanshui Zhang, Lihua Xie

Control and Estimation
of Systems with
Input/Output Delays

@ Springer



Series Advisory Board

F. Allgower, P. Fleming, P. Kokotovic,
A.B. Kurzhanski, H. Kwakernaak,
A. Rantzer, J.N. Tsitsiklis

Authors
Professor Lihua Xie

School of EEE, BLK S2

Nanyang Technological University
Nanyang Ave.

Singapore 639798

Sinagapore

Email: elhxie@ntu.edu.sg

Professor Huanshui Zhang

School of Control Science and Engineering
Shandong University

Jinan

P.R. China

Email: hszhang @sdu.edu.cn

Library of Congress Control Number: 2007922362

ISSN print edition: 0170-8643

ISSN electronic edition: 1610-7411

ISBN-10 3-540-71118-X Springer Berlin Heidelberg New York
ISBN-13 978-3-540-71118-6 Springer Berlin Heidelberg New York

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting,
reproduction on microfilm or in any other way, and storage in data banks. Duplication of this publication or
parts thereof is permitted only under the provisions of the German Copyright Law of September 9, 1965, in
its current version, and permission for use must always be obtained from Springer. Violations are liable for
prosecution under the German Copyright Law.

Springer is a part of Springer Science+Business Media
springer.com
© Springer-Verlag Berlin Heidelberg 2007

The use of general descriptive names, registered names, trademarks, etc. in this publication does not imply,
even in the absence of a specific statement, that such names are exempt from the relevant protective laws and
regulations and therefore free for general use.

Typesetting: by the authors and SPS using a Springer I&TEX macro package
Printed on acid-free paper SPIN: 11903901 89/SPS 543210



Preface

Time delay systems exist in many engineering fields such as transportation,
communication, process engineering and more recently networked control sys-
tems. In recent years, time delay systems have attracted recurring interests from
research community. Much of the research work has been focused on stability
analysis and stabilization of time delay systems using the so-called Lyapunov-
Krasovskii functionals and linear matrix inequality (LMI) approach. While the
LMI approach does provide an efficient tool for handling systems with delays in
state and/or inputs, the LMI based results are mostly only sufficient and only
numerical solutions are available.

For systems with known single input delay, there have been rather elegant an-
alytical solutions to various problems such as optimal tracking, linear quadratic
regulation and H,, control. We note that discrete-time systems with delays can
usually be converted into delay free systems via system augmentation, however,
the augmentation approach leads to much higher computational costs, especially
for systems of higher state dimension and large delays. For continuous-time sys-
tems, time delay problems can in principle be treated by the infinite-dimensional
system theory which, however, leads to solutions in terms of Riccati type partial
differential equations or operator Riccati equations which are difficult to under-
stand and compute. Some attempts have been made in recent years to derive
explicit and efficient solutions for systems with input/output (i/o) delays. These
include the study on the H., control of systems with multiple input delays based
on the stable eigenspace of a Hamlitonian matrix [46]. It is worth noting that
checking the existence of the stable eigenspace and finding the minimal root
of the transcendent equation required for the controller design may be com-
putationally expensive. Another approach is to split a multiple delay problem
into a nested sequence of elementary problems which are then solved based on
J-spectral factorizations [62].

In this monograph, our aim is to present simple analytical solutions to control
and estimation problems for systems with multiple i/o delays via elementary
tools such as projections. We propose a re-organized innovation analysis ap-
proach which allows us to convert many complicated delay problems into delay
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free ones. In particular, for linear quadratic regulation of systems with multiple
input delays, the approach enables us to establish a duality between the LQR
problem and a smoothing problem for a delay free system. The duality contains
the well known duality between the LQR of a delay free system and Kalman fil-
tering as a special case and allows us to derive an analytical solution via simple
projections. We also consider the dual problem, i.e. the Kalman filtering for sys-
tems with multiple delayed measurements. Again, the re-organized innovation
analysis turns out to be a powerful tool in deriving an estimator. A separation
principle will be established for the linear quadratic Gaussian control of systems
with multiple input and output delays. The re-organized innovation approach
is further applied to solve the least mean square error estimation for systems
with multiple state and measurement delays and the H,, control and estimation
problems for systems with i/o delays in this monograph.

We would like to acknowledge the collaborations with Professors Guangren
Duan, Yeng Chai Soh and David Zhang on some of the research works reported in
the monograph and Mr Jun Xu and Mr Jun Lin for their help in some simulation
examples.

Huanshui Zhang
Lihua Xie



Symbols and Acronyms

i/o:

LQG:

LQR:

PDE:

RDE:

col{ Xy, -, Xn}:
R™

Rr>m:

I,:

diag{Ala A2a ) An}

‘C{ylv e 7yn}:
A

dim(z):
Proj:

input/output.

linear quadratic Gaussian.

linear quadratic regulation.

partial differential equation.

Riccati difference (differential) equation.

the column vector formed by vectors X, ---, X,.
n-dimensional real Euclidean space.

set of n x m real matrices.

n X n identity matrix.

block diagonal matrix with A;( not necessarily
square) on the diagonal.

transpose of matrix X.

symmetric positive semidefinite matrix P € R™*"™.
symmetric positive definite matrix P € R™*™.
the inverse of the matrix P.

inner product of vectors X and Y.

mathematical expectation.

linear space spanned by y1,- -+, Yn.

definition.

the dimension of the vector x.

projection



VIII Symbols and Acronyms

MD: the total number of Multiplications and Divisions.
1,i=14,

(Sijt 61']‘ = J
0,17 # j.

llelly - £o-norm of a discrete-time signal {e(7)},

ie., \/f le(@)].
=0

£2[0, N]:  space of square summable vector sequences on [0, N]
with values on R"™.
L2[0,t¢]:  space of square integrable vector functions on [0, t¢]

with values on R".
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