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Preface

Systems with delays frequently appear in engineering. Typical examples of
time-delay systems are communication networks, chemical processes, tele-
operation systems, biosystems, underwater vehicles and so on. The presence of
delays makes system analysis and control design much more complicated. Dur-
ing the last decade, we have witnessed significant development in the robust
control of time-delay systems. The aim of this book is to present a systematic
and comprehensive treatment of robust (H°°) control of such systems in the
frequency domain. The emphasis is on systems with a single input/output de-
lay, although the delay-free part of the plant can be multi-input-multi-output
(MIMO), when the delays in different channels are the same.

This book collects work carried out recently by the author in this field. It
covers the whole range of robust (H*°) control of time-delay systems: from
controller parameterisation, controller design to controller implementation;
from the Nehari problem, the one-block problem to the four-block problem:;
from theoretical developments to practical issues. The major tools used in this
book are similarity transformations, chain-scattering approach and J-spectral
factorisations. The main idea is to “make everything as simple as possible, but
not simpler (Albert Einstein).” This book is self-contained and should be of
interest to final-year undergraduates, graduates, engineers, researchers, and
mathematicians who work in the area of control and time-delay systems.

The book is divided into two parts: Controller Design (Chapters 2—-10) and
Controller Implementation (Chapters 11-13). The classical control of time-
delay systems is summarised in Chapter 2 and then some mathematical pre-
liminaries are collected in Chapter 3. The J-spectral factorisation of regular
para-Hermitian transfer functions is developed in Chapter 4 to prepare for the
solution of the Nehari problem discussed in Chapter 5. An extended Nehari
problem is solved in Chapter 6 to prepare for the solutions of the one-block
problem and the standard H control problem discussed in Chapter 7, where
the chain-scattering approach is applied to reduce the standard H® control
problem to a delay-free problem and a one-block problem. The latter is then
further reduced to an extended Nehari problem. With the solution to the ex-



viii Preface

tended Nehari problem obtained in Chapter 6, the controllers for the one-block
problem and the standard H° problem are recovered. A transformed standard
H® problem is discussed in Chapter 8 to obtain a simpler but more conserva-
tive solution. The parameterisation of all stabilising controllers for time-delay
systems are discussed in Chapter 9. All the controllers for the above problems
have the same structure: incorporating a modified Smith predictor (MSP).
A practical issue, a numerical problem with the MSP, is discussed in Chap-
ter 10 and a unified Smith predictor is proposed to overcome this, followed
by revisiting some well-studied problems. Another practical issue, the imple-
mentation of MSP, is tackled in Part II. The implementation of MSP, i.e., a
distributed delay, is not trivial because of the inherent hidden unstable poles.
In Chapter 11, this is done by using discrete delays in the z-domain and in
the s-domain. In Chapter 12, this is done by using rational transfer functions
based on the §-operator and then in Chapter 13 a faster converging rational
implementation is discussed using bilinear transformations.

It is a pleasure to express my gratitude to G. Weiss, K. Gu, G. Meinsma
and L. Mirkin. Special thanks go to O. Jackson (the Editor), S. Moosdorf (the
Production Editor) and M. Saunders (the Copy Editor) for their professional
and efficient editorial work on this book. There are no words that suffice to
thank my wife Shuhong Yu for her endurance, love, support and sacrifice for
my research over years. I am also grateful for financial support for my research
from the Engineering and Physical Sciences Research Council (EPSRC), UK
under Grant No. EP/C005953/1.

Liverpool, United Kingdom Qing-Chang Zhong
January 2006 http://come.to/zhongqc
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1

Introduction

Systems with delays abound in the world. One reason is that nature is full
of transparent delays. Another reason is that time-delay systems are often
used to model a large class of engineering systems, where propagation and
transmission of information or material are involved. The presence of delays
(especially, long delays) makes system analysis and control design much more
complex. In this chapter, some examples of time-delay systems are discussed
and then a brief review on the control of time-delay systems, followed by an
overview of this book, is given.

1.1 What Is a Delay?

Time delay is the property of a physical system by which the response to
an applied force (action) is delayed in its effect [124]. Whenever material,
information or energy is physically transmitted from one place to another,
there is a delay associated with the transmission. The value of the delay is
determined by the distance and the transmission speed. Some delays are short,
some are very long. The presence of long delays makes system analysis and
control design much more complex. What is worse is that some delays are too
long to perceive and the system is misperceived as one without delays.

Time delays abound in the world. They appear in various systems such
as biological, ecological, economic, social, engineering systems etc. For exam-
ple, over-exposure to radiation increases the risk of cancer, but the onset of
cancer typically follows exposure to radiation by many years. In economics,
the central bank in a country often attempts to influence the economy by
adjusting interest rates; the effect of a change in interest rates takes months
to be translated into an impact on the economy. In politics, politicians need
some time to make decisions and they will have to wait for some time before
they find out if the decisions are correct or not. When reversing a car around
a corner, the driver has to wait for the steering to take effect. In engineering,
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on which this book focuses, there are a lot of systems with delays; see the
next section for examples.

A general tendency in responding to some errors in a system is to react
immediately to the errors and to react more if the errors are not lessened
or eliminated in time as expected. However, for a system with time delays,
only after the inherent delays will the errors start to change. Hence, it is
very important to properly understand the existence of delays and not to
over-react. Otherwise, the system is very likely to overshoot or even become
unstable. When dealing with time-delay systems, “patience is a virtue.”

For a given delay element with a delay h > 0, the output y(¢) corresponding
to the input u(t) is

y(t) = u(t — h).

Hence, the transfer function of a delay element is given by e=*".

1.2 Examples of Time-delay Systems

Some typical examples of time-delay systems in engineering are discussed here.

1.2.1 Shower

A simple example of a time-delay system from everyday life is the shower,! as

depicted in Figure 1.1. Most people have experienced the difficulty in adjusting
the water temperature: it gets too cold or too warm. The actual temperature
often overshoots the desired and, sometimes, it takes a while to get the tem-
perature right. This is because it takes time for the increased (or decreased)
hot/cold water to flow from the tap to the shower head (or the human body).
This time is a delay, which depends on the water pressure and the length of
the pipe. The change of the faucet position is almost immediate, however, the
change of the water temperature has to wait until the delay has elapsed. If
the faucet position is constantly adjusted according to the currently perceived
temperature, then it is very likely that the temperature will fluctuate.

Assume that the water is an incompressible fluid and stationary flow. Ac-
cording to the Poiseuille law, the flow rate of water is

F= Ap,

where . = 0.01 is the kinematic viscosity of water, R is the radius of the pipe,
[ is the length of the pipe and Ap is the pressure difference between the two
ends of the pipe. The time delay h can then be found as

L TR s (1)
~ F  Ap\R) "~

! A shower model written in SIMULINK® is available at
http://www.aut.bme.hu/education/contheor/contheor /theory /model /shower//.
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hot cold

Figure 1.1. Sketch of a shower system

1.2.2 Chemical Processes

It is well known that many chemical processes contain delays. This has been
well documented in the literature and there is no need to give any detailed
example here. The following first-order plus dead time (FOPDT) is widely
used to model chemical processes:

K —sh

G(S)ZTs—l—le ’

where K is the static gain of the plant, T > 0 is the time constant and h is
the transparent delay or dead time.

1.2.3 Communication Networks

In recent years, communication networks [143] have been among the fastest-
growing areas in engineering and there has been increasing interest in control-
ling systems over communication networks. Thanks to high-speed networks,
control-over-Internet is now available [69, 122]. These systems are frequently
modelled from the control point of view as time-delay systems because of the
inherent propagation delays [52, 71]. These delays are crucial to the system
stability and the quality-of-service (QoS).

A single connection between a source controlled by an access regulator and
a distant destination node served with a constant transmission capacity p is
given as an example here. This can be described by the fluid model [52, 71]
shown in Figure 1.2(a). At the source node, the access regulator controls the
input rate u(t), according to the congestion status of the destination node.
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The congestion status y(t) is defined as the difference between the current
buffer contents z(t) and the target value X, i.e.,

y(t) = 2(t) — X.

Due to the propagation delay from the destination node to the source node,
called the backward delay hy, this status arrives at the source node (the access
regulator) only after this delay period. There is also a forward delay hy for
the package to arrive at the destination node from the source node. The
arrived packages are stored/accumulated in the buffer and then sent with
a constant transmission capacity . The control objective is to adapt wu(t) to
p dynamically while maintaining the buffer x(¢) at an acceptable level. The
block diagram is shown in Figure 1.2(b).

x(7)

(a) fluid model
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\ \ . .
source \. channel . destination

(b) block diagram

Figure 1.2. Communication networks: A single connection

The communication networks in reality, which are built from single con-
nections, are much more complicated. The delays are often time-varying and
stochastic. The information transmitted via communication networks is quan-
tised and there exist package losses as well.

1.2.4 Underwater Vehicles

Recently, there have been more and more applications of underwater vehicles.
They can be used for exploring ocean bottoms, installation/inspection/repair
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tasks and, of course, military missions. They have advantages over human
divers in that they can descend to greater depths, can stay there for greater
lengths of time and require less support equipment. Thus they can reach places
divers cannot, and they can be less expensive to operate [64].

There are different types of underwater vehicles. One is the Remotely Op-
erated Vehicle (ROV). An ROV is connected to a surface support ship via
an umbilical cable, which provides power supply and a communication link,
and hence the range of operation is somewhat limited. Another one is the au-
tonomous underwater vehicle (AUV), which carries an on-board power unit
and is equipped with advanced control capabilities to undertake tasks with the
minimum of human intervention. The communication is carried out through
an acoustic link. The MIT underwater vehicle Odyssey II Xanthos, shown
in Figure 1.3, is taken as an example. Odyssey II Xanthos is a video survey
AUV, equipped with various sensors including scanning and homing sonars,
depth sensor, temperature salinity and related sensors, video, inertial sensors,
acoustic modem and acoustic navigation tracking pingers. The rated operating
depth is 3,000 m. More details can be found at http://auvlab.mit.edu.

Figure 1.3. The MIT underwater vehicle: Odyssey II, Xanthos

(Courtesy of C. Chryssostomidis and R. Damus, MIT Sea Grant AUV Lab,
http://auvlab.mit.edu)

The control problems involved in these vehicles include navigation, task
planning and the low-level autopilot. Due to the long cable or distance, there
exists a long delay in the system. For AUVs, the delay is caused by the finite
sound speed in water, nominally, 1,500 m/s.

A physical system [140] is shown in Figure 1.4, where a surface ship is
shown positioning an underwater vehicle through a long cable. The vehicle
may be searching the ocean floor or mapping the topography of the bottom,
or it may be the platform for a smaller vehicle equipped with thrusters. An
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Figure 1.4. Physical underwater vehicle system

(Reprinted, with permission, from [140]. ©IEEE)

approximate model, which was validated for a cable of 2,500 m and a vehicle
weighing 17,000 N in air, was given in [140] as

—sh

G =
() as? +bs +c’

witha=1,b=1.1x10"%, ¢ =258 x 1072 and h = 40 s. More details about
this system can be found in [140] and the references therein.

1.2.5 Combustion Systems

Continuous combustion systems are widely used in power generation, heating
and propulsion. Examples include domestic and industrial burners, steam and
gas turbines, waste incinerators, and jet and ramjet engines. These systems
are intricate and include a wide variety of dynamic behaviour. Pressure oscil-
lations are considered the most significant in terms of the impact on system
performance; much effort has been devoted to this [3, 24, 103].

There are two major dynamics in a combustion system: flame dynamics
and acoustic wave dynamics. They are coupled to form a loop as shown in
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Figure 1.5. Due to wave propagation, there is a delay in the wave dynamics.
This often causes combustion instability (3, 24, 103|. Delays also appear in
the measurement and the actuator units of the system. Detailed modelling of
combustion systems can be found in [3, 24] and are omitted here.

Flame
dynamics
Flow | Acoustic Flow
waves velocity
Delay: acoustic
wave propagation
Y
. Euel Delay Acoustic Delay
injector wave sensor
TVCI voltage i P, the acoustic
measurement from a

1
i reference point in the
1

1
i
1
! combustor

——————— Controller -----

Figure 1.5. Dynamics in a combustion system

1.2.6 Exhaust Gas Recirculation (EGR) Systems

Oxides of nitrogen (NO,) are a group of highly reactive gases that contain
varying amounts of NO and NOs. These are key elements of greenhouse gases
and harmful to human health and the environment. Motor vehicles are one
of the key sources of NO,. Exhaust gas recirculation (EGR) systems were
introduced in the early 1970s to reduce NO, emissions.

The EGR valve recirculates exhaust into the intake stream. Exhaust gases
have already combusted, so they do not burn again when they are recirculated.
These gases displace some of the normal intake charge. This chemically slows
and cools the combustion process by several hundred degrees, thus reducing
NO,, formation.?

It is a challenge to precisely control the flow of recirculated exhaust so that
the system provides good performance and economy. Too much flow will retard

2 http://www.asashop.org/autoinc/nov97/gas.htm.



8 1 Introduction

engine performance and cause a hesitation on acceleration, and too little flow
will increase NO, and cause engine ping. Some EGR systems simply operate
in open loop due to nonlinearity, engine vibrations, pressure fluctuations and
high-order unmodelled dynamics [109]. The measurement, e.g., of oxygen in
the exhaust [1] for feedback, often introduces delay, which complicates the
control design. On the other hand, it is very difficult to derive a mathematical
model for the system. The model is often obtained via system identification.
The following model was given in [109)]:

Gi(2) =k(z—p)z™"  (i=1,2,3,4)

at four operating points dependent on load, speed and the desired EGR rate
for an EGR system. With a sampling period of 10 ms, the vectors of the
parameters are:

gain k = (88, 110, 180, 220),
delay d = (5, 15, 13, 6),
pole p = (0.9, 0.9, 0.9, 0.9).

The model changes dramatically at different operating points. The delay varies
from 50 ms to 150 ms and the gain varies from 88 to 220.

1.2.7 Biosystems

This subsection is based on [10, 16], in which more examples and references
can be found.

Time delay has been introduced to model biosystems to produce better
consistency with nature and predictive results. The ultimate objective is to
further understand the systems and then to control them. The biosystems
studied in this field cover population dynamics, epidemiology, physiology, im-
munology, neural networks and cell kinetics.

The following delay model for population dynamics was introduced in [48],
modifying the classical Verhulst model to account for hatching and maturation

periods:
/ _ y(t - T)

Here, the nonnegative parameters r and K are, respectively, the intrinsic
growth rate and the environmental carrying capacity. This simple model can
explain the observed oscillatory behaviour in a single species population, with-
out any predatory interaction of other species.

Another simple example is the model of growth in cell populations, which
is given by

y'(t) = ay(t) + By(t — 7).

The equilibrium solution y(t) = 0 becomes unstable when the value of the
delay exceeds the following bound:
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cos™ ! (~a/p)
\/52 —a?

More examples of biosystems can be found in [10, 16, 67| and references
therein.

T =

1.3 A Brief Review of the Control of Time-delay Systems

The first effective control scheme for time-delay systems is the celebrated
Smith predictor [126, 127]. By introducing a minor feedback loop consisting
of a predictor, the controller design problem for a time-delay system is then
converted to a design problem for a delay-free system. This has considerably
simplified the controller design. However, the classical Smith predictor cannot
be applied to unstable systems. This motivated the modified Smith predictor
[113, 147] and finite-spectrum assignment [70].

H® control is a key approach to deal with robustness [32, 40, 181]. The
standard H°° control problem for delay-free systems was solved in the late
1980s [25, 32, 39]. Since then, the robust control of time-delay systems has at-
tracted many researchers. The approaches involved are mainly of three kinds
[80]: operator-theoretic methods; state-space methods; and J-spectral factori-
sation methods. In the context of the operator-theoretic methods, which are
often based on commutant lifting methods or skew Toeplitz theory, a time-
delay system is treated as a general infinite-dimensional system. Very ele-
gant results have been obtained in [26, 30, 31, 115, 138, 139, 182]. However,
since the general framework of infinite-dimensional systems is used, the solu-
tions are very complicated and difficult for engineers to understand. In the
context of state-space methods, as reported in [59, 100, 131, 132, 133, 134],
the dynamic-game theory [13| plays an important role. In the context of J-
spectral factorisation methods, as reported in [75, 77, 78, 80, 88, 160, 162],
the Meinsma—Zwart idea, i.e., to convert the J-spectral factorisation of an
infinite-dimensional transfer matrix G~ JG to that of a finite-dimensional ma-
trix © = [I~G™~JGII, where G is the plant and I7 is an infinite-dimensional
unimodular matrix, plays the key role. Another contribution to this area is
[85, 87], where the standard H> control problem for systems with a delay is
solved by regarding the delay as a causality constraint on the controller but
not as part of the plant so that the controller can be extracted from the con-
troller for the delay-free problem. Recently, Meinsma and Mirkin |75, 76, 77|
have made important progress on H* control of systems with multiple I/O
delays. For H*® control of a class of more general infinite-dimensional systems,
see [54, 55, 57].

The above is only a brief review of the control of time-delay systems; more
detailed reviews on the stability and control of time-delay systems can be
found in [42, 45, 92, 102, 121, 150]. Literature reviews for specific problems
studied in this book are contained in the Introduction to the relevant chapter.
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1.4 Overview of This Book

The rest of this book consists of two parts and 12 chapters.

Part I Controller Design
Chapter 2 Classical Control of Time-delay Systems

Classical control approaches for time-delay systems are summarised in this
chapter. These include proportional-integral-derivative (PID) control, classi-
cal Smith predictor, modified Smith predictor and finite-spectrum assignment.

Chapter 3  Preliminaries

Some preliminaries are collected in this chapter for later use. These include
two important FIR operators which map a rational transfer matrix into FIR
blocks, the state-space operations of systems, the chain-scattering approach,
an important matrix called the X matrix, and the Ly[0, h]-induced norm.

Chapter 4  J-spectral Factorisation of Regular Para-Hermitian
Transfer Matrices

This chapter characterises a class of regular para-Hermitian transfer matri-
ces and then studies the J-spectral factorisation of this class using similarity
transformations. A transfer matrix A in this class admits a J-spectral factori-
sation if and only if there exists a common nonsingular matrix to similarly
transform the A-matrices of A and A1, respectively, into 2 x 2 lower (up-
per, respectively) triangular block matrices with the (1, 1)-block including all
the stable modes of A (A~!, respectively). For a transfer matrix in a smaller
subset, this nonsingular matrix is formulated in terms of the stabilising solu-
tions of two algebraic Riccati equations. The J-spectral factor is formulated
in terms of the original realization of the transfer matrix. The approach devel-
oped here is used in the next chapter to solve the delay-type Nehari problem.
This chapter is written based on [169, 170].

Chapter 5 The Delay-type Nehari Problem

This chapter generalises the frequency-domain results for the delay-type
Nehari problem in the stable case to the unstable case. It also extends the
solution to the conventional (delay-free) Nehari problem to the delay-type
Nehari problem. The solvability condition of the delay-type Nehari problem
is formulated in terms of the nonsingularity of a delay-dependent matrix. The
optimal value 7y, is the maximal v € [0, co) such that this matrix becomes
singular when ~ decreases from oco. All suboptimal compensators are param-
eterised in a transparent structure incorporating a modified Smith predictor.
This chapter is written based on [158, 160, 168].
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Chapter 6 An Extended Nehari Problem

In this chapter, a different type of Nehari problem with a delay is considered.
Here, instead of the requirement for stability of the compensator K, stability
of the closed-loop transfer matrix is required. Hence, the norm involved in
this chapter is the H°-norm rather than the L°°-norm. As will be seen in
the next chapter, the solution to this problem is vital for solving the standard
H*®° problem with a delay. While the solvability condition of this problem is
well known, the parameterisation of all the suboptimal compensators is not
trivial. This chapter is written based on [162].

Chapter 7 The Standard H*° Problem

In this chapter, the standard H control problem for processes with a single
delay is considered. A frequency-domain approach is proposed to split the
problem to a standard delay-free H*® problem and a one-block problem. The
one-block problem is then further reduced to an extended Nehari problem.
Hence, for a given bound on the H°-norm of the closed-loop transfer func-
tion, there exist proper stabilising controllers that achieve this bound if and
only if the corresponding delay-free H> problem and the extended Nehari
problem with a delay (or the one-block problem) are all solvable. Applying
the results obtained in the previous chapter, the solvability conditions of the
standard H control problem with a delay are then formulated in terms of
the existence of solutions to two delay-independent algebraic Riccati equations
and the nonsingularity property of a delay-dependent matrix. All suboptimal
controllers solving the problems are, respectively, parameterised as a struc-
ture incorporating a modified Smith predictor. This chapter is written based
on [162].

Chapter 8 A Transformed Standard H°° Problem

In this chapter, a transformation is presented to solve the standard H°° prob-
lem of dead-time systems similarly as in the finite-dimensional situations.
With some trade-off of performance, the following advantages are obtained:
(i) the controller has a quite simple and transparent structure; (ii) there are
no additional hidden modes in the Smith predictor. As a result, the practi-
cal significance of the approach is obvious. This chapter is written based on
[157, 161].

Chapter 9 2DOF Controller Parameterisation

In this chapter, the co-prime factorisation of all stabilising controllers is pre-
sented and then the controller is realized in a two-degree-of-freedom structure.
One degree-of-freedom F'(s) is chosen to meet the desired set-point response
and the other degree-of-freedom, the free parameter Q(s), is chosen to meet
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the desired disturbance response and to compromise the disturbance perfor-
mance with robustness. Furthermore, the controller is re-configured in the
chain-scattering representation. With this structure, which is symmetrical for
the process and the disturbance degree-of-freedom Q(s), one can see clearly
the two degrees-of-freedom and the differences between the controllers for
processes with and without dead time. It is also shown that the subideal dis-
turbance response can be obtained with suitable choice of Q(s). As a special
case, the method is applied to integral processes with dead time. Some of
these results can be found in [93, 94].

Chapter 10  Unified Smith Predictor

As can be seen from the previous chapters, modified Smith predictors (MSP)
have played a very important role in the control of time-delay systems. In this
chapter, a numerical problem associated with the MSP is identified and an
alternative predictor, named the unified Smith predictor (USP), is proposed
to overcome this problem. The proposed USP combines the classical Smith
predictor with the modified one, after spectral decomposition of the plant.
An equivalent representation of the original delay system, together with the
USP, is derived. Based on this representation, all the stabilising controllers
are parameterised and the standard H? problem is solved. This chapter is
written based on [165, 179].

Part II Controller Implementation

Chapter 11 Discrete-delay Implementation of Distributed Delay
in Control Laws

As shown in previous chapters, the suboptimal controllers for the Nehari prob-
lem, the extended Nehari problem, the one-block problem and the standard
problem have the same structure. They all incorporate a distributed-delay
block, which is in the form of a modified Smith predictor (MSP). The imple-
mentation of distributed delay is not trivial because of the inherent hidden
unstable poles. In this chapter, some elementary mathematical tools are used
to approximate the distributed delay and, furthermore, to implement it in
the z-domain and in the s-domain. The H°°-norm of the approximation error
converges to 0 when the approximation step N approaches 4+oco. Hence, the
instability problem due to the approximation error does not exist provided
that the number N of the approximation steps is large enough. Moreover,
the static gain is guaranteed in the implementation so that no extra effort is
needed to retain the steady-state performance. It is recommended not to use
the backward rectangular rule to approximate the distributed delay for imple-
mentation. As by-products, two new formulae for the forward and backward
rectangular rules are proposed. These formulae are more accurate than the
conventional ones when the integrand has an exponential term. This chapter
is written based on [166, 167].
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Chapter 12 Rational Implementation Inspired from the
d-operator

In this chapter, a rational implementation for distributed delay is proposed.
The main benefit of doing so is the easy implementation of rational transfer
functions. The proposed approach was inspired by the d-operator. The re-
sulting rational implementation has an elegant structure of chained low-pass
filters. The stability of each node can be guaranteed by the choice of the total
number N of nodes. The stability of the closed-loop system can be guaranteed
because the H*°-norm of the implementation error approaches 0 when N goes
to co. Moreover, the steady-state performance of the system is retained with-
out the need to change the control structure. This chapter is written based
on [171].

Chapter 13 Rational Implementation Based on the
Bilinear Transformation

Based on an extension of the bilinear transformation, a rational implementa-
tion for distributed delay in linear control laws is proposed. This implementa-
tion converges much faster than the rational implementation inspired from the
é-operator. The implementation has an elegant structure of chained bi-proper
nodes cascaded with a strictly proper node. The stability of each node is de-
termined by the choice of the total number N of the nodes. The H-norm
of the implementation error approaches 0 when N goes to co and hence the
stability of the closed-loop system can be guaranteed. In addition, the steady-
state performance of the system is retained. Simulation examples are given to
verify the results and to show comparative study with other implementations.
This chapter is written based on [172, 173].

In this book, much effort has been made to solve complicated problems
using simple ideas and elementary mathematical tools.

FEvery tmportant idea is simple.

War and Peace, Count L.N. Tolstoy.
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Classical Control of Time-delay Systems

The classical control approaches for time-delay systems are summarised in this
chapter. These include proportional-integral-derivative (PID) control, classi-
cal Smith predictor, modified Smith predictor and finite-spectrum assignment.

2.1 PID Control

2.1.1 Structure of PID Controllers

A PID controller consists of three terms/modes/actions: proportional, integral
and derivative. Different combinations of these terms result in different con-
trollers, such as PI controllers and PD controllers. The standard form of a
PID controller is given in the s-domain as

K;
C(s)=P+I1+D=K,+ s’ + Kgys,

where K, K; and K  are called the proportional gain, the integral gain and
the derivative gain respectively. In the time domain, the output of the PID
controller u can be described as follows:

de(t)

u(t) = Kpe(t) + K; / e(t)dt + Kq4 gt

where e(t) is the input to the controller. The following form of the PID con-
troller is also frequently used:

Cls) = Kp(1+ 13 +Tus), (2.1)

T;
where T; is called the integral time constant or reset time and 7Ty is called the
derivative time constant or rate time.

The PID controller is very simple and can easily be implemented using
pneumatic devices, hydraulic devices, mechanical devices, electronic devices,
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and of course software. It takes the past (I), present (P) and future (D) in-
formation of the control error into account so that in many cases it is able
to provide satisfactory control performance. Moreover, PID controllers are
very robust to plant uncertainties. As a matter of fact, more than 90% in-
dustrial processes are controlled by PID controllers, mostly PI controllers
[7]. PID controllers are also widely used with time-delay systems. There
are many references about various issues of PID controllers, such as noise
filtering and high frequency roll-off, set-point weighting and two-degree-of-
freedom, windup, tuning and computer implementation; see, for example,
[2, 5, 6, 7, 18, 46, 136, 155].

2.1.2 Tuning Methods for PID Controllers

A PID controller has three parameters and can be tuned by many methods,
such as trial-and-error tuning, empirical tuning like the well-known Ziegler—
Nichols method, analytical tuning, optimised tuning and auto-tuning with
identification of the plant model [2, 5, 6, 7, 18, 37, 46, 136, 155]. Here, only
some general guidelines for trial-and-error tuning, the Ziegler—Nichols method,
and an analytical tuning method based on gain and phase margins will be
discussed.

Trial-and-error Tuning

The impact of the three parameters on control performance is very compli-
cated and interdependent. The following general guidelines are often used to
manually tune a PID controller for an open-loop stable system:

e The proportional term provides an immediate action in the control sig-
nal corresponding to the control error. Hence, the larger the proportional
gain, the faster the response. Moreover, the larger the proportional gain,
the smaller the static error. However, a too large proportional gain might
cause actuator saturation. Since this is an error-based control action, it is
impossible to eliminate the static error if a proportional controller is used.

e The integral action eliminates the static error for a step reference or distur-
bance. It provides a slow action in the control signal because it is propor-
tional to the accumulation of the past control error. Due to the slowness,
the integral action is not good for the stability of the closed-loop system
and it is easy to cause a large overshoot. In order to reduce the overshoot,
the integral gain needs to be reduced. In the case of actuator saturation, it
also causes an undesirable effect known as wind-up and certain anti-wind-
up techniques are needed [6].

e The derivative term provides a fast action according to the future trend of
the control error. It counteracts the effect of the integral term to some
extent and often improves the stability of the system. The overshoot
decreases with increasing derivative time, but increases again when the
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derivative time becomes too large. The ideal differentiator tends to yield a
large control signal when there is a sudden change in the set-point, known
as the set-point kick, and when there is a high-frequency control error such
as that induced by measurement noises. In practice, an ideal differentiator
is implemented with a cascaded low-pass filter to attenuate high-frequency
noise (in theory, this is to make it proper). For a time-delay system, in par-
ticular when the delay is long in comparison to the time constant of the
system, the derivative term does not help and is often switched off [2, 6, 7].

Ziegler—Nichols Method

The Ziegler—Nichols tuning method is a very well-known empirical PID tuning
method. Although the resulting response is often oscillatory and there are
many other better model-based tuning methods available nowadays, it is still
worth looking at it. This method was proposed for the system for which a
satisfactory model is in the form of a first-order-plus-dead-time (FOPDT)!
given as
_ K €_Sh,
Ts+1

where K is the static gain of the plant, T' > 0 is the time constant and h is the
transparent delay or dead time. It is only valid for open-loop stable systems
and the tuning is carried out in three steps:

(i) Set the plant under P control with a very small gain for a step reference.

(ii) Gradually increase the gain until the loop (more specifically, the control
signal) starts oscillating. Record the corresponding gain K, known as the
ultimate gain, and the oscillation period T, known as the ultimate period.

(iii) Set the control parameters of (2.1) according to Table 2.1.

G(s) (2.2)

Table 2.1. Ziegler—Nichols tuning formulas

Type of controller Kp T; Ty
P 0.5K,
PI 0.45K, ST
PID 0.6K, 0.57%, 0.125T,

As is well known that if the Nyquist plot of the above system crosses
the critical point (—1, 0), the system is critically stable. Hence, the above
procedure is to find out the proportional gain K, that makes the system
critically stable and then determine the parameters. Apparently, one point

! The major properties of many chemical processes can be captured by this model
[124].
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is not enough to characterise the whole system. The resulting system has a
damping ratio close to 0.2, which is too small and not satisfactory for many
systems. Nevertheless, it offers a very good starting point for further fine
tuning.

Another drawback is that it is difficult to apply to working plants. A sud-
den change in the control signal or operation at the critically stable condition
is not acceptable for critical processes. In this case, the relay-feedback ap-
proach [5, 6, 145] can be applied to identify the plant parameters for tuning,
even for auto-tuning.

Analytical Tuning Based on Gain and Phase Margins

A control system is often designed to meet specified gain and phase margins
so that the system is robustly stable.

Here, for the time-delay plant G(s) given in (2.2), consider the unity feed-
back system shown in Figure 2.1 with the PI controller

). (2.3)

d
L»CT)—6> C(s) L‘»é-» G(s) Y

Figure 2.1. Unity negative feedback control system

Y

The gain margin A,, of the system is defined as
1
|C(jwp)G (jwp)|”

where the phase crossover frequency w, satisfies

Am =

arg[C(jwy)G(jwyp)] = —.
The phase margin ¢,, of the system is defined as
b = arg[C(jug)Gjuo,)] + 1,
where the gain crossover frequency w, satisfies

[C(jwg)G(jwg)| = 1.
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For the given gain margin A,, and phase margin ¢,,, the parameters of
C(s) are given by [46]

T
Ky= 7 T = (2w, —

_ 4w127h N 1,4
ALK’

T b
where
A dm + 0.571A, (A — 1)
(A2, — 1)h
Note that this does not offer the exact phase and gain margins, because the
following approximation was used to derive the formula:

wp:

arctanx = { 1% (Jof <),
= o (|z] > 1).

2.1.3 Simulation Examples

Two examples are given here with one PI controller tuned using the Ziegler—
Nichols method (denoted Z-N in figures and tables) and the other tuned to
meet the given gain margin A,, = 3 and phase margin ¢,, = 60° (denoted
H-H-C in figures and tables).

Example 1
The plant under control is
1
G _ 70.18.
(8)= ¢

This is a lag-dominant FOPDT (the time constant is much larger than the
delay). The parameters of PI controllers are given in Table 2.2 and the cor-
responding system responses are shown in Figure 2.2. A step disturbance
d = —0.5 was applied at ¢t = 4 s. The set-point response obtained by the Z-N
method is more oscillatory than the other one, but the disturbance response
is faster.

Table 2.2. PI control parameters for Example 1
K, T;
Z-N 7.38 0.32
H-H-C 5.24 1.0
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1.6
1.4
1.2

1 yaN

> 0.8
0.6
0.4
0.2

0

—_7zN
— H-H-C

0 1 2 3 4 5 6 7 8
Time (Seconds)

Figure 2.2. PID control: Example 1

Example 2
The plant under control is

1 —2s
G(s) = st1f
This is a delay-dominant FOPDT (the time constant 7' =1 s while the delay
h = 2 8). The parameters of PI controllers are given in Table 2.3 and the
corresponding system responses are shown in Figure 2.3. A step disturbance
d = —0.5 was applied at ¢t = 20 s. The response obtained by the Z-N method
is slow and undesirable, which indicates that the Z-N method is not good for
delay-dominant processes. The H-H-C method works well.

Table 2.3. PI control parameters for Example 2

K, T,
Z-N 0.68  4.59
H-H-C 0.26 1.0

2.2 Smith Predictor (SP)-based Control

2.2.1 Control Difficulties Due to Delay

Although many processes can be controlled by PI(D) controllers, it does not
mean that everything is perfect. Consider again the typical control system
shown in Figure 2.1 with a PI controller (2.3) and an FOPDT plant (2.2).
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Figure 2.3. PID control: Example 2

The transfer function from the reference r to the output y is

T _ C(s)G(s) KK, (Tys + 1)
yr(s) = 1+ C(s)G(s) Tys(Ts+ 1)+ KKy(Tis+ 1)e~sh

and the characteristic equation of the closed-loop system is
T;s(Ts + 1) + KK,(Tys + 1)e " = 0.

This is a transcendental equation. In general, the delay term appears in the
closed-loop characteristic equation and it is difficult to analyse the system
stability or to design a controller to guarantee the stability.

Further analysis reveals that the delay also limits the maximum controller
gain considerably, in particular, when the delay is relatively long. Assume that
the PI controller is designed to cancel the lag,? i.e., to choose T; = T, then

KKye "
T,.(s) = P .
w8 = g KK e

The system is stable only when

nT

0< KK .
ShBBp< .,y

The controller gain is inversely proportional to the delay h. The longer the
delay, the smaller the maximum allowable gain. This often means the perfor-
mance is limited by the delay and a sluggish response is obtained.

2 In this case, the plant pole s = — %, which disappears from the set-point response,
remains in the disturbance response. See [84] for more details about whether to
cancel or to shift a stable mode, which is a fundamental trade-off between (input)
disturbance rejection and robustness to model errors and output disturbance
rejection.
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2.2.2 Smith Predictor

The Smith predictor, which was proposed in the late 1950s [126], aims to
design a controller for a time-delay system such that it results in a delayed
response of a delay-free system, as if the delay were shifted outside the feed-
back loop. Hence, the control design and system analysis are considerably
simplified. This is realized by introducing local feedback to the main con-
troller C(s) using the Smith predictor Z(s), as shown in Figure 2.4. Here, the
plant G(s) = P(s)e™*" is assumed to be stable and the Smith predictor

Z(s) = P(s) — P(s)e™*" (2.4)

is implemented using models of the delay-free part P(s) of the plant, and the
plant P(s)e™*".

d
L»O—E>O—> C(s) “ =g—> P(s)e™" Y

. . G(s)
v Z(S) -

Figure 2.4. SP-based control system

Assume that d = 0 and there is no modelling error, then

y+v=G(s)u(s) + Z(s)u(s)
= P(s)u(s)
= P(s)e *"u

:y_esh

(5) - "

The feedback signal for the main controller C(s) is a predicted version of y.
This explains why it is called a predictor. When P(s) is stable, the system
shown in Figure 2.4 is equivalent to the one shown in Figure 2.5, which is the
internal model control (IMC) version. When the model is exactly the same as
the plant® and the disturbance is assumed to be d = 0, the signal yo is 0 and
the outer loop can be regarded as open. In this case, the system is equivalently
shown in Figure 2.6. It can be seen that the delay is moved outside the feedback
loop and the main controller C(s) can be designed according to the delay-
free part P(s) of the plant only. The aforementioned gain constraint on the

3 The notation of the model and the plant are the same to reflect the nominal case.
This should not cause any confusion.
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controller C(s) no longer exists, at least, explicitly. However, this does not
mean that the controller gain can be excessively high because the delay still
puts fundamental limitations on the achievable bandwidth [4]. The controller
gain still has to be a compromise between the robustness and the speed of the
system.

d plant
L O—=O—={ ) | =g—» Ps)e |2

L P(s) = P(s)e™" [—>
model

Figure 2.5. SP-based control system: Internal model control

Y

Yo

Y
M
¢

LT> C(s) | P(s)

Figure 2.6. SP-based control system: Nominal case and d = 0

2.2.3 Robustness

In the nominal case, the controller for a stable system G(s) = P(s)e™*" can
be designed in two steps:

(i) design a controller C(s) for P(s) to meet the given specifications;
(ii) incorporate a local feedback loop using the Smith predictor Z = P —
Pe~*" to construct the controller for the delay system.

However, the world is not perfect. Sometimes, it is impossible to find the exact
model of the plant. In this case, the predictor Z(s) has to be constructed using
the model P(s)e™*" of the plant as

Z(s) = P(s) — P(s)e™*".

The modelling error can be represented by the multiplicative uncertainty A(s)
via
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P(s)e™*" = P(s)e (1 + A(s)).

Then, the delay term will not disappear from the closed-loop characteristic
equation and the transfer function from r to y in Figure 2.4 is

CPe—sh
1+ CP — CPe=sh 4 CPe—sh
CPe*"(1 + A)
14+ CP 4 CPe—shA
T).(1+4)

T, =

— e sh
1+ T9 Ae=sh ™7
where _
v 14 CP

is the closed-loop transfer function of the delay-free system and is designed
to be stable. For any stable multiplicative uncertainty A(s), according to the
well-known small-gain theorem [40, 180], the closed-loop system is robustly
stable if

’Tgr(jw)A(jw)’ <1, (Vw > 0).

In particular, if the modelling error exists in the delay term only, i.e., A(s) =
e=5(h=h) _ 1 then the above condition becomes

1

|75 G| < s

(Vw > 0).
This condition is conservative, but it guarantees stability for any delay mis-
match.

The robustness with respect to mismatches in the delay h has been exten-
sively investigated in the literature for different systems; see e.g., [34, 65, 112].
This is called practical stability in [112, 113] and the closed-loop system dis-
cussed above is practically stable for infinitesimal delay mismatches if and
only if

. . 1
lim |T;T(jw)’ <

w—00 2

(2.5)

A more general notion is the w-stability [34]. For the system discussed here,
it is w-stable (for infinitesimal delay mismatches) if and only if C' and P are
proper and

|C(c0)P(c0)| < 1,
in addition to C stabilising P. This is consistent with (2.5). If either C(s) or
P(s) is strictly proper and the other is proper, then the w-stability problem
does not occur.
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2.2.4 Disturbance Rejection

So far, only the tracking performance has been studied. In this subsection,
the regulatory performance (disturbance rejection) is discussed.

Assume that » = 0 and there is no modelling error, then according to
Figure 2.4, the transfer function from d to y is

Pefsh
IRE 1iogPeh
P+ CZ)e=sh
1+CP
CP —sh P —sh

“1+0pP”C 1+cpP©

Tya

(2.6)

It consists of two parts. The poles of the disturbance response include those
of the closed-loop set-point response and those of the predictor Z. For the
classical SP considered here, the poles of Z are those of the open-loop plant.
In other words, the open-loop plant poles appear in the disturbance response.*
Since C'is designed to stabilise P, Ty is stable if and only if Z is stable. This is
true for Z = P—Pe~*" when P is stable. However, if P is unstable, then T, is
not stable and hence the system is not stable. This means that the (classical)
SP is only applicable to stable plants. If it is possible to find a predictor Z
such that it is stable for an unstable plant, then the Smith predictor can still
be used. This motivates the modified Smith predictor discussed in the next
section.

It is easy to design a controller C' for P to provide zero static error for a
step reference r: simply guarantee that there is at least one integrator in C'P.
Since the static gain of Z is 0, in order to obtain zero static error for a step
disturbance, it is necessary that

lim 0.

s—=01+CP

This means that the integrator in C'P should be in C. When there is an
integrator in C' and C'P, there is no static error in the disturbance response
even if there exist model mismatches, provided that the system is stable.

In summary, when designing an SP-based controller for a time-delay sys-
tem, the following conditions should be met:

(i) C stabilises P,

(i) |C(00)P(o0)| < 1,

(iii) there exists an integrator in C' and CP (for step references and dis-
turbances).

4 This can be changed by using another predictor, e.g., the modified Smith predictor
discussed later.
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2.2.5 Simulation Examples
Example 1

Consider the plant G(s) = Sile_zs studied in Subsection 2.1.3. Here, the

controller incorporates a main controller C(s) = K, (1 + Tts) and the SP

Z(s) = s i 1(1 —e %),

The integral time T; is chosen to be equal to the lag, i.e., T; = 1, which results
in a first-order set-point response with time constant ]% . All the conditions
mentioned in the previous subsection are met and hence the system is stable
and, moreover, robustly stable with respect to infinitesimal delay mismatches.

0.4 — Kp=8,Ti=1
0.2 _— Kp:2,Ti:1

0 L L L L L L L L
0 2 4 6 8 10 12 14 16 18 20
Time (Seconds)

Figure 2.7. SP Example 1: Nominal responses

The nominal system responses are shown in Figure 2.7 for K, = 8 and
K, = 2. A step disturbance d = —0.5 was applied at ¢t = 10 s. The set-point
response can be made as fast as possible, but the disturbance response is
dominated by the open-loop dynamics and cannot be improved much (unless
the predictor is changed; see the next section). As expected, the fast set-
point response is obtained at the cost of robustness, as can be seen from the
responses with different modelling errors shown in Figure 2.8. When K, = 8§,
the system becomes unstable for a 10% mismatch in the delay. The system
is very sensitive to delay mismatches, which was often blamed on the Smith
predictor. However, it is in fact due to the aggressive requirement of the speed
of the set-point response. It is recommended that the bandwidth of a system
with delay h does not exceed 5, or }2L [4]. Another way to improve the set-point
response while maintaining robustness is to adopt the two-degree-of-freedom
structure [47, 99], which considerably relaxes the fundamental limitations on
the tracking performance [17, 128].
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(a) h increased by 10%
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(b) K increased by 20%
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(¢) T increased by 20%

Figure 2.8. SP Example 1: Robustness

29
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Example 2

This example shows how an unstable delay system behaves when it is under
the control of the SP scheme.
Consider the unstable system

1
G _ —2s
() s—1 ¢
with Smith predictor Z and main controller C' given by
1

Z(s)= _(1=e) COls) = K,(1+

1

TiS).

In order to stabilise the delay-free system, it is necessary that K, > 1. Here,
the parameters are chosen as K, = 8, T; = 1. The system response is shown
in Figure 2.9, where a step disturbance d = —0.5 was applied at ¢ = 16 s. The
set-point response seems stable, but it is very easy to show instability when
different numerical solvers are used. The disturbance response is unstable.

0.5

>~ -0.5

-15

-2
-2.5

0 2 4 6 8 10 12 14 16 18 20
Time (Seconds)

Figure 2.9. SP Example 2: Unstable plant

2.3 Modified Smith Predictor (MSP)-based Control

2.3.1 Modified Smith Predictor

As mentioned in the previous section, the classical Smith predictor cannot
be applied to unstable time-delay systems. It is not a problem to design a
controller C' to stabilise the delay-free part of the system; the problem is that
the predictor Z defined in (2.4) is unstable. If it is possible to find a stable Z,
then the Smith predictor may still be of use.
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Assume that the delay-free part P has a state-space realization

A B
r=[2v]
and denote A
. B
P= {CeAh 0] ’
then \
Z =P — Pe~*h = Ce= A" / e ISR (2.7)
0

is stable. This is known as the modified Smith predictor [147|. If this Z is
plugged into Figure 2.4, then the scheme is applicable to unstable systems
provided that Z is implemented as one stable block. Note that there might be
unstable pole—zero cancellations inside Z if P is unstable. Because of this, Z
cannot be implemented as the difference of P and Pe~*" and its implemen-
tation is not trivial; see Part II for more details.
Plug (2.7) into Figure 2.4, assuming there is no modelling error, then

Pe=sh P(1+CZ)e sk

14 G yPeh 1+ CZ + CPemsh
cp P
— ) Ze_Sh + ) e—sh
1+CP 1+CP

Tya

)

and
C —sh
T 1oz be
V' 14 O Pe—sh
1+CZz
CP —sh

e
1+CP

These equations are very similar to those obtained with the classical SP.
What’s different is that C' should be designed to stabilise P so that 15513
satisfies the given specification.

The MSP can be applied to some stable systems as well, although with
some caution. See Chapter 10. In this case, the open-loop poles, which dom-
inate the disturbance response in the SP case, can be removed and the MSP

can be implemented as the difference of P and Pe~*".

2.3.2 Zero Static Error

Since, in general, P(0) # P(0), incorporating an integrator in C(s) does not
guarantee zero static error for step reference tracking or disturbance rejection.
In order to recover this property, it is necessary to guarantee that the predictor
Z has a zero static gain. Adding the constant —C foh e~ ACd(¢B to P results in
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[ P e ' e 4%d¢B (2.8)
T | Ce4 0 o ’ '

h h
Z = Ce A / e~ I=A¢qcB —C / e~ A%d¢B. (2.9)
0 0

The above P and Z guarantees P(0) = P(0) and Z(0) = 0 and the static
error is zero for step references and disturbances.

2.3.3 Simulation Examples

Two examples are given: one is a stable system to show that the dominant
dynamics in the disturbance response can be removed, and the other is an
unstable system to show the effectiveness of MSP.

Example 1

Consider the plant G(s) = S}rle*O'lS studied in Subsection 2.1.3. Here, the

controller in Figure 2.4 incorporates the MSP

0.1 1
z=° (€1 —1) —

—0.1s
— & .
s+1

s+1
The main controller is chosen to be C(s) = K,(1 + Tlg) to stabilise

60'1

1—e%)s+1
s+1 '

s+1

15: (60'1—1):(

As a result,

cP _ Kp(Tis +1) (2.10)
HCP T Tis(s+ 1)+ Kp(Tis +1)((1 — €0 )s + 1) '

From this, the stability condition (for positive parameters) is found to be

1 K
T; > P

0.1
—1).
g PRGN

0<K,D<e

This is shown as the shaded area in Figure 2.10.

Case 1: T; > 1

0.1
The root locus of the system I;f Tis+1 (176§+1)S+1 has the form shown in

Figure 2.11(a). The zero s = —1/T; lies between s = 0 and s = —1. Hence, the
two closed-loop poles are all real and one of them is between 0 and 1. This pole
dominates the system response and, hence, the closed-loop response is slower
than the open-loop response. This can be verified from the system responses
shown in Figure 2.12 for K,, = 7 and T; = 2, where a step disturbance d = —0.5
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Figure 2.10. MSP Example 1: Stability region of (K, T;)
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(b) Case 2: T; = 0.2

Figure 2.11. Root-locus design of PI controller for MSP-based stable system

was applied at t = 5 s. The dominant time constant is about 2.1 s. Although
robustness is very good, the system response is too slow.

Case 2: ("1 —1)<Ti <1

K+1

In this case, the root locus of the system T?’ T’SH (1=e o1 s+ has the form
shown in Figure 2.11(b). The zero s = —1/T; lies on ! the left of the pole s = —1.
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(b) Robust response when h increases by 80%

Figure 2.12. Performance of the MSP-based stable system: K, =7, T; = 2

Bearing in mind that the closed-loop system bandwidth is limited to around
o, = 15.7 rad/s, the control parameters are then chosen as K, =7, T; = 0.2
to provide a damping ratio of 0.709 and a pair of complex closed-loop poles
—8.15 &+ j8.1. The system responses are shown in Figure 2.13, where a step
disturbance d = —0.5 was applied at t = 5 s. It can be seen that the system
response is very fast and the open-loop dynamics (with a time constant of 1) no
longer exists in the system response. The set-point response seems undesirable,
but the large overshoot is due to the term 7;s + 1 in the numerator of the
response (2.10). The overshoot can be considerably reduced by adding a low-
pass filter Tisl 4, to the set-point, which offers a 2-degree-of-freedom control
structure. See Figure 2.13(c) for the corresponding nominal response. The 5%
overshoot is now consistent with the damping ratio of 0.709.
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Figure 2.13. Performance of the MSP-based stable system: K, =7, T; = 0.2
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Example 2

Consider the following unstable system:

s—1
According to (2.8, 2.9), then
P el eh 1= (e’h—l)s—i—l7

s—1 s—1
—h
e 1

Z: —h_l_ —sh

s—1+e 3—16

The main controller is chosen to be C(s) = Kp(1+ ). As a result,

_ Kp(Tls + 1)
15513 C Tis(s— 1)+ Ky(Tis+1)((e7 —1)s + 1) (2.11)

It can be found that the stability condition (for positive parameters) is®

K
T; > p

1—eM).
1—eh K,—17e)

1< K, <

40
35
30
25

=20
15
10

5

1 1.021.041.061.08 1.1 1.121.141.161.18

Kp

Figure 2.14. MSP Example 2: Stability region of (Kp, T})

This is the shaded area shown in Figure 2.14 for h = 2 (the controller will be
designed for h = 2 s). The admissible gain has a very limited range: from 1

5 The first condition also guarantees C(oo)ﬁ(oo)‘ < 1.
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to 17i_h . The longer the delay h, the narrower the gain range. Moreover, the
integral time has to be large enough as well. The longer the delay h, the larger
the integral time T;. This is because the delay and the unstable pole all impose
fundamental limitations on the achievable performances [4, 17, 116, 128].

It is very tricky when tuning the parameters. Only when T; is large enough,
it is possible to find a stabilising controller. For T; = 50, the root locus is shown
in Figure 2.15, from which K, is chosen as K, = 1.08 to obtain a damping
ratio of 0.828 and a pair of complex closed-loop poles —0.475 £ j0.322. This
offers an overshoot of about 1%.

0.5

Imaginary Axis
o

A

-1 -0.5 0 0.5 1 1.5
Real Axis

Figure 2.15. Root-locus design for MSP-based unstable system

The system responses are shown in Figure 2.16, where a step disturbance
d = —0.1 was applied at t = 20 s and a filter Ti51+1 was added to the set-
point. Figure 2.16(a) shows the nominal responses: the unstable one, denoted
as “difference”, obtained when Z is implemented as the difference of P and
Pe~*" and the stable one obtained when Z is implemented as

h h h

€ - S

Z:e’h—l—ke’h-eNh_eN eNn —1
enN

N—-1_—ih(s—1
6_1 3/€+1.Ei:0 e 7’N(S ),

with NV = 40 and ¢ = 0.01. See Chapter 11 for more details about this im-
plementation. There is a very big dynamic error in the disturbance response.
This is because the unstable pole works in open-loop for a period of h = 2 s,
only after which the feedback controller starts regulating the disturbance. So
the minimal maximum dynamic error is

d-e" =—-0.1xe?=—-0.74.

If the control parameters are chosen as K, = 1.112 and 7; = 20, then the
system is faster and the maximum dynamic error is close to the minimum one
—0.74; see Figure 2.16(b). However, the system is not robustly stable even for
h = 2.05 s. The slower one with T; = 50 is robustly stable for h = 2.05 s;
see Figure 2.16(c). The system is very easy to destabilise by modelling errors,
because of the long delay and the unstable pole.
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(b) Robust response: h increases to h = 2.05 s (K, = 1.08, T; = 50)

Figure 2.16. Performance of the MSP-based unstable system
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2.4 Finite-spectrum Assignment (FSA)

The SP-based control scheme is very effective for control of stable time-delay
systems. While the modified Smith predictor was being developed for unstable
systems, another effective control strategy, known as finite-spectrum assign-
ment nowadays, was developed for unstable systems as well. This strategy can
address delays not only in the input/output channel, but also in the states.
The delays can be multiple, commensurate and even distributed. Here, only
the case with a single input delay is discussed, as the book focuses on systems
with a single input/output delay. See [70, 108, 109, 146, 148, 149] for other
cases and [49, 144] for a different version using the pole-assignment argument.
Consider a system described in the state-space realization as

z(t) = Ax(t) + Bu(t — h),
y(t) = Cx(t).

Then, the plant transfer function is

G(s) = P(s)e™*h = [é, ?} e s,
The FSA adopts a state feedback control law
u(t) = Fap(t)

using the predicted state x,(t) given by

2, () = eMar(t) + / " A Bu(t — Q).
0

The resulting closed-loop system, having a finite spectrum, is stable if A+ BF
is stable. Similar to the predictor-based control schemes, the delay term is
removed from the design process.

This strategy will be discussed further with comparison to the modified
Smith predictor in the next section. Simulation examples will be given in Part
IT with different implementations of the distributed delay

h
v(t):/o e Bu(t — ¢)d¢

in the control law.

2.5 Connection Between MSP and FSA

2.5.1 All Stabilising Controllers for Delay Systems

Assume that the control plant is P(s)e™*", of which the delay-free part P has
the following realization:



40 2 Classical Control of Time-delay Systems

AB
r=[en)
where (A, B) is stabilisable and (C, A) is detectable. Let F' and L be such
that A+ BF and A+ LC are Hurwitz. Then all stabilising controllers [90, 91]

incorporating a modified Smith predictor
Z — Ce_Ah(I _ e—(s[—A)h) . |:A B:| ,

o (2.12)

can be parameterised as shown in Figure 2.17, where

A+ BF + eAMLCe=AM —eAML, B
J(s) = F 0 I
—Ce—An I 0

and Q(s) is arbitrary but stable. This controller parameterisation involves

one-degree-of-freedom. Another parameterisation involving two-degrees-of-
freedom can be found in Chapter 9.

- I—> P(s)e™ o
\

Q(s) J(s) Z

— i
Ui Yo

U

Figure 2.17. Stabilising controllers for processes with dead time

2.5.2 Predictor—Observer Representation: MSP
Denote the state vector of J(s) by xs, then
u=Fzj;+mn, 5:—Ce*Ah:cJ+yp.
The state equation of J(s) is given by
iy = (A+ BF +e*MLCe )z — ey, + By,
or equivalently, by

e~ Ahiy = (A+ LC)e Muy — Ly, + e A" B(Fxy + 1)
= (A+ LO)e *z; — Ly, + e " Bu.
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Using the above formulae, all the stabilising controllers shown in Figure 2.17
can be represented as shown in Figure 2.18. It consists of an output predictor
Z, a state observer and a state feedback. The state observer actually observes
the states of the delay-free system H ﬂ because, in the nominal case,

[A+ LC e=4"B A+ LC L .
rjy = eAh O u — eAh 0 (Z+P€ (h)u
__A+LC’e*AhB _ A+ LC L A B
T et 0 v eAh 0| | cear o | Y
__A+LCI A IT| _an
T e 0] [—LCI]e Bu
A+ LC -LC 1T
= 0 A I|e "By
eAh 0 O
_|AB
=170 u.

2.5.3 Observer—Predictor Representation: FSA

As mentioned in Section 2.4, the finite-spectrum assignment for time-delay
systems is a state feedback control law

u(t) = Fap(t)

using the predicted state

z,(t) = eMa(t) + /h e Bu(t — ¢)d¢.
0

If the state x(t) is not available for prediction, then a Luenberger observer is
needed to re-construct the state from the output y and the control u. It is
easy to check that, in the nominal case,

_[A+LC I —sh

To = o 0] - (Be™*"u — Ly)
_[A+LCT A I .
I o]'[—LCI]Be "
__AB —sh

| o}e '“

gives the observed state x, of the plant. Using these formulae, the FSA control
structure (using output feedback via y) can then be depicted in Figure 2.19,
assuming temporarily Q(s) = 0. It consists of a state observer and a state



42 2 Classical Control of Time-delay Systems

: —| B | oA
|
!
O« F [« J: et e (sI-A-LC)™
A H
T % D o _._ i
L= Observer
C

Y,
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Figure 2.18. Predictor-Observer Representation: MSP scheme
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Figure 2.19. Observer—Predictor Representation: FSA scheme
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predictor. As a matter of fact, this is exactly the central controller given in
Figure 2.17, as described in [90, 91]. It is also easy to check that

e=—-Czx,+y.

Hence, all the stabilising controller given in Figure 2.17 can also be represented
as the observer-predictor structure shown in Figure 2.19, where the distributed
delay
AB
— _ ,—(sI-A)hy |
Zi(s) = (1= e=er=my. [0

is the transfer function from u to v of the block characterised by the integral
h
o(t) = / A< Bu(t — C)dc.
0

2.5.4 Some Remarks

Although the FSA scheme can deal with much more general time-delay sys-
tems, e.g., systems with delays in the state and multiple delays, the FSA
scheme and the MSP scheme are two equivalent representations of stabilising
controllers for systems with a single input delay [91]. The two structures de-
picted in Figures 2.18 and 2.19 clearly show the similarities between them.
Roughly speaking, only the order of the predictor and the observer is ex-
changed: in the FSA scheme, the observer goes first and then the predictor
but, in the MSP scheme, the predictor goes first and then the observer. The
only change from the FSA scheme to the MSP scheme is to change/move Z,
to Z and e~*" in the observer to e~ 4",

Some more insightful observations are:

(i) the predictor in the MSP scheme is an output predictor while that in
the FSA scheme is a state predictor;

(ii) the observer in the MSP scheme is a state observer of the delay-free
system while the one in the FSA scheme is a state observer of the delay system
(and hence a state predictor has to be used before using the state feedback);

(iii) the free parameter Q(s) may be used to improve the robustness of the
FSA scheme w.r.t. the implementation error of Z,;

(iv) in both cases, the central controller is essentially a state feedback
controller, using the predicted state (x, in the FSA scheme) or the observed
state of the delay-free system (z; in the MSP scheme).
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Preliminaries

In this chapter, some preliminaries are collected for later use. These include
two important FIR operators which map a rational transfer matrix into FIR
blocks, the state-space operations of systems, the chain-scattering approach,
algebraic Riccati equations, an important matrix called the X' matrix, and the
L5[0, h]-induced norm.

3.1 FIR Operators

Finite-impulse-response (FIR) blocks (operators) play an important role in the
control of dead-time systems [26, 70, 73, 80, 88, 105, 106, 115, 147, 159, 162].
Two such operators, the completion operator and the truncation operator are
frequently used.

Assume that G = ég} is a rational transfer matrix, then for a given pa-
rameter h > 0, the truncation operator 1, and the completion operator my, are
defined, respectively, as

. |AB _an[AetB] . _sh A
n@=[an]-e[27 "] zo- e

) A B _sh |AB| . » s
7Th(G)2|:CeAhO:|—€ h[C’D}:G_e ha.

This follows [85], except for a small adjustment in notation.

Note that these two operators map any rational transfer matrix G into
an FIR block. The impulse response of 71, (G) is the truncation of the impulse
response of G to [0, h]. The impulse response of 7, (G), which is also supported
on [0, k], is the only continuous function on [0, h] with the following property:
if it is added to the impulse response of e~*"@, which is supported on [h, o0),
then the impulse response of a rational transfer matrix, denoted above by G,
is obtained. As an example, the impulse responses of 7,(G) and 7, (G) are
shown in Figure 3.1 for G = 511 and h = 1.
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Figure 3.1. Completion operator 7, and truncation operator 7,

3.2 Chain-scattering Approach

This section describes the fundamentals of the chain-scattering approach from
[58], but using slightly different notation as listed in Table 3.1.

3.2.1 Representations of a System: IOR and CSR

Consider the system



3.2 Chain-scattering Approach 47
Table 3.1. CSR notation used in [58] and in this book

Notation used here Notation used in [58]

Cr CHAIN
C DCHAIN
H HM
Hi DHM

shown in Figure 3.2, where M :HE %ﬂ Since the exogenous disturbance
w and the control w are all input signals and on one side of the block, and
the controlled output z and the measurement y are all output signals and
on the other side of the block, this representation is called the input—output
representation (IOR) of the system M. This representation is widely used

nowadays, in particular, in the context of robust control.

M
7 - |:M11 M12:| - W
) - M21 Mzz lt— 1/

Figure 3.2. Input—output representation of a system

When Ms;, i.e., the transfer function from w to y, is invertible,

C, (M) = |:M12 — My My, Mo, M11M2_11}

— My, Moy Myt

is well defined and is called the (right) chain-scattering transformation (CST).
Similarly, when Mjs, i.e., the transfer function from u to z, is invertible,

—1 —1
Ci(M) = [ My, =My My }

Moo Myt Myg — Moo Myt My,
is well defined and is called the (left) CST. If both My, and M4 are invertible,

then
C.(M)-C(M)=1.

i -eon ]

which offers the (left) chain-scattering representation (CSR) for the system
M, as shown in Figure 3.3(a), and C,(M) satisfies

In fact, C;(M) satisfies
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2J-eunfs)

which offers the (right) chain-scattering representation (CSR) for the system
M, as shown in Figure 3.3(b). The right or left CSR is just a different rep-
resentation of the system M in the IOR shown in Figure 3.2 after swapping
some signals, provided that Ms; and M5 are, respectively, invertible. It is a
simple idea that has brought many advantages to controller design [58] and is
one of the foundations for this book.

L~

u — = Z

/(M)

y - - W

(a) the left CSR

Z - 1
¢, (M)

w—— =)

(b) the right CSR

Figure 3.3. Chain-scattering representations of the system M in Figure 3.2

A tagged box is introduced to distinguish the left or right CSR (CST) in
a block diagram. As shown in Figure 3.3, the tagged corner matches the left
or right CST (or CSR) and also indicates the scattering direction. In other
words, a tagged right-upper corner means that the matrix inside the box is
the right CST of a system described in IOR, while a tagged left-upper corner
means that the matrix inside the box is the left CST of a system described
in IOR. This is very useful when the matrix inside the box is just a matrix
without any indication of the right or left direction; see Figure 7.2 for an
example.

The state-space realizations of C,. (M) and C;(M) are derived in the follow-
ing section.

3.2.2 Linear Fractional Transformations: The Standard LFT and
the HMT

If the feedback controller for the system in Figure 3.2 is designed to be K,
i.e.,

u= Ky, (3.1)

then the closed-loop transfer function is

Tow = Fi(M,K) = My + Mya K (I — My K) ™' My,
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where F; is the standard lower linear fractional transformation (LFT), pro-
vided that I — Moo K is invertible. The dual, the upper linear fractional trans-
formation, is defined as

FulM, Q) = May + My Q(I — M11Q) " My,

provided that I — M71Q is invertible. The standard LF'T F; and F,, are asso-
ciated with the IOR.

For the CSR, two less-used linear fractional transformations, called right
and left homographic transformations (HMT) [22, 58] are defined for N :[N“ N”}

o Na2p Nao
and N :[“Y“N”] as

Nap Noo

Ho(N,Q) = (N11Q + Ni2)(No1Q + Nag) ™t

and
Hi(N, Q) = —(N11 — QNa1) ' (N12 — @Na),

where the dimensions of the matrices are compatible, provided that the cor-
responding inverse exists. The subscript [ stands for left and r for right, indi-
cating that the inverted term is at the left or right hand side. H; and H,. are
closely related to the left CST and the right CST, respectively. If N = C,.(M)
and N = C;(M), then the closed-loop transfer function, with the controller
given in (3.1), is

Tzw = 7_{’r‘ (Na K) = HT‘ (CT(M)7 K)
for the right CSR shown in Figure 3.3(b), or
Tzw = Hl(Na K) = Hl (CZ(M)’ K)

for the left CSR shown in Figure 3.3(a). It is now clear that the tagged port
is also the port to be terminated by a “load” or controller K, or the port from
which the system scatters.

3.2.3 Some Important Properties

The most important property of CSR is the cascade property: the cascade of
matrices in the CSR is just multiplication of the matrices. For example,

Hy (N1, Hr (N2,Q)) = Hr (N1N2, Q)
where N7 and Ny are the right CSR of two systems, and
HZ(N17HI(N27Q)) = Hl(N2N17Q)a

where N7 and N, are the left CSR of two systems.

In some cases, the cascade property of the right and left HMT can con-
siderably simplify the expositions, as will be seen later. It is wise to use LFT
and HMT in parallel, when convenient. Some similarities between CSR, and
IOR are given in Table 3.2. For more details about the chain-scattering rep-
resentation, see [58]. Only two lemmas are cited here for later use.
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Table 3.2. Similarities between CSR and IOR
in the context of CSR in the context of IOR

port-based, see Figure 3.3 input/output-based, see Figure 3.2

homographic transformation (HMT) linear fractional transformation (LFT)

J-unitary unitary

J-lossless lossless or inner
J-lossless factorisation inner-outer factorisation
J-spectral factorisation spectral factorisation
cascade: direct multiplication cascade: star product
termination feedback

Lemma 3.1. [58, Lemma 4.13] H, satisfies the following properties:
(ii) Ho(1, Q) = Q;
(iii) If H.(G, Q) = R and G~ ewists, then Q = H,(G™1, R).

Lemma 3.2. [58, Lemma 7.1| Let A be any unimodular matriz, then the H>
control problem ||H,(G, Ko)||,, < 7 is solvable iff |H.(GA, K)|,, < 7 is
solvable. Furthermore, Ko = H,(A, K) or K = H,(A™!, Kj).

oo

This lemma provides an approach to simplify an H°° control problem by
factoring out a unimodular portion from the process, as used in [58]; it also
paves the way to simplify an H control problem by inserting a unimodular
portion to the process, as used in [162].

3.3 State-space Operations on Systems

State-space operations on systems are elementary tools in this book. Some
operations on systems are summarised here.
In the rest of this section, assume that

o A B - AlBl _ A2B2
¢=les] e-lan] es[an)]

have appropriate dimensions for the operations to be carried out.
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3.3.1 Operations on Systems

(i) Cascade/series connection or multiplication of G; and G2

oo |2 5] 5

C1 D Cy Do

Ay B1Cy B1Dy As 0 B,
= 0 A By = | B1Cy Ay B1Do

C1 D1Cy DD, D1Cy C1 D1Do

(ii) Parallel connection or addition of G; and G,

Ay O B
GrtGy= | A Br| | (42 B2 olA2 B;
1 i G Dy Cz D C1 Cy Dy + Do

(iii) Inverse of G (when D is nonsingular)
a1 A—-BD™'C -BD™!
D-C Dt

which means G™1G = GG~ =1.

(iv) Basic operations

o [A*C*
G (S) - |:B* D* )
N L —A* —C*
6~ = 67 (-) = (G- = | 5 o |
A 0 B; 0
[Gl Gz] = O A2 O B2 9
Cy1 Cy Dy Dy
[A; 0 B
&l |0 4B,
G2 - Cl O Dl ’
0 Gy Dy
(A1 0 B; 0
G1 0 o 0 A2 0 BZ
0 Go| |Ci 0 D; 0 |”
0 ¢y 0 Dy

51
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A 0 B [ —A* —C*JC —-C*JD
GYJG=|-C*JC -A* -C*JD | = 0 A B ,
D*JC B* D*JD | | B D*JC D*JD
A BJB* BJD*] [ —A* 0 —-C*
GJG~=|0 -A* —-C* | =|BJB* ABJD*
C DJB* DJD* | | DJB* C DJD*

(v) State feedback

If a state feedback v = Fx + v, as shown in Figure 3.4, is applied to G :

{;j Ar+ou, then the resulting system

Gean: &= (A+ BF)z+ Bv
SF Yy =(C+DF)z+ Dv

is realized as
Gon — AB||IO0| |A+BF B
SF=\lcp||FI|~ |C+DFD)|’
where the multiplication is done as if the matrices were normal block matrices.
This generates the right co-prime factorisation G = NM~! of G with

A B A+ BF B
L\]\/” =|CD [1{_,?]2 C+DF D
01 F 1
On the other hand, if
N A B
[ M} =|L K|, D is nonsingular
C D
then p i )
— BD~'C BD~
-1 _
NM™ = {L—KD‘lC KD 1|~

(vi) Output injection

If an output injection, as shown in Figure 3.5, is applied to the system G then
the resulting system

G - t=(A+LC)x+ (B+ LD)u
or- y=Cx+ Du

is realized as



3.3 State-space Operations on Systems 53

F =

X

<
<

Figure 3.4. State feedback u = Fxz + v

L -
u X X

Figure 3.5. Output injection

ao — [TL][AB] _[A+LC B+ LD
°r=\or||lcD|~ C D ’

where the multiplication is done as if the two matrices were normal block
matrices. This generates the left co-prime factorisation G = M ~'N of G with

- -+ [IL|[ABO0] [A+LCB+LDL
wan=[o 7] [e 7] -1 E 0P

On the other hand, if

[]\7 M] = [é IL( g} , D is nonsingular

then

M

Ly _ [A-BDT'CL-BD'K
- | bplc DK
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(vii) Chain-scattering transformations

If the state-space realization of M is

A By B
M= | Cy D11 D2 |,
Co Da1 Daa

then the state-space realizations of C,.(M) and C;(M) are

A—B1Dy;'Cy By — B1D;'Day B Dy}
C.(M) = | Cy — D11 D3*!Cy D1g — D11 D3} Doy D1y Dyt
—Dy' Co —Dj;' Do Dy
and
A— ByD,'Cy  ByDy)' By — BaDiyyDiy
C(M) = -D0y Dy ~D' Dy ,
Cy — Doy D75t Cy Daa Dyt Doy — Doy D7, Dyy

provided that Do; and Do are invertible. When neither Ds; nor Dis is in-
vertible, techniques have to be applied so that the chain-scattering approach
can be used [58], but this is irrelevant here.

(viii) Redheffer star product

Consider the system shown in Figure 3.6, which consists of two interconnected
subsystems in the input/output representation:

MR EEa

Suppose that P and K are compatibly partitioned matrices

PxK
z 5 L ow
i P i
Ly u
L u y !
z LS I

Figure 3.6. Star product of interconnected systems
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P11 P12 Kll K12
P - s K =
[le Pzz} |:K21 Kzz]

such that P5 K71 is well defined and square. If I — P2 K7, is invertible, then
the transfer function from {Z] to [ is defined as the star product of P and

K with respect to this partition, which is given by

PrK — [ Fi(P, K1) P12(I—K11P22)_1K12} .

Ko (I — PyoKy1) ' Py Fu(K, Ps2)

Assume that the state-space representations of P and K are

A By B Ax Bri1 Bko
P=|Cy D1 D2 |, K = | Ck1 Dk11 D12
Cy Doy Doy Ck2 D21 Dkoo

Then the state-space representation of the star product is

PxK = le 1:711 Dy

Cy Doy Dy

i By B,
B

AB]

where

b N
I

[A+ BoR™ "Dy 11 Co BaR™'Crey

| BxiR7'Cy Ag 4+ Bg1R™'D2yCik1

[ By + BoR™ D11 Doy ByR™'Dis ]

I Bg1R™ ' Doy Bks 4+ Bk1R ' D2y Do

[C1 + D12Dg11 R0 D12R™'Ciy }

i Dga1R71C Ck2 + Dg21R™ D23Ck1

[ D11 + D1sDg11 R~ Doy D1aR™ ' De1a }
Dgo1R71 Doy Dkas + D21 R™'DasDk1o

[wa]
I

Q
Il

vl
Il

with R
R =1— DDk, R=1—- Dgu1D2s.
(ix) Linear fractional transformations (LFT)

The star product can be used to generate state-space realizations of the up-
per/lower LFT. Assume that

A By B
Ax B
P=|Cy D1 Do |, K:{Cg Dij
Cy Doy Doy

have appropriate dimensions to carry out the calculations below. Then the
state-space realization of F;(P, K), if well defined, is
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A+BQR71DKCQ BgRich B, +BQR71DK.D21
BKR_ng A + BKR_1D2QCK BKR_ngl R
Cy+ D12DgR™'Cq DysR™'Ck D1y + D12Dg R™1 Dy

where R = I — DyyDg and R = I — Dg Doy, and that of F, (P, K), if well
defined, is

A + BKR_lDHCK BK]:Z‘lCl BKR_le
B,R™'Ck A+ B R 'DgC, By + B R 'DgDyy |,
Doy R71Ck Cy+ D1 R™*DkCy Das + Doy R Dy Dy

where R =1 — DgDyy and R =1 — D1, Dg.
If K = Dg is a static feedback gain, then

A+B2DKR_102 B4 +B2DKR_1D21
Cy + D12DgR™'Cy D1y + D12Dg R Doy

when R = I — D5y Dk is invertible, and
A+BlR71DK01 Bg-l—BlR*lDKDlg :|

AP 1) = |

Co+ Doy R™'DgCy Doy + Doy R™' Dy Dio
when R =1 — Dg Dy is invertible.

Fu(P, K) = [

(x) Homographic transformations (HMT)

Assume that the state-space representations of N and K are

A By B
N=|C Dy Dp|, K= [gK gl‘].
Co D21 Do KR
Then the state-space representation of H,( , if well defined, is
A B
o [c D]
where
A B,C B -
i[5 [4] v
= | B
5= L] or
C = [C1 — D1D;'Cy (D11 — D1D3 "' D2)Ci |
D= DD;",
with )
B B1 Bs D
D | = | D11 D12 [ IK} :

D, D>y Doo
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3.3.2 Similarity Transformations

In general, the systems resulting after the above operations are not minimal

and hence similarity transformations are needed to minimise the state-space

realizations, i.e., to remove the unobservable and/or uncontrollable states.
It is well known that, for a nonsingular T,

o_[AB]_[T AT T'B
“|lcp| | cr D

This is called a similarity transformation with T, which corresponds to the
change of state variables. It can be done by using elementary column (row) op-
erations followed by the corresponding elementary row (column) operations,
as shown in Figure 3.7. The basic operations of similarity transformations are
summarised in Table 3.3. If the transformed system has some unobservable
and/or uncontrollable states, then they can be removed by deleting the cor-
responding rows in [A B] and columns in [(ﬂ so that the dimension of the
realization is reduced. For example, if all the elements on the same row in
[A B] or the same column in [(’l}, except the one on the main diagonal of A,
are 0, then this row and column can be removed.

‘ column operation
T

5
C: D

row operation .
7 =

Figure 3.7. Similarity transformation on a system G with T

Table 3.3. Basic similarity transformation operations on a system

elementary row operations elementary column operations

to multiply some row(s) with a ~ to multiply the corresponding
nonsingular matrix (number) 77* column(s) with a matrix (number) T’
from the left from the right

to swap rows j and k ~ to swap columns k and j

to add T times row j (from the left) ~ to subtract column j with column &
to row k times T (from the right)

As can be seen in the following chapters that similarity transformation
plays a very important role in this book and forms one of its foundations.
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3.4 Algebraic Riccati Equations

3.4.1 Definitions

Let A, R and E be real nxn matrices' with R and E symmetric. The following
matrix equation is called an algebraic Riccati equation (ARE) [15, 62, 63]:

A*X + XA+ XRX + E=0. (3.2)

It plays an important role in linear system theory, in particular, in H? and
H< optimal control. The above ARE can also be written in the matrix form

A R 1
X 1] [_E_A*] [X]:o. (3.3)
A matrix of the form H :[f‘E j‘*} is called a Hamiltonian matriz. The spec-

trum of a Hamiltonian matrix H is symmetric about the imaginary axis be-
cause H is similar to —H™:

J'HJ]=-JHJ = —-H",

where .J :{‘; ’UI] having the property J—! = —.J = J*. This is often called the
Hamiltonian property [62].

3.4.2 Stabilising Solution

Since ARE is a quadratic equation, there are many solutions [62]. In control
engineering, particular interest is paid to one such that X is real and A+ RX
is stable. This solution is symmetric [180] and is called the stabilising solution.

Lemma 3.3. The ARE (3.2) or (3.3) has a stabilising solution X only if H
does not have eigenvalues on the jw-axis.

Proof. As a matter of fact, Equation (3.3) is part of the following similarity
transformation applied to H with [ ! ﬂ

el [ S [l = [ g ] e

~“XTI||-E-A*||XxXTI|" 0 —(A+RX)*|’

where the (2,1)-block is set to 0. If A+ RX is stable then —(A + RX)* is
antistable. In other words, H does not have eigenvalues on the jw-axis. a

However, it is not sufficient for the ARE to have a stabilising solution if
H does not have eigenvalues on the jw-axis. A stronger condition is needed.

! In Section 3.4, all the block matrices are square, having dimension n xn or 2n x 2n.
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Lemma 3.4. Suppose H has no imaginary eigenvalues and R is either pos-
itive semi-definite or megative semi-definite. Then a stabilising solution X
exists if and only if (A, R) is stabilisable. Furthermore, X is real, symmetric
and unique.

Proof. See [180]. Only the uniqueness is shown here. Let X; and X5 be solu-
tions of (3.2) such that A + RX; and A + RX, are stable. Then,

A X, + XA+ X,RX; + E=0 (i=1,2).
Subtract one from the other, then
(X1 — Xo2)(A+ RX1) + (A+ RX3)" (X1 — X5) = 0.
Since A+ RX; and A 4+ RX are all stable, there is X; — Xo = 0 [58]. m|
The first column of (3.4) is

(4[5 4[4[ oo

where A + RX is stable. This gives
A R [I 1
[_E_A*_ M - [X}(A+RX).

In general, a Hamiltonian matrix H is said to belong to dom(Ric) if there
exist an X and a stable Ax such that

o )I(] - Lﬂ Ax. (3.5)

This X is the stabilising solution of the corresponding ARE

I
[-X I]H{X} =0, (3.6)
which is obtained by pre-multiplying (3.5) with [—X I], and is denoted by
X = Ric(H). The stable Ax can be recovered from (3.5) as
I
Ax = [IO]H[X}. (3.7)

In this book, if not explicitly specified, a solution of ARE refers to the stabil-
ising solution X = Ric(H). The formulae (3.6) and (3.7) will be represented
as a block diagram in the next subsection.

Suppose that H has no imaginary eigenvalues. Then there always exists
a nonsingular matrix T :[2 7], e.g., via the Schur decomposition [63|, such
that?

o (3.8)

where A_ contains all the stable eigenvalues of H.

0
T 'HT = [A } ,

2 The elements denoted by “?” are irrelevant.
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Lemma 3.5. Suppose that H has no imaginary eigenvalues. Then a stabilis-
ing solution X = Ric(H) exists if and only if the (1, 1)-block X, ofT in (3.8)
is nonsingular. Furthermore, the stabilising solution is X = X2X1

Proof. Sufficiency. According to (3.8),
7 Xo?| (1] _ [ Xa?| A7) |1
X27010 X5 7 0?7010}’

o[- (- B -2

If X; is nonsingular, then

X1| -1 | X1 —1
[l [

i.€.,

which gives

I I
k][ v

Since X1 A_ X' ~ A and A_ is stable, H € dom(Ric). The above formulae
says that X = Xo X[ = Ric(H) is the stabilising solution.
Necessity. Assume that X is the stabilising solution, then the nonsingular

matrix
10
=[x

satisfies (3.8) because of (3.5). The (1, 1)-block of T is of course nonsingular.
O

Remark 3.1. This lemma reveals the close relationship between ARE and sim-
ilarity transformation. Once a Hamiltonian matrix H having no imaginary
eigenvalues is similarly transformed with 7 into an upper triangular form
with the (1, 1)-block having all the stable eigenvalues of H, the existence of
a stabilising solution to the ARE is equivalent to the nonsingularity of the
(1, 1)-block of the nonsingular matrix 7" used for the transformation.

3.4.3 Block-diagram Representation

The formulae (3.6) and (3.7) can be represented as the block diagram shown
in Figure 3.8, where the matrices U, V, W, Y, Uy, Vq, W1, Y7 and X are all
square with the same dimension. The block H is the Hamiltonian matrix and
the dashed box is called the solution generator. The following relationships
hold:
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[¥]=#[7]
HREYIH!
[g - [)Ifﬂ Wi] (3.9)

What is described in this block diagram is actually the similarity transforma-
tion done to H with [ o ﬂ It is assumed that U; is nonsingular and V; is set
to 0. Then,

- L4304

Hence, the transfer function from Uy to Wi is the Ax given in (3.7) and that
from U; to Y7 is the ARE given in (3.6), which is equal to 0.

Wi w U
Y
X H

ﬁ%;—y <V—l—5+<—~ V1 =0

Figure 3.8. Block-diagram representation of algebraic Riccati equation

A

The solution to the ARE can also be generated from the block diagram.
Substituting V3 = 0 into (3.9), the dashed block (called the solution generator)
can be described as follows

U:Ula
V=XU =XU

The solution X is the transfer gain from U to V, i.e.,
X=vU,

assuming U is invertible.

3.4.4 Similarity Transformations and Stabilising Solutions

In general, a similarity transform does not preserve the Hamiltonian prop-
erty. However, some similarity transforms do, in particular, when the trans-
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form matrix T is symplectic®, i.e., when TJTT = J or TTJT = J . Some
examples with different T are discussed below. These results also describe the
structure of stabilising solution of the corresponding ARE associated with the

transformed Hamiltonian matrices.

(i) Parallel structure

Lemma 3.6. Let Hy be a Hamiltonian matriz with Xo = Ric(Hp). Then
H =T YHyT is still Hamiltonian for any T :[1 O} with L = L*. Furthermore,

LI

X = Ric(H) exists and is given by
X =X,—L.

Proof. Note that

o[- 1] -

Substitute Hy = THT ! into HoJ = —JH{, then
THT 'J=—-J(THT )" = —JT *H*T*,

which gives ~ ~
HT'JT—* = —T7Y\JT*H*.

According to (3.10), - B B
HJ=—-JH* = (HJ)".

This means H is Hamiltonian.
Since Xo = Ric(Hp), according to (3.5),

I I
Hy [Xo} = [Xo] Axo,

where Axq is stable. Then,
THTl[I ] = [ ! ]AXO.
This gives

X X
Hence, X = Ric(H) = Xo — L.

il x| 5] ax  x=x-1

3 If X is an eigenvalue of a symplectic matrix, then A ™! is as well. A matrix [

A
c

(3.10)

O

m with

square block-matrices A, B, C and D is symplectic if and only if ADT —BCT =1,

ABT = BAT and ¢DT = DCT.
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This can be described as the block diagram shown in Figure 3.9. The
left side from the Hamiltonian matrix Hy is omitted here. The two L blocks
cancel each other because TT ! = I. It is clear from Figure 3.8 that Figure
3.9 describes Xy = Ric(Hp). However, if the two L blocks are split, then the
left side gives H :[ I 0} H {I "] and the right side, the dashed block, generates

—LI LI
the solution
X =Ric(H)=Xo—L

because
U=U, V=(Xo—L)U; =(Xo—L)U.

Figure 3.9. Solution generator when T = {II; ﬂ

(ii) Series structure

Lemma 3.7. Let Hy be a Hamiltonian matriz with Xo = Ric(Hp). Then
H = T YHyT is still Hamiltonian for T :{L 0 ] with a nonsingular L. Fur-

0L"T

thermore, X = Ric(H) exists and is given by
X =L"X,L.

Proof. Repeat the proof of Lemma 3.6 with T’ :H LU,,], noting that
- L=t o]fo-I|[L "o 0-1 -

—1 —% _ —
T _{OLT}{IO}{OL}_[IO]_‘]

] [ 1 1
H [LTXOL} - [LTXOL} L7 Axol.

and that



64 3 Preliminaries

In this case, the solution generator is shown in Figure 3.10. It consists of
a block T~! and the original solution block Xjy. Since

U=L"'Uy, V=LTX,U,
the solution X = Ric(H) = Ric(T~1H,T) is
X =vU~t=LT"X,L.

Figure 3.10. Solution generator when T = {L 0 ]

0L T

(iii) Feedback structure

Lemma 3.8. Let Hy be a Hamiltonian matriz with Xo = Ric(Hy). Then H =
T~ HT is still Hamiltonian for T :[(’) ﬂ, L = L*. Furthermore, X = Ric(H)
exists when I — LXq is nonsingular and is given by

X = ch(H) = XO(I — LX0)71 = (I — XoL)71X0.

Proof. Repeat the proof of Lemma 3.6 with T :H g], noting that
v [I-LYTO-I1[ 1 0] TJOo-I] -
rJr _|:0] 10 —LI_IO_J

I [I—LXO] _ [I—LXO

X, X, ] Axo.

When I — LX is nonsingular, the latter is equivalent to

1 I .
H [XO(I— LXO)l] - [Xo(f— LXo)l] (I = LXo)Axo(I — LXo)™ .

and that
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i L E X,
Vi i : E+ V=0
_________
T
. . 1L
Figure 3.11. Solution generator when T' = 01

In this case, the solution generator is shown in Figure 3.11. It consists of
a block T~! and the original solution block Xj. Since

U=(I—-LX)U:, V=X,
the solution X = Ric(H) = Ric(T~1H,yT) is
X =VU ' =X,(I-LXy)!

when I — LX is nonsingular.

(iv) Inverse structure

Lemma 3.9. Let Hy be a Hamiltonian matriz with Xo = Ric(Hp). Then
H = T~YH,T is still Hamiltonian for T :[?ﬂ Furthermore, X = Ric(H)
exists when X is invertible and is given by

X=x;"

10
. OIV[O-IT[0I] _[oOI]_ -
= 6] 19 7o) = [ o) =

X X
AR
When X is invertible, the latter is equivalent to

I I _
#| ] = [y | o

Proof. Repeat the proof of Lemma 3.6 with T’ :[”I ], noting that

and that
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Figure 3.12. Solution generator when T' = [? é}

In this case, the solution generator is shown in Figure 3.12. Since
U = XoUy, V =10,
the solution X = Ric(H) = Ric(T~1H,T) is
X=vU'=Xx;"!
when Xy is nonsingular.

Remark 3.2. Roughly speaking, after swapping rows and columns of a Hamil-
tonian matrix, the stabilising solution of the corresponding ARE becomes the
inverse of that of the original ARE, if invertible.

(v) Opposite structure

Lemma 3.10. Let Hy be a Hamiltonian matriz with Xg = Ric(Hy). Then

H = T~ 'HyT is still Hamiltonian for T :[’Ul ﬂ or T :[é 70[} Furthermore,

X = Ric(H) exists and is given by
X = —Xo.

Proof. Repeat the proof of Lemma 3.6 with T’ :[’01 ‘;] orT :[é 701}, noting that

B N A
71T _[—IO}_ J

JEAREAIS

and that
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Figure 3.13. Solution generator when 1" = [_0] ?}

When T = hl ‘;], the solution generator is shown in Figure 3.13. It is similar
when T :[é f’]} Since
U= -U, V = XUy,
the solution X = Ric(H) = Ric(T~1H,yT) is
X =VU"'=-X,.

Remark 3.53. This lemma says that if both R and F in an ARE change sign
then the solution of the ARE changes sign as well.

For combined similarity transforms, the stabilising solution of the ARE
can be constructed according to the above structures.

3.4.5 Rank Defect of Stabilising Solutions

Not all stabilising solutions are of full rank. This is related to the structural
property of H.

A R
—E —A*

X = Ric(H) is singular. Then any nonsingular matriz L that satisfies
X0
00

Lemma 3.11. Assume H :[ ] is a Hamiltonian matriz with E <0 and

LTXL = [ ] , X is nonsingular

transforms each matriz in H into the following form with appropriate dimen-
sions compatible with X :

L7 TAL = ﬁu AO , Aso is stable
| A21 A2z |
[—FE0

— T —

L'EL K O]’
R R

L—lRL—T: 11 12 )

| 7o Rz |
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Also, X = Ric(H) with
% A11 R11
i = [_E —A{l] :

Proof. Apply Lemma 3.7. See [58, Lemma 3.5] for details. O

3.4.6 Stabilising or Grouping?

A solution X of the ARE (3.2) is often called stabilising if A+ RX is stable.
It does not mean to stabilise A via X because A itself may be stable. Even if
A is unstable, it does not mean to simply stabilise it via X. A better term is
grouping: X is a grouping solution such that all the stable eigenvalues of H
are grouped into A + RX and all the unstable eigenvalues of H are grouped
into —(A + RX)*. See (3.4) or the lemma below. Once the eigenvalues are
grouped, they can be factorised. This is why the factorisation of a transfer
function, which is very common in advanced control theory, always boils down
to solving some algebraic Riccati equations.

Lemma 3.12. Let H :[f;j ji*] be a Hamiltonian matriz with X = Ric(H)
and P be the solution of the Lyapunov equation

AxP+ PA% + R =0,

where Ax = A+ RX is stable. Then the nonsingular matriz

r=xo) o] = [x 1]

similarly transforms H into the block diagonal form given below:

= |4 O 1
0 —A%
Proof. Tt is straightforward to show that the two similarity transformations
with [)I( ?] and {éﬂ bring H into the diagonal form. O

Consider the ARE (3.3) with A = —1, R = —1 and E = 3. The eigenvalues
of the corresponding Hamiltonian matrix H :[:; ’11} are A1 2 = £2. The ARE
has two solutions: X; = 1 and X, = —3. The stabilising solution is X; =1
because A + RX; = —2 is stable but A + RXs = 2 is not. Apparently, there
is no need to stabilise A here. The function of the solution X = X; =1 is to

group the stable eigenvalue A = —2 of H into A+ RX: A+ RX = —2.

3.5 The XY Matrix

In this section, a very important matrix X, which will be used in several
subsequent chapters, is discussed.
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3.5.1 Definition of the ¥ Matrix

Consider the following linear Hamiltonian matrix system:

O[] e

where the system matrix

[ A ~y72BB*
H_[_C*C iy } (3.12)

—1
is the A-matrix of (721 - GEHGBH) with? G :[f‘oﬂ. The transition

matrix of the Hamiltonian system (3.11) from ¢ = 0 to an arbitrary time ¢ is

A ~2BB*
X(t) = exp <[—C*CW yy } t) ,

and the solution to the initial state Mg” is
Ut)| _ U(0)
[T 510 [0 519
In this book, the transition matrix from ¢t = 0 to t = h,
DRTIPATN Hh
Z = = E h = 5 3.14
R (3.14)

is called the X' matriz. As will be shown later, this exponential Hamiltonian
matrix plays quite an important role in the H°°-control of dead-time systems.
It is the A-matrix of the modified Smith predictor and it is also closely related
to the La[0, h]-induced norm of G 11, as will be shown in the next subsection,
and to the solvability condition of several problems for systems with a single
delay.

The system (3.11) is intimately connected to the differential Riccati equa-
tion®

X(t)=[I-X(t)] H [Xl(t)} : (3.15)

or equivalently,

X(t) = AX(t) + X(t)A* + 7" 2BB* + X (t)C*CX (¢).

4 The reason for use of the notation Gp11 is to maintain consistency with later
chapters.

5 Note that the right side of (3.15) is in the dual form of the conventional Riccati
equation.
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The solution of (3.15) can be given using the following well-known result [15,

Chapter 3|:

If U, V is a solution pair of (3.11) with V' nonsingular on a ¢-interval T,
then X = UV ! is a solution of (3.15) on T. Conversely, if X is a solution of
(3.15) on T and V is a fundamental solution of V = —(A* + C*CX)V, then
U = XV, V is a solution pair of (3.11) on T'. Hence, the following equality

holds if [0, h] C T and V is nonsingular:

X(h) = (£11X(0) + Z12) (£21 X(0) + Zao) ™" = H,(2, X(0)),  (3.16)

where X (0) = U(0)V ~1(0), or, equivalently,

X(0) = (Z5,X(h) = Zy) (~Z5, X (h) + 7)) = Ho(Z7, X(R)).

3.5.2 Important Properties of X

Lemma 3.13. ¥ is symplectic, i.e., for J :[? —OI}

_ _ E* _2*
rl=J ) = [ 22 *12] :
_221 211

Proof. Since H given in (3.12) is Hamiltonian,
(HJ)* = —JH* = HJ.
According to (3.14),
DJ =elhg

_ 1 _ 1 -
:J+HJh+2'(Hh)2J+ J(HR)?T A+

3
o 1. - 1 -
=J—JH"h— Q'HJH*hz - 3'H2JH*h3 —

L 1- 1 -
=J—JH*h+ Q'J(H*h)z + 3'HJH*H*h3 4o

1= * 3
g T =

=J—-JH*h+ 21! J(H*h)? —
=Je h = Jy—
This gives X! = J=1X*J or XJX* = J and, hence, X is symplectic.
Note also that

F-17 F—1gpp* 7% _F—lp*p T
5 — oHh — I "JHh _ JTVHYTh _ =T H*h]

=€

Jle Hh] = joly=] = jx—*Jj L
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Lemma 3.14. Some important properties of X are summarised below.
(i) The following identities hold:

XnXiy = Y121, Yo1 X5 = Y90 X5,

252212 = ETzEQQ and 251211 = 2;1221.

In other words, X112y, Xi9Xoa, YooX5,, X511 are self-adjoint and so are
21_11212, 22_21221, 22121_11 and 21222_21 when Y11 and/or Yoo are invertible.
(i) 2[70“*0 fiﬁ] Y=Y is a Hamiltonian matriz as well.
(iii) X and (sI — H)™! commute with each other, i.e., X1 (s — H)™1X
= (sI —H)™ L.
(iv) X and H commute with each other, i.e., H= Y HX™".
(v) The following identities hold (when Y11 or Xas is nonsingular, if
needed):
T = Zn — D12 Xy Do,
PH = oo — I Xy D,
YiA— A+ 2BB* Yy + X1,07C =0,
X507 BB —y ?BB*E}, + AST, + XhAT =0,
YA+ X0 C-CrCEy, + AT Y =0,
Z10*C19 + 7 253, BB* Yo + X5 A* Xy + X3, AX1 = v 2BB*,
Y5 AX ) + X5 C*C Y + 7285 BB Xy + X5 A Xy = C*C,
Y3 AX11 + X5C*C X1y + 7 255, BB* Yoy + X1, A* 5oy = A.

Proof. These properties are mostly due to the fact that X is symplectic. They
can be proved using straightforward matrix manipulations. Only the last six
identities are shown below.

The last three identities can be derived from the matrix identity

S5 =5 A 42BB*|[Z1 5] [ A ~2BB*
x5 Iy || -0 A || Zn E| T | —CrC —Ar

and the other three identities can be derived from the matrix identity

S5, =X A ~2BB*] [ A ~2BB ][ X5, —35
5 oy | |~ —Ar | T —cre —Ar || =3y oz |

O
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3.6 The L;[0, h]-induced Norm

The Ly[0, h]-induced norm of Ga11 :[ A B} is defined as

-C0

1911101

Th = HGﬂH”L 0. — Sup ,
2[0,h] [l 0.y #0 HUH[O,h]

where y = Gg11u and

h h
llulljo,n) = \//0 uTudt, Yl = \//0 yTydt.

Various methods [30, 41, 182] were proposed to compute this norm. A simple
representation of v, is the following Zhou-Khargonekar formula [55] as given
in [182]:

v, = max{~y : det Xy3 =0}

i.e., the maximal 7 that makes Y99 singular, where Y5 is the (2, 2)-block of
the X matrix defined in the previous subsection.

Some results related to this norm [41, 182] are summarised below with
proofs omitted.

Lemma 3.15. The following conditions are equivalent:

(i) v > Yn;

(ii) there exists Qo € H* such that ||7,(Gp11) + e’ShQOHOO <

(iii) Yoo is monsingular not only for v but also for any number larger
than ~;

(iv) there exists a unique function X (t) satisfying the differential Riccati
equation (3.15) with X(0) =0 for t € [0, h]. In particular, X (h) = S12X5,";

(v) there exists a unique solution pair U(t), V (t) satisfying the differential
Riccati equation (3.11) with U(0) = 0, V(0) = I for t € [0, h]. In particular,
U(h) = S1a, V(h) = Zas.
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J-spectral Factorisation of Regular
Para-Hermitian Transfer Matrices

This chapter! characterises a class of regular para-Hermitian transfer matri-
ces and then studies the J-spectral factorisation of this class using similarity
transformations. A transfer matrix A in this class admits a J-spectral factori-
sation if and only if there exists a common nonsingular matrix to similarly
transform the A-matrices of A and A1, resp., into 2 x 2 lower (upper, resp.)
triangular block matrices with the (1, 1)-block including all the stable modes
of A (A7, resp.). For a transfer matrix in a smaller subset, this nonsingu-
lar matrix is formulated in terms of the stabilising solutions of two algebraic
Riccati equations. The J-spectral factor is formulated in terms of the original
realization of the transfer matrix. The approach developed here lays one of
the foundations for this book and will be used in the next chapter to solve
the delay-type Nehari problem.

4.1 Introduction

J-spectral factorisation plays an important role in H,, control of finite-
dimensional systems [32, 38, 39, 40| as well as infinite-dimensional systems
[51, 80, 110]. The necessary and sufficient condition of the J-spectral factori-
sation has been well understood [12, 32, 39, 74, 119]. The J-spectral factori-
sations involved in the literature are done for matrices in the form G™~JG,
mostly with a stable G. For the case with an unstable G, the following three
steps can be used to find the J-spectral factor of G~JG, by applying the
results in [74, Corollary 3.1|:

(i) to find the modal factorisation of A = G~ JG;

(ii) to construct a stable G_ such that A = G~ JG_;

(iii) to derive the J-spectral factor of G~ JG_, i.e., of G~ JG.

! Portions reprinted from [169, 170], with permission from Elsevier.
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For example, if A = G~JG (with G unstable) is factorised as A = T + T~
with T stable, then G_ :[ﬁﬂ is stable? and A = G~JG_. It can then be

factorised by applying Theorem 2.4 in [74]. However, in some cases, a para-
Hermitian transfer matrix A is given in the form of a state-space realization
and cannot be explicitly written in the form G~ JG, e.g., in the context of H,
control of time-delay systems [78, 160]. In order to use the above-mentioned
results, one would have to find a G such that A = G~ JG. It would be advan-
tageous if this step could be avoided.

A recent work [119] dealt with this problem. A two-step procedure was
proposed to find the J-spectral factor in [119]: (i) to transform A into an or-
dered Schur form; and then (ii) to solve an algebraic Riccati equation (ARE)
when there is a stabilising solution. There is no need to find a stable G such
that A = G~ JG any more. The advantage of this result is that the realization
of A need not be minimal or in the Hamiltonian structure (because of the
first step). This chapter proposes a different approach to deal with the prob-
lem. It involves only very elementary mathematical tools, such as similarity
transformations, so that it is easy to understand. The approach developed is
crucial to solve the delay-type Nehari problem discussed in the next chapter
[160, 163].

A better literature review about this topic can be found in [39, 119] and
the references therein. For a wider topic, the symmetric factorisation, see [120]
and the references therein.

4.2 Properties of Projections

Before discussing the J-spectral factorisation, the projection matrix of a
nonorthogonal projection is derived. This is crucial to derive the main results
in this chapter.

For a given nonsingular matrix partitioned as [M N ], denote the projec-
tion onto the subspace Im M along the subspace Im N by P. Then,

PM =M, PN =0,

i.€.,
P[MN]=[MO].
Hence, the projection matrix P is
p=[Mo0][MN] "
Similarly, the projection @ onto the subspace Im N along the subspace Im M
is given by

2 For A =T + T~ with a stable T, a stable G_ such that A = G~JG_ is as given
above but not G_ = ;[1 “l. If the latter is the case, then A should be factorised

I-T
as A= L(T+T7).
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Q=[0N][MN]'=[NO][NM]".

A projection holds a lot of interesting properties; see the excellent book
[14]. In particular, the following properties hold for P and Q:
(i) P+Q =1,
(it) PQ = 0;
(iii) P and @ are idempotent matrices3, i.e., P2 = P and Q% = Q;
(iv) Im P = Im M;
(v) [MO][MN]™' [MO0]=[Mo];
(vi) [ON][M N]'[0oN] =[0N];
(vii) [M 0] [M N]" [0N] =0.
If MTN =0, i.e., the projection is orthogonal, then

N - [(MTM)‘lMT}

(NTN)=INT
The projection matrices P and @ reduce to
P=MM"M)"MT
and
Q= N(NTN)"INT.

These two formulae can be easily found in the literature.

4.3 Regular Para-Hermitian Transfer Matrices

Definition 4.1. [60] A transfer matriz A(s) is called a para-Hermitian matrix

if A~(s) = A(s).

Definition 4.2. A transfer matriz W (s) is a J-spectral factor of A(s) if W(s)
is bistable and A(s) = W™ (s)JW (s). Such a factorisation of A(s) is referred
to as a J-spectral factorisation.

Definition 4.3. A matriz W (s) is a J-spectral co-factor of a matriz A(s) if
W (s) is bistable and A(s) = W(s)JW™(s). Such a factorisation of A(s) is
referred to as a J-spectral co-factorisation.

Theorem 4.1. A given square, minimal, rational matriz A(s), having no
poles or zeros on the jw-axis including oo, is a para-Hermitian matriz if and
only if a minimal realization can be represented as

3 The eigenvalues of an idempotent matrix are either 0 or 1. The eigenvalues of a
nilpotent matrix A are all 0 as it satisfies A* = 0 for some positive integer matrix
power k.
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A R -B
A= |-E—A* ¢ (4.1)
C B* D

where D = D*, E = E* and R = R*.

Proof. Sufficiency. It is obvious according to Definition 4.1.

Necessity. Since A is a para-Hermitian matrix, D = D*. By assumption
D is invertible, then using similar arguments as in [32, pp.90-91], A~! exists
and can be minimally realized as

A1 0 B
At=1|0 —-A7 -C;
¢, Bf D!
where (A;, By, C1) is a stable minimal realization. Hence,
Ay — B1DCq —B1DB7 —B;
A=| ©:DC  —(A - BDCy* CfF | (4.2)
Cy B D
This matrix is in the form of (4.1) where E = E* = —C{DC; and R = R* =
_B,DB:. 0

Remark 4.1. For the realization of A in (4.2), R = R* is equal to —B1DBj.
However, this is not true for the realization of A in (4.1), where R = R* is in
general not equal to —BDB*. A similar argument applies to £ = E*.

Remark 4.2. The para-Hermitian transfer matrix characterised in Theorem
4.1 is called regular. It says that a regular para-Hermitian transfer matrix A
realized in the general state-space form

A= [gj %A] (4.3)

can always be transformed into the form of (4.1) after a certain similarity
transformation. Here, the A-matrix of A is denoted by Hj,. Denote the A-
matrix of A= by H,, then

H,=H,— B,sD'C,.
The eigenvalues of H, and H, are, respectively, the poles and zeros of A.

Denote T :[gi lgll}, then the result proposed in [74, Corollary 3.1] can be
directly used to find the J-spectral factorisation of A. However, as explained
before, this will result in a .J-spectral factor in terms of Ay, By, C; and D but
not in terms of the original realization in A, R, E, B, C' and D. This is good
enough for numerical computation, but not for further analysis, as in the case
of [160].

The next section is devoted to the elementary characteristics of J-spectral
factorisation for regular para-Hermitian transfer matrices realized in the gen-
eral form (4.3). Section 4.5 is devoted to the J-spectral factorisation of a
smaller subset with realization in the form (4.1).
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4.4 J-spectral Factorisation of the Full Set

4.4.1 Via Similarity Transformations with Two Matrices

Assume that a para-Hermitian matrix A as given in (4.3) is minimal and has
no poles or zeros on the jw-axis including co. There always exist nonsingular
matrices A, and A, (e.g., via Schur decomposition) such that*

1 70
Ap HpAp =19 A, (4.4)

and e
AngzAz = |: 0_ 7:| ) (45)

where A4 is antistable and A_ is stable (A4 and A_ have the same dimen-
sion).

Lemma 4.1. A described as above has a J, 4-spectral factorisation for some
unique signature matriz J, o (where p is the number of the positive eigenvalues
of D and q is the number of the negative eigenvalues of D) iff

A=[A[i] 4,[3)] (1.6

is nonsingular. If this condition is satisfied, then a J-spectral factor is formu-
lated as

[10] A~'H,A {ﬂ [10] A~'By

W = , (4.7)

Jp,qDI;/*CAA [é] Dw
where Dy is a nonsingular solution of Dy, Jp ¢Dw = D.

Proof. Formulae (4.4) and (4.5) mean that

0 0
wa[f]- 2]

H.A. m — A [é] A

Hence, A, m and A, [é] span the antistable eigenspace M of H,, and the stable

eigenspace M of H, respectively. As is well known [12, 32, 39, 74, 119|, there
exists a J-spectral factorisation iff M NM>* = {0}, which is equivalent to the
A given in (4.6) being nonsingular.

When this condition holds, there exists a projection P onto M* along M.
According to Section 4.2, the projection matrix P is given by

and

4 The elements denoted by “?” are irrelevant.



78 4 J-spectral Factorisation of Regular Para-Hermitian Transfer Matrices
10 1
poafl0] s )

With this projection formula, it is easy to formulate a J-spectral factor of A
[11, 12, 119]. A J-spectral factor is given by

PH,P  PB,
JpygDi?CaP Dy

W= . (4.9)

This realization is not minimal since the A-matrix of W has the same dimen-
sion as H,,. Substitute (4.8) into (4.9) and apply a similarity transformation
with A, then

A-LPH,A [é 8} A-1PB,

S
[

. I0
JoaDyyt CaA [ 0 0] Dw

After removing the unobservable states by deleting the second row and the
second column, W becomes

[10] A-'PH,A [é] [10]A-1PB,
W = . 7
Ip,g D CaA [O] Dy

Since [1 0] A='P = [1 0] A=!, W can be further simplified as given in (4.7).
O

4.4.2 Via Similarity Transformations with One Matrix

In general, A, # A,. However, these two can be the same.

Theorem 4.2. Assume that a para-Hermitian matriz A as given in (4.3) is
minimal and has no poles or zeros on the jw-axis including co. Then A admits
a J-spectral factorisation if and only if there exists a nonsingular matriz A
such that

AP 0

A‘lHA:[ - } 4.10

» 7 (4.10)
and L o
—1 _ _ !

ATTH, A = [ 0 AZJ, (4.11)

where A% and A" are stable, and A% and A" are antistable. In this case, a
J-spectral factor W is as given in (4.7).
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Proof. Sufficiency. It is obvious according to Lemma 4.1. In this case, A, =
A, = A. Necessity. If there exists a J-spectral factorisation then the A given
in (4.6) is nonsingular. This A does satisfy (4.10) and (4.11).

Since this A is the same as that in Lemma, 4.1, the J-spectral factor is the
same as given in (4.7). O

Remark 4.3. The simultaneous triangularisation of H, and H, in (4.10) is of
theoretical value. In practice, A can be constructed according to (4.6) after
two ordered Schur decompositions or similarity transformations.

Remark 4.4. The A-matrix of W is
1 1 P
[10] A~ H,A o =A%

and that of W1 is
[10] A7 H.A m =4,

Remark 4.5. This means a J-spectral factorisation exists if and only if there
exists a common similarity transformation to transform H, (H,, resp.) into a
2 x 2 lower (upper, resp.) triangular block matrix with the (1, 1)-block includ-
ing all the stable modes of H, (H, resp.). Once the similarity transformation
is done, a J-spectral factor can be formulated according to (4.7). If there is
no such a similarity transformation, then there is no J-spectral factorisation.

4.5 J-spectral Factorisation of a Smaller Subset

In this section, a subset of the class of para-Hermitian matrices characterised
in Theorem 4.1 with the realization of (4.1) is considered. In this case,
A R
Hp = |:—E —A*:| )

[4 R ~B] . 1. [ A R,
o= | G ] = [ oo my= [ B )

Theorem 4.3. For a para-Hermitian matriz A characterised in Theorem 4.1,
assume that: (i) (E, A) is detectable and E is sign definite; (ii) (A., R.) is
stabilisable and R, is sign definite. Then the two ARE

[1-L,] H, [LI] =0 (4.12)

[—L.1]H, [H - (4.13)
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always have unique symmetric solutions L, and L., respectively, such that
[1—L,] Hp[(’)] and [I0] HZHJ are stable. In this case, A(s) has a Jpq-
spectral factorisation for some unique Jp 4 (where p is the number of positive
eigenvalues of D and q is the number of negative eigenvalues of D) if and only
if det(I — L,L.) # 0. If this condition is satisfied, then one J—spectral factor

is formulated as

W:[ A+ L.E B+LOC}7

~Jp gDy’ (B*Le + O)(I — LoLe)™" Dw
where Dy is nonsingular and Dy, Jp ¢Dw = D.

Proof. In this case, A, :{Lfﬂ, A, :{éLI] and A :{LI LI] According to Lemma
4.1, there exists a J-spectral factorisation iff A is nonsingular, i.e., det(I —

L,L.) # 0. Substitute A into (4.7) and apply a similarity transformation with
—(I — L,L.)~1, then

wo | -t u- g B
| —JpgDy (C+ B*Le)(I = LoLe)™"  Dw |
B [1-L,] H, [é] B+ LoC* |
L ~JpgDy (C+ B*Le)(I = LoLe)™" Dw |
where the ARE (4.12) was used. O

A different approach involving two similarity transformations to derive the
realization of W is shown below.

Similarity Transformation 1: Stabilisation

Since L, is the stabilising solution of (4.12), after applying a similarity
transformation {I L“], A is equal to

07
A+ L,E 0 —(B + L,C*)
A=| -E —A*—FEL, cr . (4.14)
C B +CL, D

Similarity Transformation 2: Factorisation
Since L. is the stabilising solution of (4.13) and det(I — L.L,) # 0, the
following self-adjoint matrix is well defined:

Leo=LcI—-L,L.)'=(I~L.L,) 'L.=1L%, (4.15)
Moreover,
I+ LoLeo = (I — LoL)™ and I+ LeoLo = (I — L.L,)~!

are nonsingular. As a result, L. can be represented as
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Le=(I+ LeoLo) " Leo = Leo(I + LoLeo) ™",
and the ARE (4.13) is equivalent to

(4.16)

[ Leo I+ LeoLo ] H. {I * L"L“’] —0,

LCO
which can be expanded as the following equality using (4.12):

Loo(A+ L,E)+ (A*+ FEL,) Lo+ F
= —[LeoB + (I + LeoLo)C*] D™ [B*Leo + C(I + LoLeo)] . (4.17)

According to the assumptions, A does not have any eigenvalue on the jw
axis including co. Assume p is the number of the positive eigenvalues of D
and ¢ is the number of the negative eigenvalues of D, then the equation
D3y Jp.qDw = D has an invertible solution Dyy.

Carrying on another similarity transformation [ [’ ) ?] with respect to (4.14),
then

A+ L,E 0 B+ L,C*
A= | Leo(A+ LoE)+ (A*+ EL,)Leo + E —A* — EL, C* + Lco(B + L,C*)
—C —(B*+CLy)Lco B*+ CL, Dy Jp. e Dw

where an additional similarity transformation h] ‘;] was applied. Due to the

equality (4.17), the above A can be factorised as A =W~ - J, , - W with
A+ L,E B+ L,C* ]

—JZ;;D;V* [B*Leo + C(I+ LoLey)] Dw ’

Using (4.15), W can be simplified as given in Theorem 4.3. W is bistable

because the A-matrix of W is [I —LO] Hpm: A+ L,FE and the A-matrix of

wW—1lis

W =

A+ L,E+ (B + LoC*)Dyi} S 2Dy (B*Le + C)(I — LoLe) ™

1

=[I-L,]H. {Lc

] (I—LoLe)™
~ (I = LoLe)™ [I Lo H. [LI]

(= LyL)"! ([]_LO] H. [LIJ +Lo[~LcI]H, [LICD

=[10]H. [LI}

where “~” means “similar to” and the ARE (4.13) was used. W is indeed a
J-spectral factor of A.
Dually to Theorem 4.3, the following theorem holds (with proof omitted):
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Theorem 4.4. For a para-Hermitian matriz A characterised in Theorem 4.1,
assume that: (i) (A, R) is stabilisable and R is sign definite; (ii) (E,, A,) is
detectable and F, is sign definite. Then the two ARE

I
[-L.1]H, [L} _0
and

(1L, H. [LI] —0

always have unique symmetric solutions L. and L,, respectively, such that
[10] Hp[]i] and [I —L,] HZH are stable. In this case, A(s) has a Jp -
spectral factorisation for some unique J, , (where p is the number of positive
eigenvalues of D and q is the number of negative eigenvalues of D) if and
only if det(I — L,L.) # 0. If this condition is satisfied, then one J-spectral

co-factor is formulated as

Wis) = A+ RL. —(I — LoLe)" (B + LoC*) Dy Jpa
)T B L.+ C Dw ’

where Dy is nonsingular and Dy Jp D3y = D.

4.6 J-spectral Factorisation of A = G~JG with Stable G

Here, J = J* is a signature matrix. Assume that G(s) does not have poles
or zeros on the jw-axis including co and the following realization of G(s) is
minimal:
A B
G(s) = [ c D] .
This has been discussed extensively [74, 119).
The realization of A = G~JG is

A 0 B
A= |-C*JC —-A* -C*JD
D*JC B* D*JD
The A-matrix of A is
" :[ A 0 ]
p —-C*JC —A*

and the A-matrix of A~! is
_ A 0 B * —1 * *
HZ_[_C*JC_A*]—[_C*JD}(D D)~ [D*JC B*].

Since A is stable, there is no similarity transformation needed to bring H,
into the form (4.4). This means
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10
2= [i3)
which gives a possible A in the following form
1 Xi0
2= 5

to bring H, into the form (4.11). According to Theorem 4.2, A admits a J-
spectral factorisation for some unique J, , (where p is the number of positive
eigenvalues of D*JD and ¢ is the number of negative eigenvalues of D*JD)
iff A and, furthermore X7, are nonsingular. When X; is nonsingular, then a
further similarity transformation with [Xf ' ”] can be done. This gives another

0 I

A as
10
a=[x1]

with X = X, X, . Substitute this A into (4.11),then
I0 % I1o| [A% 7
—xrI|7F|x1] T [0 Az

[-XI]|H. {I} =0, (4.18)

Hence,

and

AZ =[I0]H, [)I(]

is stable. Combining these two conditions, the conclusion is that, under the
assumptions stated, A admits a J-spectral factorisation iff the ARE (4.18)
has a stabilising solution X. When this condition holds, the J-spectral factor
can easily be found, according to Theorem 4.2, as

. [ [10] [_{x ?}Hp [)I( (}] m [10] [_{X ﬂ [_wa]
| JpaDw [D7JC B [)I( ?] [5] Dw
: . !
~ | Jpg Dy (D*JC + B*X) DW} ;

where Dy, is nonsingular and Dy, J, ,Dw = D*JD. This is consistent with
the known results.
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4.7 Numerical Examples
s—1

0
4.7.1 A(S) = s+1 s+1
s—1 0

This example has been considered in [119]. A minimal realization of A is given
by

1010
0-10-2
A=1o 101
2010

This gives
10
=1

and

n=[ 5] ) )= [5)

Apparently, there does not exist a common similarity transformation to make
the (1, 1)-elements of H, and H, all stable. Hence, this A does not admit a
J-spectral factorisation.

s2—1
s2—4

_32—4 0
4.7.2 A(s) = [ 88-1 1

A minimal realization of A is

020010
2000 00
0002 01
0020 00
0500-10
00035 01

This gives the A-matrices of A and A~!, respectively, as

0300 0200
2000 2000
Hr=10002 and - H.= 14001
0020 0020

By doing similarity transformations, it is easy to transform H, and H. into
a lower (upper, resp.) triangular matrix with the first two diagonal elements
being negative. In order to bring H,, into a lower triangular matrix, two steps
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are used. The first step is to bring it into an upper triangular matrix and the
second step is to group the stable modes, as shown below.

0,00
2000
0002
0020
1000
) 2100
1 with Ay = 0010
0011
1300
0-10 0
0022
000-2
0001
. 0100
l with Ay = 0010
1000
-2 000
0 -100
2 020
0 501
This is a lower triangular matrix, to which H,, is similarly transformed with
0001
0102
A =Andiz =019
1010

In general, a third step is needed to make the nonzero elements, if any, in the
upper-right area zero.
Similarly, H, is transformed into an upper triangular matrix

-10 20 0 -101

0 -202 0 100
ATIH. A, = , with A, = 1

0 010 -5 010

0 002 1 000

As a result, A can be obtained by combining the first two columns of A, and
the last two columns of A, as

0 —-101
0 102
A= -0 10

2
1 010
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This A is nonsingular and, hence, there exists a J-spectral factorisation.

The D-matrix D :[’Ulﬂ of /A has one positive eigenvalue and a negative

eigenvalue. This gives

10 01
Ip,g = [O _1] and Dy = [10}

such that Dy, Jp ¢Dw = D. According to (4.7), a J-spectral factor of A is
found as

-20 0 -7
0 -1-20
_ 3
W 50 0 1|
0-51 0
which can be described in transfer matrix as
0 s+1
Wi = | |
s+1 0

It is worth noting that a corresponding J-spectral factor for

A(s) = —A(s) = [ _59_1]

0 s2—4

because

4.8 Summary

A class of regular invertible para-Hermitian transfer matrices is characterised
and then the J-spectral factorisation of transfer matrices is studied. A trans-
fer matrix A in this class admits a J-spectral factorisation if and only if there
exists a common nonsingular matrix to similarly transform the A-matrices of
A and A~ resp., into 2 x 2 lower (upper, resp.) triangular block matrices
with the (1, 1)-block including all the stable modes of A (A1, resp.). The
resulting J-spectral factor is formulated in terms of the original realization
of A. When the transfer matrix meets additional conditions, there exists a
J-spectral factorisation if and only if a coupling condition related to the sta-
bilising solutions of two AREs holds. A well-studied case with A = G~JG
with a stable G is revisited and two numerical examples are shown.
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The Delay-type Nehari Problem

This chapter! generalises the frequency-domain results for the delay-type Ne-
hari problem in the stable case and the unstable case. It also extends the
solution of the conventional (delay-free) Nehari problem to the delay-type
Nehari problem. The solvability condition of the delay-type Nehari problem
is formulated in terms of the nonsingularity of a delay-dependent matrix. The
optimal value 7y, is the maximal v € [0, co) such that this matrix becomes
singular when ~ decreases from co. All suboptimal compensators are param-
eterised in a transparent structure incorporating a modified Smith predictor.
The arguments about J-spectral factorisation developed in the previous chap-
ter are crucial to derivation of the results.

5.1 Introduction

The H® control of processes with delay(s) has been an active research area
since the mid 1980s. It is well known that a large class of H>® control prob-
lems can be reduced to Nehari problems [32]. This is still true in the case of
systems with delay(s), where the simplified problem is a delay-type Nehari
problem. Some papers [29, 182] were devoted to calculation of the infimum of
the delay-type Nehari problem in the stable case. It was shown in [182] that
this problem in the stable case is equivalent to calculating an Lo [0, h]-induced
norm. However, for the unstable case, it becomes much more complicated.
Tadmor [132] presented a state-space solution to this problem in the unstable
case, in which a differential /algebraic matrix Riccati equation-based method
was used. The optimal value relies on the solution of a differential Riccati
equation. Although the expositions are very elegant, the suboptimal solution
is too complicated and the structure is not transparent.

Motivated by the idea of Meinsma and Zwart [80], this chapter presents a
frequency-domain solution to the delay-type Nehari problem in the unstable

! Portions reprinted from [158, 160], with permission from Elsevier.
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case. The optimal value 7,,; of the delay-type Nehari problem is formulated
in a simple and clear way: it is the maximal v such that a delay-dependent
matrix becomes singular when « decreases from 400 to 0. Hence, one need no
longer solve a differential Riccati equation. All the suboptimal compensators
are formulated in a transparent structure incorporating a modified Smith
predictor (but not of the original plant).

5.2 Problem Statement (NPy,)

The Delay-type Nehari Problem (NP}, ) can be described as follows:
Given a minimal state-space realization

4 B} , (5.1)

Cs = {—0 0

which is not necessarily stable and h > 0, characterise the
optimal value

Yopt = inf{HGﬁ(s) +e_ShK(s)HLM : K(s)e H*}  (5.2)

and for a given v > ~,pt, parameterise the suboptimal set of
proper K € H* such that

|Ga(s) + eiShK(s)HLc>o <A. (5.3)

A similar Nehari problem with distributed delays, which can be reformu-
lated as He‘ShGB(s) + K(s) ||, < in the single delay case, was studied in
[130]. Although this question looks similar to (5.3) in form, they are entirely
different in essence, and the problem studied here and in [132] is much more
complicated.

The compensator K is, in general, infinite-dimensional. K is called “proper”
if there exists a real number « such that

sup || K(s)|| < oo,
Res>a

i.e., K is bounded on the right half-plane where Re s > «a. K is called “strictly
proper” if
lim K(s)=0.
Res>a, |s| >+
Weiss [151] showed that the properness of K implies the existence of a causal
input—output operator with transfer function K.
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5.3 Solution to the NPy,
It is well known [36] that this problem is solvable iff
Y > Yopt = HFeShGgu ) (54)

where I' denotes the Hankel operator. The symbol eShGg is noncausal and,
possibly, unstable. It is easy to see from (5.2) that Yope < [[Gg(s)||,_ because
at least K can be chosen as 0. It can be seen from (5.4) that vpe > HFGﬁ H

Hence, the optimal value 7, satisfies the following inequality:

[T || < vopt < 1Gs(5)l,. - (5.5)

When v < ||Gs(s) , the matrix

..

[ 4 BB
H_[—C*C A }

defined in (3.12) has at least one pair of eigenvalues on the jw-axis, according
to the bounded real lemma [180].

For a given minimally-realized transfer matrix G :[f‘c ff } having neither
jw-axis zero nor jw-axis pole, define the following two Hamiltonian matrices:
A 0 }

A~y 2BB* _
:|7 H, = |:_C*C —A*

He = {o e
Then the ARE
I
[—LCI]HC [LJ =0 (5.6)

(1L, H, [LI]

always have unique solutions L, < 0 and L, < 0 such that A+~ 2BB*L, =
[T0] H[/] and A+ LoC*C = [I —Lo] H,|;| are stable.

Le

0 (5.7)

Theorem 5.1. (Delay-type Nehari problem) For a given minimally-realized
transfer matriz Gg :[fc ﬂ having neither jw-axis zero nor jw-axis pole, the
optimal value Yop of the delay-type Nehari problem (5.3) is

Yopt = max{y : det Yoo = 0},
where

Sy = [—LCI]E[LIO]. (5.8)

Furthermore, for a given v > ~Yopt, all K(s) € H* satisfying (5.3) can be
parameterised as
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B 10]... 4
K=t 9w @) (5.9)
where [|Q(3)|| g <7 is a free parameter and
Gg I P
z=-mirl| G | e, (5.10)
A+~2BB*L, 35, (5% + LoX5)C* —35B
W= —C I 0 . (5.11)
v B* (55 — ZhiLe) 0 I

Remark 5.1. Tt can be shown that 33, = [I—L,] Eil[i].

The structure of K is shown in Figure 5.1. It consists of an infinite-
dimensional block Z, which is a finite-impulse-response (FIR) block (i.e., a
modified Smith predictor), a rational block W~! and a free parameter Q.

Figure 5.1. Representation of the NP} as a block diagram

5.4 Proof

The NP}, problem (5.3) can be associated with the following system using the
right chain-scattering representation [58]:

2[5 ] g e )

u = Ky.

The corresponding closed-loop transfer matrix is

Tow = Hy (G, K) = Gs + e *"K.
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It is well known [39, 58, 80] that the H> control problem
(G, Kl <7

is equivalent to G~ J,G having a J-spectral factor V' such that the (2, 2)-block
of GV~ is bistable. Hence, in this proof, effort is devoted to characterising
the conditions to meet these requirements. Here,

- I aer
CURG = iy GGy — 21

The underlying idea here is the Meinsma—Zwart idea: to find a unimodular
matrix to equivalently rationalise the system and then to find the J-spectral
factorisation of the rationalised system, proposed in [80] for a 2-block problem.
The result there was obtained for a stable G and cannot be directly used here
because G here is not necessarily stable. Some ideas from there are borrowed,
but only involving an elementary tool (the similarity transformation) to find
a realization of the rationalised system.

Since Z given in (5.10) is a stable FIR block and [’U} is bistable, the

zZ1
following transformation does not affect the solvability of the original problem

[58, 80):
(127 . 10
@:[0 I]G JVG{ZI].

Once the J-spectral factor of @ is obtained, the J-spectral factor of G~ J,G
is obtained.
Z given in (5.10) can be decomposed into two parts:

Z(s) = Fo(s) + Fi(s)e ", (5.12)
where
F = fu([cjﬁ é] TG, (5.13)

This eliminates the delay term in
On1 = e *"GF + (G5 G5 —~*1) Z
and rationalises O as
-1
V2T (721 - Gﬁc:g) +Fy (G’ﬁ“GB - 721) Fy Fy (GgGB - 721)
(63Gs—~*1) Fo G3Gy -1
(5.14)

Substituting (5.1) into (5.13) and using the formula in Subsection 3.3.1,
then F} can be obtained as

@:

A 42BB* 0
F=|-cc -4 c*|. (5.15)
0 ~72B* 0
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Fy can be obtained, according to the definition of the operator 7, as
A y2BB* 0
Fy = -C*C —A* cr . (5.16)
VEBYY5 —yT*B*YY 0
Substituting (5.1), (5.15) and (5.16) into (5.14), then ©~1 can be obtained,
after tedious matrix manipulations (see Section 5.6), as

A ’}/72B.B>k 0 772211B
8_1 _ 0 —A* —-C* 7_22213
- —C 0 I 0

VEBRY —yTPBY 00 P

The A-matrix of © is YH,X 1. ©~! is in the form of a regular para-Hermitian
matrix (4.1) and a J-spectral co-factor W, ! of @~ can be found using similar
arguments to those in Chapter 4 (see Section 5.7) as

A+~2BB*L. S5, (5 + LoXf)C* =35 By}
Wyt = -C I 0 ;
Y2B(E5 — IhiLe) 0 v
where Y, is given in (5.8). Hence, the following equality is obtained:
o [T =277 I0
G JWG—[O I} }WOJWO[—ZI]'
Since Wy and [ ! “} are all bistable, WO[ ! “} is a J-spectral factor of G~ J,G.

—Z1 —Z1
This means that any K in the form

B 107, 4
K=t 79w Q.
where ) )
A+~"2BB*L, 35, (5% + LoX)C* —35B
W= —C I 0 ,

VB (X5 — I Le) 0 I
and [|Q(s)|| g < 7 is a free parameter, satisfies
HGB(S) + e*ShK(s)HLm
In order to guarantee K(s) € H, bistability of the (2,2)-block of the
matrix
I 1o | . 10 -1
=) =e (2w

is required. Using similar arguments to those of

<.

Il
Meinsma and Zwart [80], the bistability of ITos is equivalent to the existence
of the J-spectral co-factorisation of ©@~! (equivalently, the nonsingularity of
fgg) not only for « but also for any number larger than . The minimal
v which satisfies this condition is yop¢. When this condition is satisfied, the
compensator is parameterised as given in (5.9). This completes the proof.

ie, Iy = [ZT] W]



5.5 Special Cases 93

5.5 Special Cases

Three special cases are considered in this section.

5.5.1 The Stable Case
If A is stable, then L, = 0, L, = 0 and thus?

Sp=[01]% {ﬂ = Y.

The optimal « becomes
Yopt = Y, = max{y : det Ty = 0}.
This coincides with the Zhou-Khargonekar formula [55] as given in [182].

Corollary 5.1. For a minimally-realized stable transfer matriz Gg :[ A B}

—Co
having neither jw-axis zero nor jw-axis pole, the delay-type Nehari problem

(5.8) is solvable iff v > 1, (or equivalently, Xao is nonsingular not only for ~
but also for any number larger than ). Furthermore, if this condition holds,
then K is parameterised as (5.9) but

A Yoo X3,C* —=X3'B
W= —C I 0
Y 2B* X3 0 I
5.5.2 The Conventional Nehari Problem
If delay h = 0, then X' = I and thus
Y99 =1 — LoLe.

The condition reduces to the nonsingularity of I — L,L. for any v > vop¢. In
this case,
Yopt = max{y : det( — L,L.) = 0}.

Corollary 5.2. For a minimally-realized transfer matriz Gﬁ:LAC ﬁ] having

neither jw-axis zero nor jw-axis pole, the delay-free Nehari problem (to find
K € H* such that |Gg(s) + K(s)|,_ <) is solvable iff

v > max{y: det(I — L,L.) = 0}.
Furthermore, if this condition holds, then K is parameterised as
K=H. (W™ Q),

2 This is the reason for the notation ffzz.
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where

A+~"2BB*L. (I — L,L.)"'L,C* —(I — L,L.)"'B
w—t= -C I 0
—~y2B*L. 0 I

and ||Q(s)|| = < 7 is a free parameter.

Remark 5.2. This is an alternative solution to the well-known Nehari problem
which has been addressed extensively [32, 39]. The A-matrix A is not split
here. In common situations, it was handled by modal decomposition [39], and
the A-matrix A was split into a stable part and an anti-stable part.

5.5.3 The Conventional Nehari Problem with Stable A
If delay h = 0 and A is stable, then L, =0, L, =0, X = I and thus
Say =1.
The condition is always satisfied for any v > 0. K is then parameterised as

K=H. (W™ Q),

where "
0B
w=|cr1o0 :[é_fﬁ}
001

This is obvious. For the stable delay-free Nehari problem, the solution is ap-
parently
K=-Gs+Q

for any v > 0, where [|Q(s)]| y~ < 7 is a free parameter. In this case, vop: = 0.

5.6 Realizations of ®~! and @

This section is devoted to deriving realizations of @~! and ©.

Although [g Ff] is unstable, © can be calculated as follows without chang-
ing the result after a series of simplifications (only for calculation, not for
implementation):

1

IFG ][I (v — GsGg) ™~ 0 10
= 5.17
o= TN ol (R3] e
After substituting the realizations of Gz and Fp into (5.17), © can be found
as follows. However, this realization is not minimal and has to be minimised,
using the state-space operations and the properties of X' given in Chapter 3.
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5.6 Realizations of @' and ©

[ 1A= 0 k.4 .- 0 0 e 0
0 I 0 0 O— 0 0 0
0 o) V- 00— 0 0 0 0
0 0 Lk 14 0 0 0 0
g 0 YUx.ggiix, - Tx.ggitix, Vo dd, A gV K, A~ 0
grex— 0— Ux.gqdeK, b . ggeK, A~ 0.0 V- WddTK, L0
0 0 0 0 0 0 V= 00—
L g 0 V. adq, - T g~ 0 0 0 v
IJ= 0 Ux.g . a- 0 0 & 0 0 0
0 I 0 0 O— 0 0 0 0 0
0 O V- fooky 0 0 0 0 0 0
0 0 2 fs 1% 0 0 0 0 0 0
g'x 0 'Ux.ggiix, A~ Ex.g9VK, bV GG, 0 Gd K A~ 0 0 0
arx— ,0— Nx.gadvK, b E,.gaTK, A= 0.0 WV LT, L0 0 0
0 0 0 0 0 0 N fole) 0 0
q 0 Nx.g4; 0 e dd, ~ 0 0 0 14 0 0
0 O 0 0 0 0 0 0 Y= 0.0
0 0 0 0 0 0 0 0 .Gd, + Vv
IJ= 0 x.4g T, a- 0 0 ey 0 0 0
0 I 0 0 0— 0 0 0 0 0
0 .0 V= D0~ 0 0 0 0 0 0
0 0 g 1% 0 0 0 0 0 0
a'x 0 'Ux.ggii, A~ Tx.ggiK, bV dd, b gdT K, A~ 0 0 0
arex— 0 'Ux.gadrnx, b E.gadvK, A= 0.0 V- LT, L0 0 0
0 0 0 0 0 0 SV 0.0 0 0
q 0 Ux.gd, ‘- e gd .-k 0 0 0 14 0 0
0 .0 0 0 0 0 0 0 Y= 0.0
0 0 0 0 0 0 0 0 .dd,.*t VvV
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In order to further simplify ©, invert it:

A ~72BB* 0 0 0 0 0 ~72B
—-Cc*Cc  —A* 0 0 0 0 0 0
0 0 —A* 0 0 0 C* —~"23,1B
o-1 _ 0 0 —~72BB* A 0 0 0 ~ %xB
- 0 0 0 0 A ~2BB* 0 0
0 0 0 c*c —-c*C —A* —-c* 0
0 0 0 -C 0 0 I 0
|l 0 —72B* 0 0 77?B"%; -7 ’B*5; 0 -7
[ A ~72BB* 0 0 0 0 0 +7 2B
—C*C  —A* 0 0 0 0 0 0
0 0 —A* 0 0 0 C* =y 2%y B
B 0 0 —~"2BB* A 0 0 0 ~2¥,B
- 0 0 0 0 A ~+72BB* 0 -y %xX..B
0 0 0 0 —-Cc*C —A* 0 —v7 2%y B
0 0 0 -C 0 0 I 0
L 0 —4"2B*~72B*X}, v B X} v ?B*Zy —y B Xy, 00—y
A ~72BB* 0~ 2B A ~"2BB* 0 -—~"2%2X,B
| -crc -4A* 0 o0 e —A* 0 —y 2% B
=l o0 o o o |T 0 0 0 0
0 —~2B*0 0 ~T2B*X; —2B*Z; 0 0
—A* 0 C* =235 B
—~"2BB* A 0 ~2¥;;B
+ 0 —-C I 0
y2B*Z;, 7B X 0 -T2
—2
— [8 _,YQQB} (71— =57 (1 - )" %) [8 g OB}
A v 2BB* 0 —y 2¥.,B
0 —A* C* —y 7235 B
+ C 0 I 0
—yT2B*X;, 4T B XY, 0 —4T2T
A ~~2BB* 0 ~2x,B
_ 0 —A* —C* v 2%y B
- —C 0 I 0
y:B*X3 -y B*Zy, 0 —y 7%

The A-matrix of @ is X L(f}* o 72,]2 —1 and, furthermore, © can be obtained,

by inverting @' and then applying a similarity transformation X, as

A 0 -XiC* B
—C*C —A* ZHC* 0
—C¥y —C%yy 1 0

0 B* ——)

@:

5.7 J-spectral Co-factor of @1

Since there always exist stabilising solutions L, < 0 and L, < 0 to the
two ARE (5.6) and (5.7), respectively, the stable eigenspace of H. (i.e.,
the A-matrix of ©~1!) is Im [ LI] and the antistable eigenspace of H, is

Im [LI] The antistable eigenspace of X H,X ™! (i.e., the A-matrix of ©) is
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YorLo + Yoo
admits a J-spectral co-factorisation @' = W ' JW, ™~ if and only if

Im Z[L]"]: Im [E“L”E”}. Using similar arguments to those in Chapter 4, ©~!

I Y Lo+ 22| L,
det [LC 221L0+222] —det([—LcI]E[I ])#0.

If this condition holds, then the following matrix is well defined:
Lo Lo —1
Loo = [IO]E[I}([—LCI]Z[I}) .
Using the properties of X' in Lemma 3.14, it can be shown that L., = L}, and
* LO — % * 1
Lco=Lco=([—ch]E{ I b [LoI] & [0]

=([Lo I %" [‘ILC])—l (Lo I]X* [ﬂ

= (r-z) = [ -z = 9]

Instead of directly using Lemma 4.1 and/or Theorem 4.2, two steps will
be used to derive the J-spectral co-factor of @~ 1.
(i) Stabilisation: After applying a similarity transformation [I 0},

L. T
A+~72BB*L. v 2BB* 0 y2XB
o1 — 0 —A* — Ly 2BB* —C* y=2(X91 — L.X11)B
—-C 0 1 0
VTEBH(E5 - ZhLle)  —vTPBEY 0 -7
" C . . . I
(ii) Factorisation: After applying another similarity transformation {0 . },
el =
A+~72BB*L, 612 LcoC™ 7_2(211 — Lco¥o1 + LeoLce¥11)B
0 —A* — y~2L.BB* —c* ¥ (Z21 — Le¥11)B
—c —CLe¢o I 0
yT2B*(¥5) - SfLe) —v2B* [0 1] 57! {1 +LLCCOLC(,] 0 —~721

where the element 6,5 is
912 = 7_2BB* + LcoA* + LcoLc’Y_2BB* + ALCO + ’Y_ZBB*LC[’CO'

It can be verified that the following identity holds:

012 = —LCOC*CLCO+(LCO [—LC I} by [0

I} ~X1)y ?BB*(Leo [~Le I X [ﬂ -Zu)’,

which is equivalent to

1 Leo -
(14 LeoLe —Ley] SH, [1+ LCLCJ —0,
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because of the ARE (5.7) and the following two equalities:
Leo |10 L, Lol
{HLCLCJ - [01} E[I } ([=Le 1] X { I }) :
1 I 1 1 10
[I+4 LeoLe —Leo | = ([I —Lo| X ) I -Lo] X . (5.18)

L. 01

It is a remarkable property that the matrices [é ?] and [é ﬂ are the identity

matrix. As a result, ©~! can be factorised as
O~ =Wy Wy
with Wy ! given by

A+y2BB*L.  LeoC* (Leo [~Le 1] 2 [é] — S1)By

—-C 1 0
VB (X5 - Yy Le) 0 v

Wyt =

(5.19)
As shown below, W) is also stable and hence W !is bistable. In other words,
it is indeed a J-spectral co-factor of ©@~1. The A-matrix of Wy is

A+ ?BB*Lc + LeoC*C + (Leo [ L 1] 2 [é] — S0y BB* (S0 Le — 53)

I

0

= A+~ ?BB"Le + LeoC*C + [ —1 = LeoLe Leo | 2{ I

]7—233* [07] 2t [ ! }

= A+7 2BB Le + LeoC*C — ([~Lc 1] © {LI}),
077233* | I
[1 —L,] {0 0 ]2 {LJ

c

{[LI ] (A+~72BB*L.) — (H. — XH,X ") {LI”

e £ s s )

AR A AL P



5.8 A Numerical Example 99
ctr-sim 8] ] o) ] -mi ]
:[I_LD}HO[é_é"]E‘I{LI]([I —Lo| X~ 1[5})

~ (1 -],

n

where “~” means similar to. The addition of ARE (5.7) was used just after
the similarity transformation.
Due to (5.18), W, ! can be further simplified to

A+~72BB*L.  LeC* — [T+ LeoLe —Leo | ¥ {é] By~!
-1 _
Wo = —C I 0
Y PBH (X5 — X Le) O v
A+~ BB*L. S5, (8% + LoXf)C* =35, By~ !
= —C 1 0 )
[y 2B (X5 — X1 Le) 0 v
where
. L, {1k -1 I
222:[_@1]2[[}, S [1-L,] ® [L]

5.8 A Numerical Example

A numerical example? is given here. Consider

with a minimal realization

a1
Cs = [—1 0] ’
i.e., A =a, B=1and C = 1. According to the assumptions, a # 0. This
gives

-2 -2
_la~w | a O _lany
I ER T C

The AREs (5.6) and (5.7) can be re-written as

L2y 24+ 2aL.=0 and L2+ 2aL,=0.

3 Portions reprinted, with permission, from [168]. ©IEEE.
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When a < 0, i.e., Gg is stable, the stabilising solutions are
L.=0 and L,=0.
When a > 0, i.e., G is unstable, the stabilising solutions are?
L.= —2a'y2 and L,= —2a.

It is easy to find that the eigenvalues of H are A\;2 = +A with A =

\/a2 — v~2. Note that A may be an imaginary number. Assume that v # 1/ |a]
temporarily. With two similarity transformations with

|1l —a+A |10
R B

H can be transformed into [gg], i.e.,

Sy ST VHS, Sy = [3 _OA} .

Hence, the YX-matrix is

= eHh = 5,8 [ekh 0 ] S;lgrt
192 0 e—>\h 2 1

Ah
_ € 0 -1
=51 [_21/\(€Ah _ e—Ah) e—Ah] ST
_ M 4 azf/\/\ (eAh _ e—Ah) (122},\2 (e)\h - €_>‘h)

1 (e/\h _ eth) e— a—A(e,\h _ ef)\h) :

T2 2\

When v = 1/]al, i.e., A = 0, the above X still holds if the limit for A — 0 is
taken on the right-hand side, which gives

1+ah a?h
EA—OZ[ —h 1—ah]

In the sequel, it is assumed that X' is defined as above for A = 0.

5.8.1 The Stable Case (a < 0)
In this case, G is stable and L, = L, = 0. Hence, Yo defined in (5.8) is

a— A\

Shpg = Tpg = e M — 9\

(eAh _ €_>\h).

4 In this case, A+~ 2BB*L. =a—2a = —a and A + L,C*C = a — 2a = —a are
stable.
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When v > 1/ |a|, the number X is positive and hence the eigenvalues of H are
real. It is easy to see that Do is always positive (nonsingular).® According to
Theorem 5.1,

Yopt < 1/ \a\ .

This reflects the right half of the condition (5.5).

When 0 < v < 1/]al, the number A\ = wi, where w = /72 — a2, is
imaginary and hence the eigenvalues of H are imaginaries. However, Sy is
still a real number because

a— wi

ﬁv22 — e—whi _ (ewhi _ e—whi)

2wi
a
= cos(wh) — ~ sin(wh).
w
Substitute w = /=2 — a2 into this, then
A ah a ah
Sy =cos( /1 —a2y?) — i sin(" /1 —a242).
ay \/ 1—a242 ay
This can be regarded as a surface, as shown in Figure 5.2, with respect to the
normalised delay ah and the normalised performance index avy. This surface
crosses the plane Y55 = 0 many times, as can be seen from the contours of
Y99 = 0 shown in Figure 5.3. The top curve in Figure 5.3 characterises the
normalised optimal performance index avy,,: with respect to the normalised
delay ah. On this curve, X35 becomes singular the first time when - decreases
from +oo (or actually, [|Gs|[, ) to 0. Since |I'c,|| = 0 and 1Gsll,_ =1/lal,
the optimal value ~y,p; satisfies 0 < vopr < 1/]al, t.e., =1 < ayopr < 0. This
coincides with the curve av,p: shown in Figure 5.3.

The (suboptimal) compensator for v > 7ot is discussed below.
According to (5.10), (5.12), (5.13), (5.15), and (5.16),

-2
a vy 0 —22* _Sh—E* _

Z(s) = —mp(| =1 —a 1|)=~"2" 21+2(€ , 121)(3 9. (5.20)
0 7,2 0 s“+y“—a

The locus of the hidden poles of Z(s), which are the eigenvalues of H, is shown
in Figure 5.4. When v > 1/ |a|, Z(s) has two hidden real poles symmetric to
the jw-axis. When 0 < v < 1/]a|, Z(s) has a pair of hidden imaginary poles.
In either case, the implementation of Z needs care; see Part II.

The W1 given in (5.11) is well defined for v > v, as

a Xy Xiy =Xy
wt= -1 1 0
y2Y5 0 1

5 393 =1 —ah when v = 1/ |a] = —1/a.
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9 0.1-02-03-04-05-06-07-08-09-1
ay

Figure 5.2. Surface of Y with respect to ah and a7y (a < 0)

-1
0.9} ]
o8} et .
07} i
06} i
05} -
—04} g
03} :
02}
~041}

ay

Figure 5.3. Contour Y2 = 0 on the ah-a~y plane (a < 0)

and 1y = [Z I] W‘l[o] is

1

—%
a =Xy —*

X
Iy =[Z1]| -1 0 =1+ "2 (Z-~7253)
72E5 1 s
—sh __ F oy
:1""7_222_2*6 11 21(5"“1)'

52 _'_,-Y—Q — a2

It is easy to see that Il5, is stable. As a matter of fact, as required, ITos is
bistable for v > ~,,:. The Nyquist plots of Ils for different values of ay are
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Im

(v»0)

v=1/|a| Y=roo
—|a| 0 la| Re

Figure 5.4. Locus of the hidden poles of Z

shown in Figure 5.5 for ah = —1. The optimal value ¢ is between —0.44/a
and —0.45/a. This corresponds to the transition from Figure 5.5(c) to Figure
5.5(d), in which the number of encirclements changes according to the change
of the bi-stability of I122: the Nyquist plot encircles the origin when v < vop¢
and hence 1155 is not bistable but the Nyquist plot does not encircle the origin
when 7y > o+ and hence Il is bistable.

5.8.2 The Unstable Case (a > 0)

In this case, Gg is unstable and L. = —2av2, L, = —2a. Hence, 9o defined
in (5.8) is

. -9 2 2_2 342 4 2.2
Sy = e M — 4242 4 ay"A a’y® + 4 a*y +a+/\(e)\h_e—>\h)

2\
_ —2av20\? — 20372 + a + A\ — 4 a?y? A
2\
B —2a72X? — 2a34% + a — X\ + 4 a>y? oM
2\

—9 2)\2 —9 34,2 Ah —Ah
= 2\ GV A ey 4 © J;e (1—4a’y?)

4 34,2 3 Ah —Ah
_ —ha ;AJF DM —e=hy 4 © 4_26 (1 — 4a2y?). (5.21)

Yoo can be re-arranged as

- _4a(a272 -1 +a

4(a*y? —1)+3
E =
22 2\

M —Ahy
(M — e ;

(N e

Hence, Y, is always negative (nonsingular)® when v > 1/ |a|, noting that a
and A are positive. According to Theorem 5.1, the optimal performance index

6 $12p = —ah — 3 when v = 1/ |a| = 1/a.
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80
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N W A~ o
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30
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20}

-30
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(d) ay
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—0.45

40

0.5

04r —

0.3
0.2f
0.1r

-0.1r
-0.2r
-0.3r
-0.4r

-1
22

-0.5
0

Figure 5.5. Nyquist plots of IT22 (a < 0 and ah = —1)
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is less than 1/ |al, i.e.,
Yopt < 1/ |a].

This actually reflects the right half of the condition (5.5).
When 0 < v < 1/]al, the eigenvalues £ of H are on the jw-axis. Substi-
tute A = wi with w = \/y~2 — a2 into (5.21), then

o9 = (1 — 4a®~4?) cos(wh) + (3 — 4a®~?) “ sin(wh).
w
Similarly, with the substitution w = \/y=2 — a2 = 'y’l\/l —a?+2 | then

4a? h
oy = (1 — 4a®~4?) cos( \/1 - a'y(3 “ in(a V1 —a24?)
ay

\/1—a2

This surface is shown in Figure 5.6(b) and the contours of Sy = 0 on the
ah-a7y plane are shown in Figure 5.7(b). The top curve in Figure 5.7(b) char-
acterises the normalised optimal performance index ay,p,+ with respect to the
normalised delay ah. On this curve, 555 becomes singular the first time when
~ decreases from 400 to 0.

Since I — L.L, = 1 — 4a®y?, then ||Ig,|| = ... As a result, the optimal

value o satisfies
1 1

i.e., 0.5 < ayopt < 1. This coincides with the curve shown in Figure 5.7(b).
The (suboptimal) compensator for v > 7ot is discussed below.
In this case, the FIR block Z remains the same as in (5.20) and the form
is not affected because of the sign of a. However, W ™! is changed to

—a S5 (5 — 2a%) =25
W= -1 1 0
772251 + 2@2{1 0 1

and II = [Z T|W~'[}] is

—a —ﬁ'{;
My = [Z 1] -1 0
VRS 4205 1

Sy _ .
=1+ s —|2—2a (Z = 77255 — 2a%7,)

PPN z;Ze*Sh — (s —a)X3 + (26242 — 1 — 2av%5) X}
:]_—i—’Y 222' 32+,y_2_a2
. 2;36“*h — (s —a)(Z5 + 2072 27) - 2f

_ —2 yr—*
=147 2 52 4 4—2 — g2
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ay

Figure 5.6. Surface of Y with respect to ah and a7y (a > 0)

1
0.9
0.8
0.7t
0.6f
0.5
0.4r
0.3
0.2f
0.1f

ay

Figure 5.7. Contour Y2 = 0 on the ah-a~y plane (a > 0)

Apparently, I15 is stable and invertible. As a matter of fact, as required, IToo
is bistable for v > 7,p:. The Nyquist plots of Ilp for different values of ay are
shown in Figure 5.8 for ah = 1. The optimal value 7op is between 0.73/a and
0.74/a. This corresponds to the transition from Figure 5.8(c) to Figure 5.8(d),
in which the number of encirclements changes accordingly to the change of
the bi-stability of ITas.
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6 T T T T T 2 T T T T
-1 1
H22 1.5 - l_[22 4
4f — 1 {0
22 — ‘a2
1k ]
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Figure 5.8. Nyquist plots of IT22 (a > 0 and ah = 1)
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5.9 Summary and Notes

This chapter derives the solution to the delay-type Nehari problem. This gen-
eralises the result for the stable case [182] to the unstable case. This is also
an extension of the conventional (delay-free) Nehari problem to the case with
a delay. The solvability condition is formulated in terms of the nonsingularity
of a matrix.

The solution to a more general problem (but for the stable case) where the
delay is replaced by an inner function m(s) was conjectured in [182], which
was then proved in [66] by using the skew Toeplitz theory. A simple proof in
the s-domain was then given in [125]. Another simple and elegant proof was
given in [154]. An easier formula for computation was given in [56] where m
is a pseudo-rational transfer function and it was then extended to the mixed
sensitivity problem in [55].



6
An Extended Nehari Problem

In this chapter!, a different type of Nehari problem with a delay is consid-
ered. Here, instead of the requirement on the stability of the compensator K,
the stability of the closed-loop transfer matrix is required. Hence, the norm
involved in this chapter is the H°-norm rather than the L°°-norm. As will
be seen in the next chapter, the solution to this problem is vital for solving
the standard H°° problem with a delay. While the solvability condition of this
problem is well known, the parameterisation of all the suboptimal compen-
sators is not trivial.

6.1 Problem Statement

The extended Nehari problem with a delay (ENPy)) is formulated as follows.

Given a v > 0 and a strictly proper but not necessarily stable
Gpi1, find a proper (but not necessarily stable) Qg such that
Gpi1 + e *"Qp is stable and

HGﬂll + e_‘gh’QgHoo <. (6.1)

If Qs(s) € H* is required, then the H*-norm in (6.1) becomes the L>°-
norm and the problem becomes the delay-type Nehari problem (NPy)) studied
in the previous chapter. When Gpgy; is stable, this problem is the same as the
NPy, with a stable Gg.

! Portions reprinted, with permission, from [162]. ©IEEE.
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6.2 The Solvability Condition

The ENP}, (6.1) is actually a stabilisation problem. It can be converted to a
conventional Nehari problem

e Qz + Qol| . <, (6.2)

where Qg = éﬁll + Qg is stable and Qz = G11 — e_Shéﬁn =71,{Gpi1} isa
(stable) FIR block. This was obtained by Mirkin [85] as a constraint imposed
on the free parameter of the delay-free H> controllers for processes with a
delay. An alternative implicit solution can be found in [87], which seems not
straightforward.

It is well-known [36, XXXV 4| that this problem (i.e., the ENPy)) is solv-
able iff v >~ = ||Fesh,Qz ||7 where I denotes the Hankel operator. Inspecting
the transfer matrix e*"() 7, one can see that vy, is actually the L [0, h]-induced
norm of Gy, i.e., yn = [|Gpuillf, - Various methods [30, 41, 182] have
been proposed to compute this norm; see Section 3.6 for more details. A sim-
ple representation of v is the maximal v making Y55 singular [182], i.e.,

v = max{~y : det X3 = 0}, (6.3)

which is now known as the Zhou-Khargonekar formula [55].

6.3 Solution

Theorem 6.1. Given Ggi1 = A B] there exists an admissible solution to the

{—C 0]’

extended Nehari problem with a delay iff v > ~vn. Furthermore, if the above
condition holds, then all Qg satisfying (6.1) are parameterised as

_ I0].,1
where

A ~72BB* 0
Zy = —m{| -C*C —A* O~ |}, (6.5)

0 ~2B* 0

A 21985'0" —X5'B
W= -C I 0 , (6.6)
y2B* X3, 0 I

and Q(s) is a stable free parameter with |Q(s),, < -

Remark 6.1. When Gg1; is stable, the ENPy, is the same as the NPy, with a
stable G. Indeed, the solution of the ENP} is the same as that of NP} in
this case given in Corollary 5.1 (Subsection 5.5.1) for a stable Gg.
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6.4 Proof

The first part of Theorem 6.1 has been shown in Section 6.2. The only thing
left to be proved is to derive the parameterisation of ()3 under the condition

Y > Yh-

6.4.1 Rationalisation by Z;

The ENP}, problem (6.1) can be associated with the following system in chain-
scattering representation:

—sh
][5 = [0 [E] maramamom
and hence can be re-written as |H,(G, Q)| < 7, as shown in Figure 6.1.
It is well known [39, 58, 80] that the H* control problem is closely related
to the matrix G~ J,G. Moreover, the H> problem (6.1) is solved once G(s)
is completed to be a J-lossless transfer matrix.

Meinsma and Zwart [80] studied a 2-block problem, where G is stable. The
result cannot be directly used to solve the extended Nehari problem with a
delay because G is not necessarily stable and, more importantly, neither is
Q3. However, the ideas are borrowed.

zZ1 u2

Z q o—hT < \. Qs

Figure 6.1. Solving the ENP}

By introducing the FIR block
_ —sh - Goui 1| _—on
Z1(s) = Fo(s) + Fi(s)e™" = —mn{Fu( Y GR)) (68)

the following matrix:
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I0
Z 1

elementary transformations, ©~! can be obtained (see Section 5.6) as

becomes rational (bearing in mind that [ ] is a unimodular matrix). Using

A ~v2BB* 0 4 25..B
@_1 o 0 —A* —-C* ’)/_22213
o -C 0 I 0

VEBRES —y B Y, 0 7P

6.4.2 Completing the J-losslessness
©~! can be further factorised as
ot=w. gt w,

where W1 is given in (6.6), without the need to solve any Riccati equation?
but using the Y-related identities given in Lemma 3.14. The following transfer

matrix:
My1 Mo | . 10 1
M = =G W )
[Mgl Mgg] {Zl I]

of which the realization is given in Section 6.5, is stable and J-unitary. Further-
more, it is J-lossless because its (2,2)-block Mas can be shown to be bistable
using similar arguments to those in [80, p.284: the second part of Condition 2
in the Proof of Theorem 5.3]. It can now be concluded, according to Theorem
6.2 in [80, p.281], that

Gpii +e Qs =H, (M, Q)

is stable and HGBH + e’ShQBHOO < 7y for

%= 7 7| w @ (6.9)

with any stable Q(s) having ||Q(s)||,, < 7. This condition is also necessary,
as demonstrated below by applying the arguments in [78]. By construction,

HGﬁll + e_ShQBHLm <7 ifandonlyif [[Q(s)l[,_ <~

for

o=mov| 3§ e

Since

1 0 10
lim Wi(s = ,
Res>0,|s|—oo ( ) |:_Zl(8) I] |:0 I:|

2 This is a notable characteristic. Due to this, G511 may have jw-axis poles and/or
ZEros.
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it is true that

Q) =13 7| Qatoe) = Qutee).

This implies that Q(s) given above is proper iff Qg(s) is proper, yet the set of
proper operators in L™ is in fact H> [137] (see also [21, A6.26.c, A6.27]). So
if Qg solves ENPy,, which means @ is proper, then necessarily [|Q(s)|| ., < -

The only thing left to be proved is the state-space realization of Z;, which
can be found as given in (6.5) using the formula in Subsection 3.3.1.

6.5 Realization of M

Since
My Mo I0|.,1
[Mm Mzz} |:Zl I}
_ e MWt + Gp11(Z1 Wiy + War) e ™" Wig + Gp11(Z1 Wiz + Was)
Z1Wi1 + Woy Z1Wia + Waa

where W1 as given in (6.6) is re-written as w;: g;] according to the original

partition, M can be obtained by elements as follows:
(i) Moy: Since Z(s) = Fy(s) + Fi(s)e ",

My = [Fy I [%ﬁ] + FWie ™",
where
Wi [ A y"2BB* 0 0 A D1 X5 C*
(R 1] [W ]_ ¢ A co|| e I
2 VTEBRES —yPBrYY 0 I |yBrE 0
A y~2BB* 0 0
| —cC —A* —Cc*C C*
- 0 0 A D1 X5t C*
|y72Br Yy —y T PBR Y T RBr Y, 0
[A ~~2BB* 0 0
0 —A* —Cc*C c*
|0 4?BB* A XpYn0*
| 0 =y 2B* 2 v BY Y5, 0
A ~72BB* 0
= |-Cc*Cc —-A* zGer |,
| 0 2B 0

and
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A 4 72BB* DXy C*
BWy = | -C*C —A* c*
0 7 2B* 0

According to the definition of the truncation operator 7,
A 472BB* 0
M21 = Th{ —C*C —A* 22_210* }
0 —72B* 0
(i) My = e "Wy + Gp11Mo1, in which the delay-free term is

A ~472BB* 0 0
—Cc*C —A* 0 Zpler
0 —y2BB* A 0
0 0 -C 0

A 472BB* 0
= |-crc -4 xspler
C 0 0

and the delay term is

A 4 2BB* 2155, C*
Wi +Gp1 - | —C*C —A* cr
0 ~72B* 0
A y72BB* 0 X195,,'C*

_ [ A D55, CF -C*C —-A* 0 c*
B e Tl o0 42BB A 0
0 0o -C 0
[ A 4 72BB* D355, C*
=1+ |-C*C —A C*
e 0 0

According to the definition of the truncation operator 7,
A ~72BB* 0
My =e "I +n,{|-C*C —A* X'C*|}.
C 0 0

(iii) Mag: Since Z;(s) = Fy(s) + Fi(s)e™ ", then

W s
M22:I+[F0 I] |:W221i_[:| + 1 Whise h,
where
W A ~2BB* 0 0 A
[Fo I] 2 ol=| -cC —A* C*0 ~C
W22 -1 —23*2* —23*2* —2 % Yk
Y 21 — Y n 01 Y eBrYS
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A y~:BB* 0 0
_ -Cc*C —A* -Cc*C 0
N 0 0 A -Y5'B

[V PBRYS, —TPBR I R BEy 0

A v ?BB* 0 -X3,'B
| —cc —A* 0 0
N 0 0 A-XB

2B Sy -y IB I 0 0

A v 2BB* —X3,'B
= -C*C —A* 0

[V 7PBRYS —yTPB Y, 0

A ~72BB* -B
=|-C*C -A* X,'SuB|,

| 0 —7?B* 0

using a similarity transform with X at the last step, and

A ~2BB* —-X;B
FWyy = | —C*C  —A* 0
0 ~y72B* 0

According to the definition of the truncation operator 7,

A ~72BB* -B
Moy =I+m{| -C*C —A* X,'5,B|}.
0 —72B* 0

(IV) Mo = €_ShW12 + Gﬂlleg, in which the delay—free term is

A ~7?BB* -B
Gpi1+Gpi1- | —C*C  —A* 22_212213
0 —y72B* 0
A y72BB* 0 -B
—-C*C  —A* 0 X3'YuB
0 - 2BB* A B
0 0 -C 0
A ~72BB* -B
=|-CC —-A" ¥,'YuB
c 0 0

and the delay term is
A ~47?BB* -X.)B
W12 + Gﬁll . —C*O —A* 0
0 ~72B* 0
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A ’y_zBB* 0 —Ez_Q*B

[ 4 -2,B —Cc*'C —A* 0 0
“l-c o 0 7 2BB* A 0
0 0 -C 0

A 4 2BB* —%,,B
= |-crc —ar 0
- o0 0

According to the definition of the truncation operator 7,

A ~72BB* -B
My =7,{| -C*C —A* X,'5uB|}.
C 0 0

Combining the above results, M is then obtained as

A ~472BB* 0 -B
e "1 0 —C*C —A* X0 X5, 5B
M—[o I}JFT’“L{ c 0 0 o |F
0 —2B* 0 0

6.6 Summary

The extended Nehari-problem is solved in this chapter. This is a very similar
problem to the delay-type Nehari problem considered in the previous chapter.
The difference is that, instead of requiring the stability of the compensator
K, the stability of the closed-loop transfer matrix is needed. The solvability
condition is known, but the parameterisation of all the suboptimal compen-
sators is not trivial. This result will be used in the next chapter to solve the
standard H°° problem with a delay.



7
The Standard H*° Problem

In this chapter,' the standard H> control problem for processes with a single
delay is considered. A frequency-domain approach is proposed to split the
problem to a standard delay-free H*® problem and a one-block problem. The
one-block problem is then further reduced to an extended Nehari problem.
Hence, for a given bound on the H°°-norm of the closed-loop transfer function,
there exist proper stabilising controllers that achieve this bound if and only
if both the corresponding delay-free H* problem and the extended Nehari
problem with a delay (or the one-block problem) are all solvable. Applying
the results obtained in the previous chapter, the solvability conditions of the
standard H°° control problem with a delay are formulated in terms of the
existence of solutions to two delay-independent algebraic Riccati equations
and a nonsingularity property of a delay-dependent matrix. All suboptimal
controllers solving the problems are, respectively, parameterised as structures
incorporating a modified Smith predictor.

7.1 Introduction

The H® control of processes with delay(s) has been an active research area
since the mid 1980s. Early frequency response methods treated such systems
within the framework of general infinite-dimensional system theory [30, 31,
115, 138, 139]. This resulted in rather complicated solutions, for which the
structure is not transparent. Some problem-oriented approaches [13, 26, 59,
100] were motivated to exploit the structure of systems and simpler structures
incorporating finite-impulse-response (FIR) blocks were proposed in [111, 117,
118] for implementation. Although considerable progress has been made in
this direction, most of the existing solutions still lack the transparency of
the classical predictor-type controller. For example, Nagpal and Ravi [100]
obtained remarkably elegant solvability conditions for the general H® control

! Portions reprinted, with permission, from [162]. ©IEEE.
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problem; however, the resulting controllers are extremely complicated. The
recent work of Tadmor [134] has made the solution much simpler, but still
not very transparent. One of the Riccati equations of [134] depends on the
delay as well as on the solution of another differential Riccati equation. A
notable exception is the recent work of Meinsma and Zwart [80], who derived
the solution of the 2-block mixed sensitivity problem using a Smith-predictor-
type controller. This approach was extended to the standard H*° problem
[79] by reducing the four-block problem to a two-block problem. However,
the solution is based on several intermediate model transformations and, as
a result, the final formulae are rather involved and the Riccati equation still
depends on the delay. Moreover, there is no clear relationship between the
solutions of the H*° problems for the system with a delay and for its delay-
free counterpart. It is not clear how the delay affects the achievable cost or
what is the rationale behind the prediction block, especially in the four-block
case; see [92] and references therein.

Mirkin [85, 87] treated the delay element not as a part of the generalised
plant but as a causality constraint imposed upon the controller and then
extracted the controller from the solution of the delay-free counterpart. Using
this idea, the four-block problem was reduced to a one-block problem and the
relationship with the delay-free counterpart becomes clear. In this approach,
it is necessary to find the constraint imposed on the free parameter in the
solution to the delay-free problem. This is difficult and offers few hints for the
case with multiple delays. Moreover, parameterising the transfer functions to
satisfy the desired constraint is not easy.

This chapter presents a more natural and more intuitive approach to solve
the problem in the frequency domain. The four-block problem is reduced to
a delay-free four-block problem and a one-block problem with a delay by in-
serting a unimodular matrix and its inverse. According to the chain-scattering
theory [58], this transformation does not change the problem (in fact, this idea
can be generalised to the multiple-delay case or even some other cases having
a constrained controller). The one-block problem with a delay is then reduced
to the extended Nehari problem with a delay by inserting a unimodular FIR
block. Using the solution to the extended Nehari problem obtained in the
previous chapter, the solutions to the one-block problem and to the standard
problem are recovered. This also offers a proof for a different (but equivalent)
result given in [85, Lemma 2|. An alternative proof can be found in [87].

The rest of this chapter is organised as follows. The problems are stated
in Section 7.2. The main problem is reduced to a delay-free problem and an
extended Nehari problem with a delay in Section 7.3. The solutions to the
problems are given in Section 7.4. Proof of the solution to the main problem
(and the one-block problem) is given in Section 7.5.
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7.2 Problem Statements

The main problem considered in this chapter is the standard H* control
problem for systems with a single delay. This problem is solved via reduction
to a one-block problem with a delay and, then, to an extended Nehari problem
with a delay.

7.2.1 The Standard H* Problem (SPy,)

The standard H* control problem for systems with a single I/O delay (SPy,)
is formulated as follows.

Given a v > 0 and the general control setup for processes with
a single I/O delay as shown in Figure 7.1, find a proper con-
troller K such that the closed-loop system is internally stable
and

|F(P, Ke™*™)|| . < - (7.1)

When h = 0, the problem becomes the common standard H°° control
problem (SPy).

z w
- -
P
u1
y - e Shy < u
> K

Figure 7.1. General setup of control systems with a single I/O delay

7.2.2 The One-block Problem (OPy,)

The one-block problem for systems with a single delay (OPy)) is formulated
as follows.
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Given a 7 > 0 and a not necessarily stable Gz with
Gp(0) :[%], find a proper (but not necessarily stable) K(s)
such that

| 7u(Gp, Ke_Sh)Hoo <. (7.2)

This is actually a special case of the general one-block problem, where the
(1, 2) and (2, 1) blocks of Gg(c0) are identity matrices. In order to simplify
the exposition, another condition that the (1, 2) and (2, 1) blocks of G have
a stable inverse will be assumed in this chapter. This is sufficient to derive the
solution to the main problem.

7.3 Reduction of the Standard Problem (SPy,)

7.3.1 The Standard Delay-free H* Problem (SPg)
Assume that the plant in Figure 7.1 is realized as

Ap Bpl Bp2

[ Pii(s) Pia(s) | _
P(s) = [le(s) Pzz(s)} a gﬁ; ng Dglz

and the following standard assumptions hold:
(A1) (Ap, Bpe) is stabilisable and (Cpa, Ap) is detectable;

(A2) [‘4p C’:“ g;fz] and {Af’gpi“” g:;l} have full column rank and full row rank,

respectively, Vw € R;
(AS) D;12Dp12 =1 and DP21D;;21 =1.
Assumption (A3) is made to simplify the exposition although, in fact, only
the nonsingularity of the matrices Dj,Dp12 and Dpa1 Dy, is required [40].
When h = 0, the problem is reduced to the common standard H° control
problem, for which the well-known results are given in [25, 39]. The following
two Hamiltonian matrices are involved in the solution:

A 7723 1B* B 2
Hy = p p pl _ D D* C B*
’ [_ 1 Cp1 —A3 —C}1 Dp1a [ p12Lpl p2:|a

_ Ay yCH0n p2 x
s N B A LS T
Lemma 7.1. [39] Assume that the conditions (A1-A3) are satisfied, then
there exists an admissible controller K, denoted Ko, such that || Fi(P, Ko)| o, <
v (i.e., the delay-free case when h = 0 in Figure 7.1) iff the following three
conditions hold:

(i) Ho € dom(Ric) and X = Ric(Hp) > 0;
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(i) Jo € dom(Ric) and Y = Ric(Jy) > 0;
(iii) p(XY) < 2.
Moreover, when these conditions hold, all admissible controllers such that

| Fi(P, Ko)|l., <~ are parameterised as
Ko = H,(Ga, Qu) (7.3)
where
Aa — 3102 By By
Go = Ch I 0
—Cy 0 I
with

Aq = Ap+ LCpy +772YC Cpr + (Bp2 +772Y Cpy Do) F,

By =-L, By = By + 7 2Y C}y Dp1a,
C1 = Fv, Cy=—(Cp2 +7 *Dpn1 B X) ¥,
F=—(BpX + Dp15Cp1), L=—(YCpy+ BpiDpyy),
v=(1-77YX)"

and Qn(s) € Hy is a free parameter satisfying

1Qa(s)ll oo < (7.4)

7.3.2 Reducing SPy, to OPy,

The general setup for control systems with a single I/O delay shown in Figure
7.1 can be equivalently depicted in chain-scattering representation as shown in
Figure 7.2(a). Since G, and C.(Gg) = G ' are all bistable |58, p214], inserting
G, and its inverse C,(G ) between the process and the controller, as shown in
Figure 7.2(b), does not change the solvability condition of the original problem
according to Lemma 3.2. The original four-block H* control problem is then
split into a delay-free problem and a one-block problem as given in (7.2),
where

A B B
Gy— [Con Co| _| g
o Gs21 Ggaz —C; I 0

with A = A, — B1Cy — B2C;. Although A, and/or A may be unstable but
A+ ByCy = A, — B1Cy and A+ B1Cy = A, — B2C are always stable [58].

In the sequel, because of the slight notation change in the realization of
Gp11 (B — By and C — C1), H is defined in a slightly different way as

[ A BB
H_[—CfCl —ae |
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z \Ul u
- e*ShI -«

w Y

Delay-free problem 1-block delay problem

(b) decomposition of SPy,

Figure 7.2. Reduction of SPy to SPo and a one-block delay problem

Note: It is assumed that P»: is invertible here, so that C.(P) exists. This assumption
does not affect the results and can be removed because G, is not affected by this
condition and the block C,(P) can be re-formulated in the input—output represen-
tation as usual. A tagged right-upper corner indicates that the matrix in the block,
e.g., Ga, is a right CST and hence there is no confusion.

Correspondingly, the definitions of X' and ~;, are, respectively,

2 22| - Ee
Y= = , 7.5
[221 222} ‘ (7.5)
and
v = max{~y : det X33 = 0}. (7.6)

7.3.3 Reducing OPy, to ENPy,

The transfer function involved in OPh is

-1
]'—I(GB, KeiSh) = Gﬁu + eiShGgng (I — GﬁggKGfSh) GB217
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K
< Q- Goo « 1 eshp
+
A\ \
Ggs11 Gpa2 Z2 Ky
A A
w0 - G O y -O
(a) introducing Z
21 Q< efshl - 2 G[“Q - Qﬁ
+
\
Gﬁll éﬂ22 K
A A
o L, = G O

(b) formulating the problem as ENPy,

Figure 7.3. Reducing the one-block problem to ENPy

which is depicted in Figure 7.3(a). It can be further simplified by introducing
a modified Smith predictor-type controller

. _ 10
K:Kh(I+ZQKh) ! :HT(|:Z I:| 7Kh)v (77)
2
where Z5(s) is a (stable) FIR block
Zo = —mi{Gpn} = —Gpaz + e "Gpan (7.8)

10
Z, 1

the solvability of the problem, according to Lemma 3.2, and the OPy, given in
(7.2) is then converted to the ENP}, given in (5.3), as shown in Figure 7.3(b),
where

and is a unimodular matrix. Hence, this transformation does not change

. G312 0
=H, _1 A 11, Kp). 7.9
Qs ( —G[3211GB22(S) Gﬂ211 2 (7.9)
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This means that there is a bijection from proper (g to proper K. Hence, the
following lemma is now obtained:

Lemma 7.2. SPy, is solvable iff its delay-free counterpart SPo and the corre-
sponding ENPy, (or OPy,) are all solvable.

This transformation is not necessary. However, it may offer some useful
hints for solving the problem with multiple delays.
7.4 Solutions

7.4.1 Solution to OP}l

Theorem 7.1. For a given

A Bj Bs
Gg=|-C1 0 I
-Cy I 0

with stable A 4+ BoCy and A + B1Cs, there exists an admissible solution to
OPy, iff v > Yn, where vy, is defined in (7.6).

Furthermore, if this condition holds, then all K satisfying (7.2) are pa-
rameterised as

B 10 1
K = m([z I} ) (7.10)
where
A y72B1Bf Bs
_02 q/szf 0
A+ ByCy By — £1555,' CF $35" By
V71 — Cl I O ) (712)
—y B T5 - Ce X 0 !

and |Q(s)||, <7 is a free parameter. X :B;: iz] is defined in (7.5).

7.4.2 Solution to SPy,

Theorem 7.2. Assume that the conditions (A1-A3) hold, SPy, is solvable iff
the following conditions hold:

(i) Ho € dom(Ric) and X = Ric(Hp) > 0;

(i) Jo € dom(Ric) and Y = Ric(Jy) > 0;

(iii) PXY) < 7%

() v > Yn-
Furthermore, if these conditions hold, then all K satisfying (7.1) are given in
(7.10) with (7.11) and (7.12).
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Remark 7.1. The solvability conditions of the standard H>® control problem
for systems with a single delay are those for the delay-free case plus the non-
singularity of Xoo. This result is very compact.

Remark 7.2. For delay-free systems (i.e., h = 0), X' = I. Yoo = I is always
nonsingular for any v > 0, condition (iv) disappears and V! becomes G,,.
Hence, condition (iv) can be regarded as the additional cost of the delay.

Remark 7.8. V is bistable because X'3;* (A + B1C3) X5, ~ A+ B1Cs, which is
also stable [58].

Remark 7.4. This theorem indicates that CT(P)[;HV_1 is J-lossless and,

hence, its lower-right block is bistable.

7.5 Proof

The first part of Theorems 7.1 and 7.2 has been shown in Section 7.3. Here,
only the second part, to recover the controller K, will be shown.

7.5.1 Recovering the Controller
From (7.9), K}, is recovered as

Ggfz 0

Kn=H.(| A _
" ( Gp2G1y Gon

] , Qp). (7.13)

Hence, combining (7.13) with (7.7) and (6.9), the controller K can then be
recovered, as shown in Figure 7.4(a), as

10 G 0 I0
K=m™H, r s ’ r -t
H (|:Z2 I:| ) H ( Gﬂ22G5112 Gﬂ21 H (|:Z1 I:| w 7Q)))
Galy 0

_ m([ } Q)

Gpa1Fo + €_Sh’~7‘-u(G/3a7_2G§11)G5112 Ga21

where Z; and W~ are given in (6.5) and (6.6), respectively, with notation
changes B — B; and C' — (1. According to the formula in Subsection 3.3.1,
Fu(Gp,72GF,,) has the following realization:

A ’)/_2Ble B
fu(Gﬁv’Y_2G§11) =|-CiCy A" COf
—Cy 7—23{ 0
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Define

I
|
T
3P

Fy =

then
Z = Fy+ Fu(Gp, v °Ghun)e ™" = —mn{Fu(Gp, 7 *G311)} (7.14)

is an FIR block. As a result,

I0 Gl 0 _
K="H, p2 } wQ).
([Z I] [Gﬁleo — Gy, Gpan 9

Define 1
G5 0
V—l - £12 B :| W_l,
|:G/321F0 - F2G5112 Gp21
then

K :Hr([é _(Z)':| V_lyQ)a

as given in (7.10). The simplified structure of K is shown in Figure 7.4(b).

7.5.2 Realization of V1
Gpa1Fo — FgGEllz can be found as

Gpoa1Fo — F2G5112
A 2 BiBISS — P BiBIS 0

_ A ~ 2B B; 0
- —-C7Cy —A* Cy
-Cy y7°BiX; -y 7°BiXi 0
A y2B1B;} B:C1 B2
n -CiCh —A cic: Ct
0 0 A+ BCy Bs
—C2 X5 — v ?Bi X5 CoXi + v ?Bi X 0 0
A 0 0 — X107
3 A y~2B1 B} 0
- —-C7Cy —A* cy
—Cy v ?Bi X3 + C2 X35 —y °BiXi; — oY, 0
A ~ 2B B; 0 0
n —-CfCy —A* 0 Cy
0 0 A+ BCy B
—CoX5 — 7 Bi X5 CoXiy + 77 BiXT; —CoX3y —y °BiX3; 0
A+ By(Cq 0 Bs
= 0 A —X5Cf

— 2By X5 — Co X5y —Ch 0
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G5112 - \<

A S

\4 v \4

Z2 Gpa2 Z1 w-t Q

- ) -
y ’é ’é ~ Gun ’é >
(a) recovered structure

& .

zZ y! Q

(b) simplified structure

Figure 7.4. Recovering the controller K

Hence,
A+ By 0 By 0
Gaia 0 7]_ 0 A —X5Cf By
GparFo — Gy G o 0 I 0|’
—yT2IBiYg — 05, —Cy 0T
and V1! is obtained as
G5} 0
vl = B12 3 wt
[GBQIFO - FszlQ Gﬁ21:|
A+ B2Cq 0 —B>C1 Bs 0
0 A X5CiCL+~2BiBiXy —X5.C% B
= 0 0 A Y1255 CF = X5 By
Ch 0 —-C I 0

— 7 BiY5 — Ca X35 —Co Y ?Bi X5 0 I
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A+ ByCh 0 0 Bx— X1255,'Cf X5,°By
0 A0 0 0
= 0 0 A XipXp'Ct —-X5 B
4 0 0 I 0
| =7 2Bi X3 — 0253, —C2 0 0 I
A+ BoCy By — X1255,'CF X5y B
= Ch I 0 ,
| -7 ?Bi X5 — C2 X5 0 I

where the following equality given in Lemma 3.14 is used:

Y3 A — AXSy +y 2B By X5, + X5,CrCy = 0.

7.6 Summary and Notes

This chapter derives a complete solution to the standard H°° problem of
rational plants with a single I/O delay. It is solved by splitting the original
problem to a delay-free problem and a one-block problem (OPj},) and then
OPy, is further reduced to an extended Nehari problem (ENPy, ), mainly using
a new interpretation of Kimura’s theorem [58, Lemma 7.1|. Using the solution
to the ENPy, proposed in the previous chapter, the H°® controllers for the the
one-block problem and the standard H*° control problem are recovered.

The idea used in this chapter may be useful to solve H*>® control problem
for systems with multiple delays. The suboptimal controller incorporates an
FIR block. This FIR block can be obtained by combining two FIR blocks
using two steps. This may be a useful hint to solve the multi-delay problem.
It has been shown that the standard H°° control problem for plants having
constraints can be solved in a clear and simple way by reducing the original
problem to a nonconstrained problem and a one-block problem with con-
straints. Once the one-block problem is solved, the original problem is solved.

The fact that the inverse of the lower-right block of C,.(P) [ A (]’}Vfl is also sta-

ble may well be useful for the robust stability analysis of time-delay systems,
which is a very active field [43, 44, 164].



8
A Transformed Standard H*° Problem

It has been shown in the previous chapter that the standard H°° problem of
time-delay systems is very complicated. In this chapter,' a transformation is
presented to solve the standard H>° problems of dead-time systems similar
to the finite-dimensional situations. With some trade-off of the performance,
the following advantages are obtained: (i) The controller has a quite simple
and transparent structure; (ii) There are no any additional hidden modes in
the Smith predictor. As a result, the practical significance of the approach is
obvious.

8.1 Introduction

Dead-time systems are systems in which the action of control inputs takes
a certain time before it affects the measured outputs. The typical dead-time
systems are those with input delays. It is well known that it is very difficult to
control such systems. The Smith predictor [126] was the first effective way to
control such systems and many modified Smith predictors have been proposed
[113]. In recent years, many researchers have been interested in the optimal
control of dead-time systems, especially H., control, i.e., to find a controller
to internally stabilise the system (if so, called an admissible controller) and to
minimise the H,,-norm of the transfer matrix from the external input signals
(such as noises, disturbances and reference signals) to the output signals (such
as controlled signals and tracking errors).

With the help of the modified Smith predictor, many robust control prob-
lems for dead-time systems, such as robust stability, tracking and model-
matching and input sensitivity minimisation, can be solved as in finite-
dimensional situations [80, 104]. However, the sensitivity minimisation, the
mixed sensitivity minimisation and/or the standard H., control problems
cannot be solved in this way. Very recently, notable results were presented in

! Portions reprinted from [157, 161], with permission from Elsevier.
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[80, 85, 100, 134, 160, 162] using different methods. The results in [80, 85, 162],
which are formulated in the form of a modified Smith predictor, are quite ele-
gant and the ideas are very tricky, but the controllers are too involved. Specif-
ically, the Smith predictor involved is complex and, even more, relates to the
performance level . Hence, there exist problems in applying the method to
systems with long dead time, as pointed out by Meinsma and Zwart [80]. See
also Chapter 10. Another disadvantage is that the predictor (see, Ftqp in [80,
Theorem 5.3|, Ay 00 in [85, Theorem 2| or A(s) in [162, Theorem 2|) always
includes additional unstable hidden modes, even with stable plants, because
the hidden modes are the eigenvalues of a Hamiltonian matrix. As can be seen
from Chapter 11, the implementation of such a predictor is not trivial.

In this chapter, a transformation of the closed-loop transfer matrix of
dead-time systems is proposed to simplify the problem. In fact, it is a new
H, performance evaluation scheme for dead-time systems. With this transfor-
mation, all robust control problems can be solved as in the finite-dimensional
situations. The controller obtained has a simple and transparent structure
incorporating a modified Smith predictor. The resulting Smith predictor de-
pends only on the real plant and is independent of the performance level ~y
and of the performance evaluation scheme. There do not exist any additional
hidden modes in the predictor and, hence, it is easy to implement. The cost to
pay for these advantages is some performance loss from the conventional H,
control point of view. When the dead-time h becomes 0, the transformation
becomes null. Hence, it can be regarded as an extension of the conventional
performance evaluation scheme for dead-time systems. This transformation
does not affect the original system and is easy to apply because it, virtually,
subtracts an finite-impulse-response (FIR) block from the original system.

The rest of this chapter is organised as follows. The transformation (or the
new performance evaluation scheme) is presented in Section 8.2; the solution
to Hs control of dead-time systems with an input/output delay is given in
Section 8.3 and an example is given in Section 8.4.

8.2 The Transformation

The general control setup for dead-time systems with a input or output delay
is shown in Figure 8.1, where

[Pi(s) Puals)
P(s) = {Pﬁ(s) Pli(s)} :

The closed-loop transfer matrix from w to z is
Tow(s) = P11 + e*ShPmK(I - efshpzzK)flpzb

This means that there exists an instantaneous response through the path Pi;
without any delay. A clearer equivalent structure is shown in Figure 8.2. It
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is not difficult to recognise that, during the period ¢t = 0 ~ h after w is ap-
plied, the output z is not controllable (i.e., not changeable by the control
action) and is only determined by Py; (and, of course, w). However, the re-
sponse during this period may dominate the system performance index. This
means the performance index is likely dominated by a response that cannot
be controlled. This is not what is expected. It does not make sense to include
such an uncontrollable item in the performance index. Hence, this part should
be excluded from the response when evaluating the system performance. In
general, it is impossible to eliminate the instantaneous response by simply
introducing a suitable rational Py;.

z w
-«

Figure 8.1. General control setup for dead-time systems

P o«

- 64 P - —ShK - P -«
12 e B Q- 21

z w

> P
Figure 8.2. An equivalent structure

Define an FIR block
Zl(s) = Th{Pll} = P11(3) — I:’n(s)e_s}‘,

which is exactly the uncontrollable part in T, (s). Subtract it from the feed-
forward path Py, as shown in Figure 8.3, then

Tow(s) = Z1(5) + Torw(s), (8.1)

where ~
Torw(s) = e M Py + PiaK(I — e *"Pyy K) "' Py }.

The fact shown in (8.1) was recognised in [90] to parameterise all stabilising
dead-time controllers. There is no instantaneous response in 7%/, (s). The only
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difference between T/, (s) and T, (s) is the FIR block Zi(s), which is not
a part of the real control system but an artificial part introduced into the
performance evaluation scheme. It is this FIR block that makes the control
problems so complex and difficult to solve. As shown in [85], the achievable
minimal performance index ||T%. ||, is larger than || Z; ||, . Hence,

1Z1]le < 1 Tewlloe < 1121l + I1Tzw o - (8.2)

In this chapter, | Ty ||, instead of || T ||, is optimised. Once ||T%/y ], is
minimised, the achievable performance ||T%. ||, is not larger than ||Z:|_ +
| T2r0|| o, and so is the optimal performance. Using the inequality (8.2), one
can estimate how far the suboptimal controller obtained is away from the
optimal controller.

Z1(s) <
2 iy oz w
- O< -
: P(s)
Yy < e*ShI -«
;i
Y é< ZQ(S) « u

Figure 8.3. Graphic interpretation of the transformation

8.3 Solution

Assume that the realization of the rational part of the generalised process in
Figure 8.1 is taken to be of the form

A By B
P(S) = Cl D11 D12
Cy D2y Doy

and the following standard assumptions hold:
(A1) (A, By) is stabilisable and (C2, A) is detectable;
(A2) [A’f“ Bﬂ has full column rank Vw € R;

C D12
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(A3) [4 jel B'} has full row rank Yw € R;

(A4) D12D12 =1 and D21D21 =1.

Assumption (A4) is made to simplify the exposition. In fact, only the
nonsingularity of the matrices Dy, D12 and Doy D3, is required.

Consider a Smith predictor-type controller

K(s) = Ko(s)(I — Za(s)Ko(s)) ™",
as shown in Figure 8.3, in which the predictor is designed to be
B _ A B _sh | A Bs
Zy(s) = mn{Pr} = [C2€Ah 0 ] —e [02 D | °

then the system can be re-formulated as
2" ~ w
] =7l

Shz”

with e~ = 2/, where

A €AhBl Bz
P(S) = Cl 0 D12
CgefAh D21 0

is free of dead time (but delay-dependent) and Kj is called the main controller.
The closed-loop transfer function from w to 2’ is

Toro(8) = € Tony(s) = e " Fy(P(s), Ko(s)). (8.3)
Hence, the H,, control problem
[T (8) ]l oo <y
is converted to
| 7P Kotsp)], <

This is a finite-dimensional problem, which can be solved using known results.
Since this is for the general setup of systems with an input/output delay, all the
H control problems (such as robust stability, tracking and model-matching,
input sensitivity minimisation, output sensitivity minimisation, mixed sensi-
tivity minimisation and the standard H., control problem etc.) can be solved
similarly to the finite-dimensional situations.

The solution, which is given in Theorem 8.1 below, involves two Hamilto-
nian matrices:

[ A 4 2eARB BreATh By . .
o= | _gte, BB s, | onen ).
A V2050 e=AThCy .
= [—eAhBlBi‘eA*h 4 || e, D3, [DnBie™ Coem 1]
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Theorem 8.1. There exists a main controller such that |T.(s)|, < v in
Figure 8.3 iff the following three conditions hold:

(i) Hy, € dom(Ric) and X = Ric(Hy) > 0;

(i) Jy € dom(Ric) and Y = Ric(Jp) > 0;

(iii) p(XY) < 2.
Moreover, when the conditions hold, one such main controller is

A, —L
KO(S) = |:Fh:£h Oh:| )

where
Ap = A+ LpCoe™ " +472YC;Cy + (B2 +v72Y C{ D12) Fy ¥y,
Fi = =(B3X + D1, Ch),
Ly =—-Ye 05 + "B D)),
U, = (I -~y X)L

Furthermore, the set of all admissible main controllers such that | Tsr(8)|| o, <

v can be parameterised as

Ko(s) = Fi(M(s), Q(s)),

(oo}

Ap, —Lj, B+~ 2YC{ D1
M(S) = Fh!ph i 0 I
— (CgeiAh + ’YizDngikeA hX) v, I 0

and Q(s) € Hoo, [|Q(3)]l o <7

Proof. First of all, check if P(s) meets the standard assumptions (A1-A4).

(A1) (Cye=A", A) is detectable because A + eA*LCye™4" ~ A4 LC5 and
(C2, A) is detectable;

(A3) [g;];’,{ *"2;;’?1} has full row rank Vw € R because [’éz’eff,{egfl]w[“ ’C';”’ ,ill]
has full row rank Vw € R.

The assumptions (A2) and (A4) remain unchanged. Hence, P(s) meets all
the standard assumptions. Theorem 5.1 in [39] can be directly used to solve
the problem. Substitute P(s) into the theorem, then the above result can be
obtained with ease. O

Remark 8.1. Under this transformation, neither D1; # 0 nor Dys # 0 makes
the problem more complicated. In fact, when h = 0, Z3(s) = —Dag is the
common controller transformation to make Dgs = 0 [180].
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8.4 A Numerical Example
Consider the example studied in [80], which is shown in Figure 8.4 with
1 s—1
P(s) = d Pry(s) = ,
()=, 1 and Pats) =

_0.2(s+1.1)

and Wa(s) s+ 1

Figure 8.4. Setup for mixed sensitivity minimisation

This problem can be arranged as a standard problem with

2(s+1)2 2(s+1)
(10s+1)(s—1) (10s+1)(s—1)
_ 0.2(s+1.1)
P(s) o 0 s+1
_s+1 _ 1
s—1 s—1

) T
Here, Py = — 1y, Pru=| (20507 0] . Wa(s) is delayed to be Wae ™",
which does not affect the result.
The predictor is designed to be
e h— e~

s—1

sh

There is no additional hidden pole. However, the predictor

10.755% 4+ 0.2455 — 0.3298  13.16s2 — 0.1316

B == 2o 11 T (s - 102032 +1)°

obtained using the approach in [80] is much more complicated and has two
additional hidden poles 512 = +0.2883;.

The achievable performance is listed in Table 8.1 for different delays h. The
performance does not degrade much to pay for the advantages obtained. The
frequency responses of both cases are shown in Figure 8.5. Although the Ho-
norm achieved is slightly larger than that achieved by the method of Meinsma
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Transformed

'/M—Z

' 10° 10" 10° 10° 10* 10° 10
Frequency (rad/s)

(a) h=02s

Transformed
¥

I,
O = N W » O O N 00 ©

210" 10° 10" 10° 10° 10" 10° 10
Frequency (rad/s)

6

—_
o

b)h=2s
Figure 8.5. Comparison of ||Ts.(jw)||

Table 8.1. Performance comparison

h M-Z’s || Tow(s)||,, Transformed ||T,:,,(s)||,, Transformed ||T%w(s)ll,,

0.2 0.68 0.58 0.88
2 5.22 3.86 8.34
5 109.5* 78.63 183.7

*Note: For long dead time h, e.g., h > 3.2 s, some matrices are close to
singular or badly scaled; the result of M-Z is likely inaccurate.
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0.35

Singular value of Z
o 1
N o
(3] w

o
o

0.15
102 107" 10° 10" 10° 10° 10* 10° 10°
Frequency (rad/s)
(a) h=0.2s
5
4,
N
5 al
° 3
>
[
5 ?[
>
(o))
c
&1

0

107 10

10> 10' 10° 10> 10* 10° 10°
Frequency (rad/s)

(b)h=2s

Figure 8.6. Singular value plots of Z1(s)

and Zwart (denoted M-Z in the figures), the transformed method gives better
performance over quite a broad frequency band ranging from 1 rad/s to about
10,000 rad/s. From the engineering point of view, this solution is much better.
The singular value plot of the uncontrollable part Z;(s) is shown in Figure
8.6. It is clear that the high gain of T.,, at low frequencies is primarily due to
the large singular value of Z;(s) at low frequencies.
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8.5 Summary

In this chapter, a transformation (in fact, a new performance evaluation
scheme) is introduced for the H,, control of dead-time systems. This con-
siderably simplifies the H,, control problem of dead-time systems and has
many advantages. In particular, the practical significance is obvious. Since
this is not a solution to the original H., control problem of time-delay sys-
tems there may exist some performance loss from the conventional H,, control
or mathematical point of view. An inequality can be used to estimate how far
the suboptimal controller is away from the optimal controller.
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2DOF Controller Parameterisation

In this chapter, the co-prime factorisation of all stabilising controllers is pre-
sented and then the controller is realized as a two-degree-of-freedom struc-
ture. One degree-of-freedom F'(s) is chosen to meet the desired set-point re-
sponse and the other, the free parameter Q(s), is chosen as a compromise
between disturbance response and robustness. Furthermore, the controller is
re-configured in chain-scattering representation. With this structure, which is
symmetrical for the process and the disturbance degree-of-freedom Q(s), the
two degrees-of-freedom and the differences between controllers for processes
with and without dead time can clearly be seen. It is also shown that the
subideal disturbance response can be obtained with a suitable choice of Q(s).
As a special case, the method is applied to integral processes with dead time.

9.1 Parameterisation of the Controller

Consider the following processes with a single delay h > 0:
Gp(s) = P(s)e™", (9.1)
where P(s) is a rational transfer matrix with a minimal realization

P(s) = [é ﬂ _ C(sT - A)'B.

Introduce a delay-free transfer matrix

A B

Pols) = Ce=4h 0

=Ce M (sI - A)~'B (9.2)

and assume that Py can be co-primely factorised as

Py = NoM~' = M~'N, (9.3)
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with? M, Ny, M, Ny € Hs. Then there exist rational transfer matrices
Xo, Y, Xo, Y € Hy, such that the following Bezout identity holds:

Xo Y] [M-Y] [I0 (9.4)

~No M| |No Xo| |OT]" '
The set of all proper controllers internally stabilising the delay-free processes
Py(s) is given by

Ko = (=Y + MQ)(Xo+ NoQ)™' = H, ([%} }ﬂ , Q) . (95)

N Ko = (Xo+QNo) ' (=Y + QM) =H, ([_X]S_O AZ] , Q> (9.6)

for any @ € Heo.
Since P(s) and Py(s) have the same denominator det(sI — A), P(s) can
be co-primely factorised over H,, as

P(s)=NM~'=M"'N (9.7)
and the process can be factorised as

Gp(s) = (Ne "YM~t = M~Y(Ne™h).

Define a predictor as?

Z(s) = Py(s) — P(s)eihS

= NoM ™ — (Ne~ )M~}

= M~'Ny— M~} (Ne~h).
Then, Z(s) is stable because

Z(s) = Ce (s — A)™'B — C(sI — A)"*Be™"*
= Ce A (I = e*h(SI*A)) (sI —A)"'B

is an entire function of s (actually, it has a finite impulse response with support
on [0, h]) and belongs to Ho, [90, 113].

Theorem 9.1. Let M, Ny, M, No, Xy, Y, Xo, Y be a double co-prime fac-
torisation (9.3, 9.4) of Py(s) over Hso, then the set of all proper controllers
internally stabilising the processes with dead time (9.1) is parameterised as

K=H, ([_IZ?] , K0> 9.8)

! The argument s of a transfer matrix is often omitted for simplicity.
2 The choice of Z is not unique. See Chapter 10.
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K:Hl([éﬂ,f(o), (9.9)

where Ko and Ko, as given in (9.5) and (9.6) respectively, are the set of all
stabilising controllers for Py(s).

Io][M-y] [ M -Y
—ZI||Ny Xo| |Nehs X
Xo Y][I0] X Y
~No M| |ZI|  |=Nehsp|’
where X = Xo + ZY and X = Xo+ Y Z , then
X Y M -Y
_NefhsM Nefhs X
[ Xo Y][IO][ T 0][M -Y
T | -NoM||ZI)||-Z1I||No Xo
[ Xo Y][M Y
—No M | | No Xo

(1o
or]

or as

Proof. Since

and

This means that the above equation is a double co-prime factorisation of the
processes with dead time. According to the Theorem 11.6 in [180, Chapter 11],
the set of all proper controllers achieving internal stability of the processes
with dead time is parameterised either by

K(s) = (=Y + MQ)(X + Ne @)=t

=H, (_N‘Q/jhs _)3/] ) Q>

([ L[]0

([25] %)

K(s) = (X +_QNe~_h5)_~1 (=Y + QM)
=74 (| _gen 1) @)

([ %] [29] @)

[10] -
Hl(-ZI]aK())

or by
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with Ky and K given in (9.5) and (9.6) for any Q € H., since lim,_ o (I +
X 'Ne Q) =1 +#0 and lim, oo (I + QNe " X~1) =T 0. O

Remark 9.1. Z = Py(s) — P(s)e™"* is a modified Smith predictor. When P(s)
is stable, Py(s) may be chosen as P(s) and then Z is the well-known Smith
predictor. Thus, Ng = N, Ny = N.

Remark 9.2. If P(s) is unstable, then the implementation of Z(s) is not trivial.
See Part II for more details.

Remark 9.8. A similar idea was used in [19].

9.2 Two-degree-of-freedom Realization of the Controller

9.2.1 Control Structure

There are many realizations of the controllers given in (9.8) and (9.9). A
scheme with two-degrees-of-freedom for (9.9) is shown in Figure 9.1(a), where
F(s) is a pre-filter. It is easy to see that the two degrees-of-freedom are F(s)
and Q(s). If h = 0, then Py(s) = P(s) and Z = 0. The block {é ﬂ becomes an
identity matrix and can be neglected. In other words, the only effect of dead
time h on the control system is to insert a block [ éﬂ between the delay-free

controller block [ ) Jﬂ and the process P(s)e™"*.

According to this structure,

a=F-R+Q-b (9.10)
and o
BEEMIA o

Substituting (9.11) into (9.10),
F-R+4 Q(—NoU, + MY,) = XoU, + Y.

Hence,
Uy = (Xo+ QNp)™? ((—17+QJ\ZI)Y1 +F~R). (9.12)

This gives the equivalent structure in the classical representation shown in
Figure 9.1(b).
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U,(s) U (s)

> > )+—
+ + d(s)
I 0

{Z 1} P(s)e™

a(s)

I
= 20

A
X =
| I |

<
<

Y, (s) Y(s)

(a) in the chain-scattering representation

d(s)
R(s) — — B Y(s)
— F© | (X, +0ON,)™ Uis)2U(s) > P(s)e™ >
* v
z
Y +,
~-Y +0oM UG-

(b) the equivalent classical representation

Figure 9.1. Parameterised control structure with 2DOF

9.2.2 Set-point Response
Assume d(s) = 0. Then in the nominal case,
Y1 = PUy
and the transfer function from R(s) to Ui(s) = U(s) is
Gur = (I — KoPy) ™' (Xo + QNo) ' F.

Hence, the set-point response, i.e., the transfer function from the reference
signal R(s) to the output Y(s), is

Gyr(s) = P(s)e "Gl (s)
. N .
= P(s)ehs (1 - Ko(s)M’lN()) (Xo + QNo) " F(s)
= P(s)(Xo + Y M 'Ng) L F(s)e "
= NMYXo+YNoM 1Y) LF(s)e s
= N(s)F(s)e ".
This is stable as long as F'(s) is stable. Moreover, it has nothing to do with
the free parameter Q(s).
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9.2.3 Disturbance Response
Assume R(s) = 0. Then according to (9.12),
U=U, = (Xo+QNo) (Y + QM)Y; = KoY1.
On the other hand, according to Figure 9.1(b),
= PyU + Pe” " - d.

Hence, R ~
U= Koyl — PyKy) tPeh*.d

and the output is

Y = Pe " (U + d)
= Pe " (Ko(I — PyKo) ' Pe ™ +I)d
= Pe (I — KoPp) ' KoPe " + I)d
= Pe (I — KoPy)™'(I — Ko Z)d.

In other words, the disturbance response is

Gya(s) = Pe™"s(I — KoPy) Y (I — Ko Z)

:pehsm( : :g],fg))
-retm((g ) ([ ] @)
:pe—hsm( _fgo ] [lﬁojﬂ )

— pehsp, ( M1 —Xo — YZ] )

0 —he
= Pe (M) N Xo+YZ+QNe ™
= N(Xo+YZ+ QNe hs)ehs, (9.13)

Since all the terms in the above formula are stable, the disturbance response
is stable.

Obviously, the set-point response Gy, (s) is only affected by the first degree-
of-freedom F'(s) while the disturbance response Gyq(s) is only affected by the
second degree-of-freedom Q(s). They are decoupled from each other. The fact
that M does not appear in both transfer matrices means that it is possible
to factorise the dominant poles and/or unstable poles into M. As a result,
the disturbance response is no longer dominated by the process poles. See
Subsection 2.3.3 for an example.

For stable processes, P(s) € Hs, the double co-prime factorisation may
be chosen as
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M=M=1,
N =N=P(s), and Ny= Ny = Pp(s), (9.14)
Xo=Xo=1 and Y=Y =0.

As a result, the transfer matrices are
Gyr(s) = P(s)F(s)e ",

Gya(s) = P(s) (I + QP(s)e_hS) e hs.

The disturbance response will be dominated by the process modes if the time
constant is too large. A solution provided here is to factorise the slow modes
into M and M for stable processes to obtain better disturbance response.
However, by doing this the robustness of the system is limited [4].

9.2.4 Robustness Analysis
The output loop transfer matrix of the control system shown in Figure 9.1 is
L(s) = P(s)e "Gy (s)
= P(s)e™ " (I — KoZ) 'K,
= Neh (14 (<7 + QUNNe™) ™ (-¥ + Q).
Thus, the corresponding sensitivity function is
S(s) = (I - L(s))"!
=1+ Ne (=Y + QM)
and the complementary sensitivity function is
T(s)=1—-S(s) = —Ne (=Y + QM). (9.15)

According to the well-known robust control theory [180], the closed loop
N(=Y + QM)A H

1 for a multiplicative uncertainty A(s) € Hs. For stable processes P(s
H,, the co-prime factorisation (9.14) holds and the system is robustly stable

i Q) e < ypoy ace, for Als) € H

system, which is nominally stable, is robustly stable if

9.2.5 Ideal Disturbance Response

Introduce another delay-free transfer matrix Pj(s) realized as

A B

Pi(s) = CeAh

= Cel(sI — A)7? (9.16)
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and the FIR block
Z1(s) = P(s) — Pi(s)e™he.

Z7 is stable because

Z1 (s) = C(sI — A)"'B — Cet(sI — A)~1Beh*
= C —e Iy (5T — A)"'B

is also an entire function of s.

If F and L are chosen such that Ap = A+ BF and A;, = A+ LC are
both stable (hence, e4"(A 4+ LC)e~A" is stable), then the factorisations (9.7)
of P(s) can be realized, according to the formulas in Subsection 3.3.1, as

A+ BF B
HEa
C 0
<1 _[A+LC -BL
(-5 ar) = [ AT

and the doubly co-prime factorisations (9.3) of Py(s) can be implemented [180]

as
] A+ BF B —eAh[

[]]\‘]4 ;(Y = F I 0 ,
0 20 Ce=4r 0 I
- Ah —Ah _p AR
{Xo Y} e"(A+ LC)e Be"L
O | = F I 0
—No M Ce=Ah 0 I

The transfer matrix from disturbance d(s) to output Y (s) (9.13) can be
further simplified to

Gyals) = <Z1 n (P1 _NYP+ NQN) e_hs> ehs. (9.17)
As can be seen from the next subsection,

A+ BF eAhLC
-C CeAh

A+ LC B

P, - NYP=
! I 0

This is stable no matter whether P(s) is stable or not. Hence, the disturbance
response (9.17) is divided into two parts: one is the FIR part Z; which acts
only on t € [0, h] (assume that the disturbance is applied at ¢ = —h hereafter)
and remains unchanged when ¢ > h, and the other is the infinite-impulse-
response (IIR) part P, (s) — NY P(s) + NQN which acts only when ¢ > h. In
other words, the disturbance response is decoupled in the time domain. The
effect of the FIR Z; on the (unit-step) disturbance response when ¢ > h is a
constant given by
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Z1(0) = C(e* —T)A™1B.
If the free parameter Q(s) is chosen to meet the following equation:
Z1(0)4+ P, — NYP + NQN =0, (9.18)

then the disturbance response when ¢ > h is 0. This is the ideal case. If N(s)
and N(s) are of minimum-phase and invertible, then the ideal Q(s) can be
obtained as ~ R

Qopt = —N 71 (Zl(()) + P NYP) N1 (9.19)

In general, this transfer matrix is improper because the ideal disturbance
response is not obtainable. A low-pass filter should be introduced to make it
proper. A possible way is to choose an appropriate n such that

1

Q= st 1)

n Qopt ()

is proper. The resulting disturbance response is then subideal.

9.2.6 Realization of P, — NY P

Pi(s) — NY P(s)

A B B Ap B| |etAe=4h eArL | | A B
Ce?h C 0 F 0 Co0
ArB|| A, LC|. |AB
_ Ah | 4F L
=Cle I ollrer o )10
i Ah
Ap BFeAr 0 B
=C| 0 A, LC 1o
-1 0 eAh
[ Ap BFeAh 0 0
_col o A, LC 0
B 0 0 A B
_—I 0 eAh 0
[A+ BF BF 0 0
_c 0 A+4etrLCe A ethLCem 4 0
- 0 0 A eAh B
|- 0 I 0
[A+ BF BF BF —eAhp
_0c 0 A+ eAMLCe AN AR Ce—AR 0
- 0 0 A eAhB
| - 0 0 0
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[ A+ BF BF 0 —eAhB
_c 0 A+eAhLCe=Ah 0 eA'B
- 0 0 A eAhB
- 0 0 0
[ A+ e~ ARBFeAl ¢—AhBFeAr _
=C 0 A+LC B
—eAh 0 0
[ A+ e APBFeAr  LO 0
=C 0 A+ LC B
_pAh AR
_|A+e4"BFet" LC | |A+LC B
B —CeAh CeAl I 0
_|A+BF e*LC| |A+LC B
o -C CeAh I 0

9.3 Application to Integral Processes with Dead Time

The control problem of processes with an integrator and long dead time has
received much attention in recent years [8, 72, 159, 176, 178]. Since the process
is not stable, the classical Smith predictor cannot be used. The approach
discussed in the previous sections are applied to such systems here as an
example3. An integral process with dead time can be expressed as

Gp(s) = e, (9.20)

where k is the velocity gain and h is the delay. Here,

P(s) = Py(s) = Pi(s) = ’; _ [‘f ’S] .

They can be factorised as (for simplicity, M = M hereafter)

P(s) = Py(s) = Pi(s) = s—]f—a . <8ia>_1

with a > 0. The predictors are:

1— efhs

Z(s) = Py(s) — P(s)e™h* s

k,

3 Portions reprinted, with permission, from [93, 94]. ©IEEE.
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—hs 1- eihs
Z1(s) = P(s) — Pi(s)e™ " = k.
5
Since the values at the only pole are
) 1— efhs
Z(O):Zl(O):hr% k = kh # oo,
S§— S

the predictors Z and Z; are stable.
The double co-prime factorisations of Py(s) are

% \/ —a —k —a s+2a 1 a?
|:X9 Y,::|: _Z 1 0 :[s+g kss+a],
_NO M 1 0 1 " s+a s+a
—aka s 1 a?
] =] o] - [Sta ;ma] -
0 0 1 01 st+a st+a
The controller is then parameterised as
~ -1 .
K(s) = (1 - Ko(s)Z> Ko(s) (9.21)
with the main controller
= 5+ 2a k ., 1 a? s
K = — . 9.22
0=, T Chetatsra? (9.22)

If it is realized as the structure shown in Figure 9.1, then the transfer functions
from the reference signal R(s), the disturbance d(s) to the output Y(s) for
the nominal case are, respectively,
k
s+a
1 —ehs (s + 2a) k A A
G = k+k + e " e, 9.23
yd(s) ( s + ((3+a)2 (3+CL)2Q ( )
In order to obtain zero static error under the step change from the set-point
and the disturbance, it is necessary that

Gyr(s) = F(S)e_hsa

a

F(O):a and Q(0) = B

k
The corresponding ideal Qopt(s) from (9.19) is

(2 +ah).

Qopt(5) = —N~! (21(0) + Pi(s) — N}?P(s)) N1

2

k k 1 a k
_kh+9 _s—‘,-a.ks+a' s

(ofa)?

1
:—k(h(s+a)2—|—s+2a).
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Qopt is not proper and the ideal disturbance response is not obtainable. One
way to obtain a subideal disturbance response is to make Qopt(s) proper as

h(s+a)? A(2—Xa)s+1
Qls) = =1 ({9 + BN s+ a) +a),

where A > 0 is a tuning parameter. If A is small enough, then the disturbance
response is fast enough. As shown later, such a way of making Q(s) proper
ensures that neither the disturbance response nor the robust stability is af-
fected by the free parameter a. The resulting main controller Ko(s) (9.22),
the controller K (s) (9.21), disturbance response (9.23) and complementary
sensitivity function are listed below:

Rols) = ((Azs - h)(s+a)>1 (_1 ((2A+ h)s + 1) (s+a)> |

(As 4 1)2 k (As 4 1)2
1 (CA+h)s+1)s
K = = s+ 1) — (@At h)s + 1) ehs (9:24)
_ e—hs 28 _
K _(2)‘+h)3+1675 o—hs
= (1 (s 12 h ) hs, (9.25)

2)‘ + h)S + 1 —hs
(As+1)2

The disturbance response (9.25) has been obtained by several different schemes
[107, 156, 174, 177]. The achievable specifications and robustly stable region
can be found in [175, 176].

The rest of this section is devoted to analysing the stability of the con-
troller. The characteristic equation of the controller (9.24) is equivalent to

T(s) = —Ne (=Y + QM) = (

()‘3 + 1)2 _ e—hs
(2 A+ h)s+1 '

The stability can be judged by using the dual-locus [127, 164] shown in Figure

9.2. If the two loci do not intersect, then the controller is stable. Otherwise,
(As+1)?
(2A+h)s+1

before the e™* locus arrives, then the system is stable; if e="* arrives earlier

(As+1)?
than (2XA+h)s+1

Denote 0 = 2, the locus of

it is unstable. In other words, if the locus of crosses the unit circle

then the controller is unstable.

(As+1)?
(22A+h)s+1

V23244841
We = ﬂzh .

intersects with the unit circle at
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At this frequency, the phase of (2()1\3)15)11 is
V262 + 46+ 1 (28 +1)\/262 +46+1
— arctan .

B p?

If the locus of e~ " also arrives at this point at w,, then the following equation
should be met:

¢ = 2arctan

(;5)\ =27 — hwc.

This equation has a unique solution at about 8 = 0.63. For 3 > 0.63, the

s+1)2 .. _ .
locus of (2()’\\3;)5) 41 crosses the unit circle before the e~"* locus arrives. As a

result, the controller (9.24) is stable for § > 0.63.

(As+1 )2
(2A+h)s+1

Figure 9.2. The dual locus to judge controller stability

9.4 Summary

This chapter presents the co-prime factorisation of all stabilising controllers
for stable and unstable processes with dead time. The controller incorporates a
modified Smith predictor, which is an entire function of s and belongs to H,.
With a realization having two degrees-of-freedom, the disturbance response
and the set-point response are decoupled and can be designed separately. The
realization in the chain-scattering representation gives clear insight into the
two degrees-of-freedom and the differences between the controllers for pro-
cesses with and without dead time. The constraint required on free parameter
Q(s) to obtain the ideal disturbance response is obtained. As an example, the
approach is applied to integral processes with dead time.



10
Unified Smith Predictor

Modified Smith predictors (MSP) play a very important role in the control of
time-delay systems, as can be seen in previous chapters. In this chapter,! a
numerical problem associated with the MSP is identified and an alternative
predictor, named the unified Smith predictor (USP), is proposed to overcome
this problem. The proposed USP combines the classical Smith predictor with
the modified one, after spectral decomposition of the plant. An equivalent
representation of the original delay system, together with the USP, is derived.
Based on this representation, all the stabilising controllers are parameterised
and the standard H? problem and a transformed H* problem are solved.

10.1 Introduction

The classical Smith predictor (SP) [126, 127] is an effective tool to reduce
control problems (such as pole assignment or tracking) for a finite-dimensional
LTT stable system with an input or output delay to corresponding delay-free
problems. A finite-spectrum assignment scheme was developed in [70, 108] to
handle input delays in unstable plants by state feedback, using the predicted
state of the delay system. Watanabe and Ito [147] overcame some shortcomings
in finite-spectrum assignment and other process-model-based control schemes
available then by using a Smith-predictor-like block, which was afterwards
called a modified Smith predictor (MSP); see [113] and references therein. As
shown in Section 2.5 and in [91], the modified Smith predictor and finite-
spectrum assignment are actually equivalent for systems with a single I/0
delay. Recently, prediction has been recognised as a fundamental concept for
the stabilisation of delay systems [89, 91]. Similar predictor blocks have played
an important role in H* control of time-delay systems [26, 80, 87, 160, 161,
162 and in continuous-time deadbeat control [106, 159).

! Portions reprinted, with permission, from [179]. ©Taylor & Francis.
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The modified Smith predictor may run into numerical problems for de-
lay systems with fast stable eigenvalues. Indeed, the matrix exponential
e~A" (where h is the delay) appearing in the MSP may be practically non-
computable for such systems. Such a numerical problem was mentioned in [80,
p. 279] and a technique, which is not systematic, was suggested in [183] to
overcome the problem. This problem was attributed in these papers to large
delays. In fact, this numerical problem might occur even for very small delays
(with respect to the time constant of the system) if there are some stable
eigenvalues A and they are very fast with respect to the delay h (i.e., the
product |[ReA|h is large). An alternative predictor, called the wunified Smith
predictor (USP), is proposed to overcome this problem. The USP combines
the features of the SP and the MSP and does not require computation of the
matrix exponential for the stable eigenvalues. This is achieved by decompos-
ing the state space of the finite-dimensional part of the plant into unstable
and stable invariant subspaces. The controller design techniques based on the
MSP have to be re-considered for the USP, to make them applicable in prac-
tice. For this reason, an equivalent representation for the augmented plant,
which consists of the original plant together with the USP, is proposed. This
equivalent representation is then used to give a stabilising controller param-
eterisation and to solve the standard H? problem and a transformed H>
problem. Further research is needed to solve the H* control problem for a
delay system with a USP.

This chapter is organised as follows. The numerical problem with the MSP
is identified in Section 10.3 using a very simple example, and then the USP
is introduced. An equivalent representation of the augmented plant is derived
in Section 10.4 and then it is shown in Section 10.5 how this equivalent rep-
resentation can be used to derive a stabilising controller parameterisation, to
solve the H? problem and to solve a transformed H> problem.

10.2 Predictor-based Control Structure

As before, this chapter is written from a frequency domain perspective, which
means that LTI systems are represented by their transfer functions. Here, a
transfer function is an analytic function defined on a domain which contains a
half-plane C,, = {s € C | Res > a}. A transfer function is called exponentially
stable if it is bounded on a half-plane C, with a < 0. Obviously, exponentially
stable transfer functions are contained in H°.

Consider a dead-time plant Py, with Py, (s) = P(s)e™*", where h > 0 and
the rational part P is realized as

p- {gg]. (10.1)

A predictor-based controller for the dead-time plant P, consists of a predictor
Z and a stabilising compensator C, as shown in Figure 10.1 (see also Figure
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10.5 for a more general structure). A predictor for P is an exponentially
stable system Z such that the augmented plant P28 = Py, 4+ Z is rational
and v + y (see Figure 10.1) is a predicted signal of y. The underlying idea is
the well-known fact that there is a one-to-one correspondence between the set
of all the stabilising controllers for P, and for P28 (when Z is stable); see
for example Remark 3.6 and Example 4.1 in [19].

- P(s)eﬂh -

" Q. e»cp_ -~ C(s)

Figure 10.1. Dead-time plant with a predictor-based controller

In order to simplify the exposition, only the stabilisation problem will
be studied in this section. If the tracking problem is considered, then an
additional constraint on C' is required. For example, if the reference r is a step
signal then it is required that lims_o C(s)(I + Z(s)C(s))~! = oo [113, 147].

If P is stable, then the predictor Z can be chosen to be the classical Smith
predictor (SP) [126, 127|,

Zgp(s) = P(s) — P(s)e™*", (10.2)

and the stabilising compensator C' is designed as a stabilising controller for
the delay-free system P (in this case, P&48 = P ). If P is unstable, then the
predictor Z can be chosen to be the modified Smith predictor (MSP) [113, 147],

Z\isp(s) = P*8(s) — P(s)e™ ", (10.3)
where P& = P, + Zyqp is the augmented plant given by

A B] _ [A eAhB} . (10.4)

aug __
P = [Ce‘Ah 0 c 0

Note that Zy[gp has its impulse response supported on [0, R], hence it is
exponentially stable. Now the stabilising compensator C' is designed as a sta-
bilising controller for P*'¢. Further background and applications of the MSP
can be found in [80, 91, 113]. See also Chapter 2. Implementing Z[qp is a
delicate problem, as can be seen in Part II, because the hidden unstable modes
have to be removed to guarantee the internal stability.
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The condition that Z is stable means that all the (unstable) poles of P
have to be included in P*"8. Hence, a stabilising controller C' for P?"¢ also
stabilises P. The transfer function from u to y is

Tyu(S) _ e—shP(I + CPaug)—l + e_ShP(I + CPaug)—lc« . 7.

It is clear that the (stable or unstable) poles of P which are included in P?"8
can be shifted, if these poles do not appear in Z. In other words, whether
an open-loop pole appears in the closed-loop input-disturbance response is
determined by Z, when the controller C' is properly designed. Hence, it is
possible to remove open-loop poles from the closed-loop input-disturbance
response for a stable plant, by choosing a suitable Z which does not include
the open-loop poles (e.g., the MSP).

10.3 Problem Identification and the Solution

10.3.1 A Numerical Problem with the MSP

Now consider a simple (but somewhat extreme) example with

—10000 1
P= 0 11},
1 10
i.e., P(s) = s+11000 + .',. According to (10.3), the predictor needed is
elOOOh _ efsh efh _ efsh
Z =
MSP) = g0 T st
Clearly, there is a numerical problem: e'°%°" is a huge number even for a not

so large delay h! Indeed, according to IEEE Standard 754 [50], which specifies
today the most common representation for real numbers on computers, in-
cluding Intel-based PC’s, Macintoshes and most Unix platforms, this number
is considered to be 400 (INF) for & > 0.71 s. Certainly, such a component in
a controller is not allowed in practice.

This problem arises due to a fast stable pole (here, p = —1000) of P. A
stable pole makes the real part of the exponent positive, and if this is large,
the numerical problem occurs. If the plant is completely unstable (there are
no stable poles), then there will be no such problem. Thus, if the plant has
fast stable poles, then the predictor Z)gp from (10.3) should not be used.

10.3.2 The Unified Smith Predictor (USP)

A natural solution to the numerical problem encountered in the previous sub-
section is to decompose P into the sum of a stable part P; and an unstable
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part P, and then to construct predictors for them, using the classical Smith
predictor (10.2) for Ps(s)e™*" and the modified Smith predictor (10.3) for
P.(s)e™*". A new term, unified Smith predictor (USP), is proposed for such
a predictor.

As is well known, the rational part of the plant, P given in (10.1), can be
split (decomposed) into the sum of a stable part Ps and an unstable part P,,
e.g., by applying a suitable linear coordinate transformation in its state space.
There exist a lot of such similarity transformations. One of them, denoted
here by V', can be obtained by bringing the system matrix A to the Jordan
canonical form Jp = V"!AV. Assume that V is a nonsingular matrix such
that

pP= , (10.5)

=10
cv D C. C. D

where Ag is stable and A, is completely unstable, then P can be split as
P = P, + P, with

PS:[AS Bs] and Pu:[Au Bu].

A, 0 B
—1 —1 u u
[V AV V B} A, B,

Cs 0 Cu D

As a matter of fact, the decomposition can be done by splitting the complex
plane along any vertical line Res = a with a < 0. Then the eigenvalues of
A, are all the eigenvalues A\ of A with Re A > «, while A4 has the remaining
eigenvalues of A. In the sequel, in order to simplify the exposition, the complex
plane is split along the imaginary axis (e = 0) .

The predictor for the stable part Ps can be taken as a classical SP,

Zs(s) = Py(s) — Ps(s)e*Sh7 (10.6)
and the predictor for the unstable part P, can be taken as the following MSP:

Au Bu

Zu(s) = Ps(s) = Pufs)e™", P |
u€

The USP for the plant Py, (s) = P(s)e™*" defined by Z = Z, + Z,, is shown in
Figure 10.2. It is now clear that the USP is

Z(s) = P*™8(s) — P(s)e*", (10.7)

where P& = P, 4+ P2"¢ and a realization of P*"8 is

A B A E,B —Auh 0]
Paug:[CEho]:[Cg]’ Eh:V[eO Ig]vl. (10.8)

Here, the identity I; has the same dimension as Ay and E} is commutable
with A. The impulse response of the USP is not finite, unlike that of the MSP.
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Zs

Figure 10.2. Unified Smith predictor Z = Z; + Z,

The above P?"¢ is the augmented plant, obtained by connecting the original
plant and the USP in parallel. The stabilising compensator C' in Figure 10.1
should be designed as a stabilising controller for P*"8,

The use of the different predictors (SP, MSP and USP) is summarised in
Table 10.1: when the plant is stable, the USP reduces to the SP; when the
plant is completely unstable, the USP reduces to the MSP; when the plant
is unstable but has some stable poles (mixed), then the USP should be used,
especially if some stable poles are fast (as explained earlier).

Table 10.1. USP needed for different types of plants

Type of plant stable completely unstable mixed

Type of USP  SP MSP USp

Returning to the example in the previous subsection, the USP for it is

given by

1— e—sh —h sh

e —e
A =
)= 100 51
Remark 10.1. A possible realization of Z consists of the finite-dimensional
system
2(t) = Az(t) + EpBu(t) — Bu(t — h)
v(t) = Cz(t) — Du(t — h)

together with a realization of a delay line (which is needed to generate the
signal u(t — h)). However, such a realization of Z would have hidden unstable
modes. An alternative is to realize Z; and Z, separately. The first is not a
problem and the second can be implemented using the techniques discussed
in Part II.
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Remark 10.2. Z4 defined in (10.6) could be replaced by
Zs(s) = —Py(s)e™*",

as in internal model control [99]. In this case, P*"¢ in (10.8) would change,
since in the definition of E} the identity I, would have to be replaced by
zero. Now P8 would be simpler (it would have a lower order). This may
be advantageous in the context of Figure 10.1. However, in the more general
framework of Figure 10.5 (in the next section) this may cause a rank problem.

Remark 10.8. The USP (in particular, the SP and the MSP) can be gen-
eralised to multiple delays, i.e., to the situation where the components uq,
U2, ... Uy of the vector w are delayed by hi, he, ... hy, > 0. Denote
H = diag(hq, ha, ... hy,) and

F®B= [Ehlbl Eh2b2 - Ehmbm] s
where by, is the k-th column of B, i.e., B = [bl by ... bm]. Then

AE®B

aug __
P = {C 0

] , Z(s) = P*&(s) — P(s)e H* (10.9)

and Z is exponentially stable.

Remark 10.4. An implementation of Z from Remark 10.3 (the USP for mul-
tiple delays) which avoids the problem of unstable modes is outlined here.
The components Z,, and Z; are separately implemented, but using the same
delay lines for both, as shown in Figure 10.3. The component Z,, is a hybrid
system, containing two copies of an LTI block with the possibility of resetting,
and the switches S,, S, and .S,. In this diagram, denote B, = [ﬂl Bo ... ﬁm]
and F® B, = [e‘A“hlﬁl e~ Auvh2gy) e‘A“h’"ﬁm]. The output of the USP
is v = v® + v*, where v° = Zsu and v* = Z, u. v* is produced by one of
the two LTI blocks which can be reset by the signals R, and Ry, respectively.
When resetting one of them, say the top one, at a time 7, its second input u®
is switched from u? to 0 using the switch S,. Afterwards, ug is reconnected
to uf at the time 7+ hy (k =1, 2, ... m). During this time, v* = v®. After
all the components of u® have been reconnected to the upper LTI block, so
that u® = u?, its output v* will be the desired value of v*, and so the switch
S, can be set so that v = v*. The switches could, theoretically, remain in
this position forever, but since A,, is unstable, tiny computational or rounding
errors or the effect of noise will grow and will corrupt the output v® and hence
v™. To prevent this, the other LTI block is reset (while switching the compo-
nents of u®, similarly as above, using the switch ;) and, when the output v°
becomes correct, S, is switched so that v* = v®. This cycle repeats itself in-
definitely and it can be shown that the USP is stable and produces the correct
output. This implementation is related to the periodic resetting mechanism
for integrators encountered in [135] and the resetting Smith predictor in [96].
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Au E® By —By

v Cu 0 -D Lut \Sa ud
u ° o Ra
v \ Sy 0
ub OS
Ay B, E®Q B, \ b
o? Cu —D 0 . . u
e ‘
-
o Rb
A\
e—Hs
US As Bs _Bs b
Cs 0 0 ud
- .
ZS

Figure 10.3. Implementation of the USP (10.9) for multiple delays, using two
resetting LTI systems to implement Z,. The logical controller which controls the
switches and generates the resetting signals R, and R, (in an open-loop manner) is
not shown.

10.4 Control Systems with a USP: Equivalent Diagrams

In this section a more general type of plant, with two inputs and two outputs
(each of these signals may be vector-valued), is considered. The input signal w
contains references and disturbances, u is the control input, z is the tracking
error and y is the measurement available to the controller. Assume that the
plant Py consists of a rational part P and a delay by h > 0 acting on u, as
shown in Figure 10.4 and denote

= Cl D11 D12 . (10.10)

C2 Da1 Daa

Py Py
P =
[Pm Pao

} A B1 B

K is called a stabilising controller for Py if the transfer functions from the

three external inputs shown in Figure 10.4 to any other signal in the diagram

are in H*°. K is called an exponentially stabilising controller for Py, if the same

transfer functions are exponentially stable. In the sequel, the two external

signals appearing in the lower part of Figure 10.4 will be taken to be zero.
As in the previous section, let V' be a nonsingular matrix such that

Auo]

1 o
1% AV—[O A,
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Ph(s)

Figure 10.4. Control system comprising a dead-time plant P, (with a rational part
P) and a stabilising controller K

where A, is completely unstable and Aj is stable. As in (10.7), the following
USP designed for the component Pss of the plant is introduced:

Z(s) = P3y8(s) — Paa(s)e™*", (10.11)
where, as in (10.8),

e—Auh

A By
’ 0 I

aug - —
P _[ctho Eh_v[

v
By connecting this USP in parallel with the u to y component of Py, as shown
in Figure 10.5, thus creating a new measurement output y,, a new augmented
plant

(10.12)

Pt = [ o) Pt

Pyi(s)  Psy®(s)

is obtained. It is well known (and easy to see from Figure 10.5) that C is a
stabilising controller for P2"# if and only if K = C(I — ZC)~! is a stabilising
controller for the original dead-time plant. The same statement remains true
with ‘exponentially stabilising’ in place of ‘stabilising’ (and, of course, the
corresponding set of controllers is smaller).

An equivalent representation of P?"¢ given below is useful for the prob-
lems treated in the next section. Proposition 10.1 and Remark 10.5 below
are related to Lemma 1 in [91] (the corresponding notation is A; = Z; and
Ay =27).

Proposition 10.1. The augmented plant can be decomposed as

PuE(s) — [Zlés) 8] 4 [eghf ?] P(s), (10.13)
where 2005) = Puts) - |:é}1 eA’(“;B1] (s)e—h,
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Yp Paug (S) u

Figure 10.5. Control system from Figure 10.4, in which the controller K has been
decomposed into a USP denoted Z and a stabilising compensator C, so that K =
c(I—zo) ™"

. Tho i A E;'B; By
P=PF+ [ 0 0] , Po=| Ci 0 Dy, (10.14)
CoEp Day 0]

A [0eth — I VTIB]

P, = v [})] 0 (10.15)

The block diagram corresponding to the decomposition (10.13) and (10.14)
of P?"¢ is shown in Figure 10.6.

M
Ja]
—~

»
N

Figure 10.6. Equivalent representation of the control system in Figure 10.5, using
the decomposition of P*"¢ given in Proposition 10.1.
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Proof. Using the partition (10.12) of P*"#, the formula (10.13) to be proven
is equivalent to the following four formulas:

A E'B -
Pll(s) = Zl(s) + (|:01 ho 1:| + Pg(8)> €_Sh, (1016)
_ A By | _an
P, sh — s
12€ [01 D12:| e
_ A E;lel aug __ A B2
Pn = [Cth Dy |© T2 T, 0|

The last three formulas are clearly true, so only the first formula (10.16)
requires a little work. Since

1 Au 0 €A“’h 0 1
! 1V 0
and N
« 0 [0 0 _
P=| 0 A, [OeAsh—IJV Bu)
% 0
(10.16) follows easily. O

Note that if the USP would be chosen as described in Remark 10.2, then
FEj, would become singular, which is the rank problem mentioned in Remark
10.2, and hence the decomposition (10.14) of P would have to be replaced by
a more complicated one.

Remark 10.5. Tt follows from Proposition 10.1 that the closed-loop transfer
function T,,, from w to z can be written as the sum of three terms:

Tow(s) = Z1(s) + Ps(s)e™*" + Fi(Py(s), C(s))e™*", (10.17)

where -71(150, () is the transfer function from w to zg in Figure 10.6. Z; is an
FIR system with impulse response supported on [0, h], while the second and
third term have impulse responses supported on [h, c0). Hence, if these terms
are in H?(Cy), then the first term is orthogonal to the second and third term.

Remark 10.6. A realization of P is given by

A 0 E,'B; By
i 0 A, [0eth—LJVTIB 0
P=| o v [? ] 0 Diy (10.18)

CoEp 0 Do 0
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If P is completely unstable, then the dimensions of As and I are zero, and
the block Ps in Figure 10.6 disappears. In this case, Z reduces to an MSP and

P becomes
A eAhBl BQ B

Ch 0 Dia| =PF.
CgefAh D21 0

P

If P is stable, then P is reduced to

A0 B By
0 A (e —1)B; 0
Cy Ch 0 Dy
02 0 D21 0

P:

10.5 Applications

10.5.1 Parameterisation of All Stabilising Controllers

The necessary and sufficient conditions on P, for the existence of an exponen-
tially stabilising controller K is discussed here for the control system in Fig-
ure 10.4. It is known that exponential stabilisation for an infinite-dimensional
plant is generally more difficult to achieve than stabilisation (in the H sense)
[152]. It turns out that in this particular setting, the two problems are equiv-

alent, and can be reduced to the stabilisation of Py from (10.14).

Theorem 10.1. The dead-time plant P, shown in Figure 10.4 with a min-
imal realization of its rational part as in (10.10) admits an (exponentially)
stabilising controller K (as defined in Section 10.4) if and only if (A, B2) is
stabilisable and (Cq, A) is detectable. With the USP Z given in (10.11), every
such controller can be expressed as

K=C(I-2Zz0)™, (10.19)

where C'is an (exponentially) stabilising controller for Py defined in (10.14).
Let F' and L be such that A+LC3 and A+BsF are stable, then every stabilising
C for Py can be expressed as

A+ BoF + E;/ ' LCyE), —E; 'L By
C=F(MQ), M= F 0 I (10.20)
—~CyE), I 0

where Q € H*™. Such a C is exponentially stabilising if and only if Q is
exponentially stable. The closed-loop transfer function T.,, achieved by K from
(10.19) is given by (10.17), where

ﬂ(ﬁbvc) :ﬂ(NaQ)v
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A+ ByF —ByF E; By B

N = 0 A+ E;'LOYE), B, Y(By + LDay) 0
C1+ Do F —DoF 0 Dqs

0 CyE), Doy 0

Proof. As explained in the previous section, the control system in Figure 10.4
has an equivalent representation shown in Figure 10.6. The blocks Z; and P,
in Figure 10.6 are exponentially stable, so that they have no influence on the
(exponential) stability of the whole system (since they are not a part of any
feedback loop). Thus, the (exponential) stability of the original closed-loop
system is equivalent to that of the system formed from Py and C' only.

At first, the stabilisation in the H°° sense is considered. Since P, is ratio-
nal, the parameterisation of stabilising controllers using M follows from [181,
p. 312] where Cj is replaced by C2 E}, and L by E, L. This is possible because
A+ LCs is similar to A + E,:lLCgEh (hence, A+ LC, is stable if and only if
A+ E, LLCyEy is stable). For a rigorous derivation of the parameterisation
for irrational plants [20]. The formula involving N follows from [181, p. 323].

Now consider the exponential stabilisation. Let oz < 0 be such that all the
eigenvalues of A+ By F' and A+ LCs are in the half-plane where Re s < a. Now
all the arguments used to derive the parameterisation (10.20) of stabilising
controllers can be redone with H replaced by H**(C,), the space of bounded
analytic functions on C,. This will result in the same formulae (10.20), but
now @ must be in H*(C,). O

10.5.2 The H? Problem

Consider again the feedback system from Figure 10.4 with the plant P,. The
standard H? problem for Py is to find a stabilising controller X which min-
imises the H?2-norm of the transfer function T,,. The solution of this problem,
using the modified Smith predictor, is well known; see [89, 91| and the ref-
erences therein.? In this subsection, this problem will be re-considered using
the USP. Assume that the realization of P, of the form (10.10), is minimal
and assume the following:

(A1) (A, By) is stabilisable and (C2, A) is detectable;

(A2) [4 gl BZ} has full column rank Vw € R;

(A3) [4 jor Bl} has full row rank Vw € R;

(A4) D12D12 =1 and D21D21 =1.
Assumption (A4) is made just to simplify the exposition. In fact, only the
nonsingularity of DiyD12 and Day D3, is required [40, 181].

As mentioned in Remark 10.5, the impulse response of Z; is supported on
[0, h] and the last two terms of T, in (10.17) (which together are F(P,C)
delayed by h) are supported on [h,c0). Assume for a moment that Di; = 0.
It follows that Z; is orthogonal (in H?) to the last two terms of T%,, and that

2 The case when there are multiple I/O delays can be found in [95].
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~ 2
1Ty = 12215 + | 7P, e

2

— |z + Hﬂ(ﬁ’,C)Hz.

Note that Z; is independent of C. Therefore, the standard H? problem for
Py, minimising ||T;. ||, over all stabilising K, is reduced to

y = min Hﬂ(ﬁ, C)H2 (C stabilising). (10.21)

This is a finite-dimensional standard H? problem whose solution is well known.
The problem (10.21) is meaningful even if D11 # 0: then to minimise the L?
norm of the impulse response of T, restricted to [h, c0).

It is worth discussing the solution of (10.21) because the solution is simpler
than one would expect from the general solution presented in [40, Chapter 5]
or [181, Chapter 14]. Rewrite P from (10.18) as

A By, B
P = C:'l 0 Dq2
Cy Dy O

The classical solution of (10.21), the standard H? problem for the system P,
involves the Riccati equations corresponding to the Hamiltonian matrices

| A %] ﬁz][DwiBﬂ,

—CrCy —A* —C# Dy
- A* 0 B Cs -
/= {—Bléf —ZJ [—m;ﬂ [ D21Bi o

The Riccati equation for H, in the unknown X, is

[_Xf]ﬁ[é}:m

and similarly for J ; see the books cited earlier.

However, it turns out that for the special structure of P, the standard
H? problem can be reduced to the solution of two Riccati equations with
unknowns of lower dimensions, as the following theorem shows. These reduced
order Riccati equations correspond to the following two Hamiltonian matrices
H> and Js, which are also of lower dimensions than H and J:

o A 0 B2 * *
H2 = |:_Cikcl —A*:| - |:—CTD12:| [D12cl B2]a

[ oA 0 C; .
J2 = {—BlBi‘ —A] - |:—B1D§1] [ DB Ca .
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When the conditions (A1)—-(A4) hold, these two Hamiltonian matrices belong
to dom(Ric). Indeed, this follows from Corollary 13.10 in [181, p. 340]. The
fact that Hy € dom(Ric) means that (A, Bs) is stabilisable and Hy has no
imaginary eigenvalue. The stabilising solution of the Riccati equation associ-
ated with Ho, X = Ric(H,), satisfies X > 0. Similar statements can be made
about Jy and Y = Ric(J3).

Theorem 10.2. If the conditions (A1)-(A4) hold, then there exists a unique
optimal H? controller K for the plant Py, given by

K=0C(-20)"', C= [A’LB??*LC? ‘OL] : (10.22)
where )
- 0 . E;'L
pelerv [Pl = e )
with

F=—-(B;X+ Dj,C1), L=—-(YC;+ B1D3,).

Proof. Tt can be verified that the conditions (A1)-(A4) hold also for P. This
follows from the zeros in the matrix in (10.18), using the fact that A, is stable.
The unique optimal H? controller can be obtained, according to Theorem 14.7
from [181, p. 385], as given in (10.22) but with

F=—(B3X + D},C1), L=-(YC;+ B1Dyy),

where X = Ric(H) and Y = Ric(J). 3
Now establish the relationship between F' and F. It is known from [25, 181]
that I is the optimal state feedback gain for the standard LQ problem for

A 0 By
0 As 0

Pr = 0
c, 1V [I } Do

After a similarity transformation with

i.e., replacing the state xp of Prp by zp = Tglxp, the system Pr becomes

A0 By
Pp=104, 0 |,
010D12_

because TF/NI = AT 7. The invariant subspace corresponding to the block A, is
unobservable (and uncontrollable). Hence, the stabilising solution to the ARE
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X0
0 05

indicates that the dimensions of 05 are the same as those of A, and where
X = Ric(H3). This gives the corresponding optimal state feedback gain as

for the corresponding LQ problem has the form ], where the subscript s

. X0 X x *
(B3 0] [O OS] D3, [C10] = — [BiX + DinCi 0] = [F0].
Going back to the original state of Pr via the similarity transformation with
Ts ! the optimal feedback gain for the LQ problem for Pp is

~ _ 0
F=[FO0]T;' = [FFV[IH
Now establish the relationship between L and L. Note that L* is the
optimal state feedback gain for the standard LQ problem for the plant
A* 0 E;Cs
0 A% 0

0

P =
BIE " BiV—* L“‘:h ) Ig] D3,

Using the similarity transformation with

* K/ —% 0
g5 | g ||

0 I

T, =

i.e., replacing the state x of P by zp = Tgle, the system P, becomes

oA 0 o
P,=|0A4 0 |,
B; 0 D3,

because T, L/NI* = A*T 7. The invariant subspace corresponding to the block
A? is unobservable (and uncontrollable). Hence, the stabilising solution to
the ARE for the corresponding LQ problem has the form [y 0], where Y =

0 0s

Ric(J2). This gives the corresponding optimal state feedback gain as

[y 0] [’g g] Dy [B1 0] = [L*0].

Going back to the original state of P, via the similarity transformation with
T, ! the optimal state feedback gain for the LQ problem for P, is

T % * - * N —* * —x 0
L :[L O]TL1:|:LE}L LV |:eA:h—IS:|:|.

Hence,

A E'L
=1 o] = [ eri™ v
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10.5.3 A Transformed H°° Problem

According to (10.17), the following formula holds:

121l < I1Toulloe < 1210l + || 7P O - (10.23)

Hence, the minimisation of H]—"l(ﬁ, ) H may offer a very good approximation
oo

for the minimisation of ||T..| ., in particular, when || Z;]|_ is large. This
indicates that the original H° problem min ||T%, ||, may be approximately
solved by solving a transformed H°® problem [161]:

min Hﬁ(ﬁ,C)Hm. (10.24)

As a matter of fact, this is reasonable: during the period ¢t = 0 ~ h after
w is applied, the output z is mot controllable (i.e., not changeable by the
control action) and is only determined by Z; (and, of course, w). It does not
make sense to include an uncontrollable part in a performance index [161] and
hence it should be excluded. See Chapter 8 for more details about this idea
and [68] for an application to the damping control of inter-area oscillations of
large-scale power systems.
The solution to the transformed problem (10.24) involves the following
Hamiltonian matrices:
A~ 772B1B* BQ = =
Hy = -~ S ~ D3 B3,
|:_C«ikcl _Ax _CI«DH [ 1201 2]

A~* 77261*611 Cv* o

Jo=| & 10 | & 6.
{—Ble —A —B1D3, [D21Bi G ]

Assume that the assumptions (A1)—(A4) in the previous subsection hold,

then the following result holds:

Theorem 10.3. There exists a controller C' such that H]—"l(ﬁ,C)H < v iff

the following three conditions hold: =
(i) Hy € dom(Ric) and X = Ric(Hyo)
(#) Joo € dom(Ric) and Y = Ric(Joo)
(iii) p(XY) < 2.

Moreover, when the above conditions hold, the set of all admissible controllers

C such that H]—"l(ﬁ, C’)H < 7y can be parameterised as

0;

2
2 0;’

C = F(M,Q), (10.25)

with Q(s) € H*, |Q(s)llo, <~ and
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A —Loo B +772YC; D1y
M = v 0 I 7
— (éz + W*QDQIB;‘X) T 0

where
Ao = A4 LocCo +772YCIC) + (BQ n 7—2)/0;1)12) Fou,

Foo = —(B3X +D?,C1), Leo = —(YCi + B1D3,), =1 —~"2v X)L

Furthermore, the H* norm of T,., satisfies (10.23) when the controller K
is designed as K = C(I — ZC)~t with Z given in (10.11) and C given in
(10.25).

Proof. As shown in the proof of Theorem 10.2, P(s) meets all the standard
assumptions. Theorem 5.1 in [39] can be used to solve the problem. Substitute

P(s) into the theorem, then the above result can be obtained with ease. O

Remark 10.7. In this case, the predictor Z is much simpler than that result-
ing from the original H* problem; see (7.11). The price paid for this can
be estimated from (10.23). The original H* problem incorporating a USP,
min ||T%],, is left for future research.

10.6 Summary

A numerical problem with the modified Smith predictor when the plant has
fast stable poles has been pointed out and the unified Smith predictor has
been proposed as a solution. An equivalent representation of the augmented
plant consisting of a dead-time plant and a unified Smith predictor is derived.
Using this representation, a parameterisation of the (exponentially) stabilising
controllers for the dead-time plant (with the USP connected to it) is derived
and the standard H? problem (again, in the presence of the USP) and a
transformed H control problem are solved. The H* control problems in
the presence of the USP are left for future research.
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Controller Implementation
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Discrete-delay Implementation of Distributed
Delay in Control Laws

As shown in the previous chapters, suboptimal controllers for the Nehari prob-
lem, the extended Nehari problem, the one-block problem and the standard
problem have the same structure. They all incorporate a distributed-delay
block, which is in the form of a modified Smith predictor (MSP). The imple-
mentation of distributed delay is not trivial because of the inherent hidden
unstable poles. In this chapter,’ some elementary mathematical tools are used
to approximate the distributed delay and to implement it in the z-domain
and in the s-domain. The H°°-norm of the approximation error converges to
0 when the number N of approximation steps approaches +oo. Hence, the
instability problem due to the approximation error (which has been widely
studied in recent years) does not exist provided that the number N of ap-
proximation steps is large enough. Moreover, the static gain is guaranteed in
the implementation so that no extra effort is needed to retain the steady-state
performance. It is recommended not to use the backward rectangular rule to
approximate the distributed delay for implementation. As by-products, two
new formulae for the forward and backward rectangular rules are obtained.
These formulae are more accurate than the conventional ones when the inte-
grand has an exponential term.

11.1 Introduction

Distributed delays (i.e., finite integrals over time, also called finite-impulse-
response FIR blocks) often appear as part of dead-time compensators for
processes with dead time, in particular, for unstable processes with dead time
[70, 113, 147]. They also appear in H> control of (even, stable) dead-time
systems [80, 87, 160, 161, 162] and continuous-time deadbeat control [159)].
Due to the requirement of internal stability, such an FIR block has to be,
approximately, implemented as a stable block without hidden unstable poles.

! Portions reprinted, with permission, from [167]. ©IEEE.
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One way to approximate the distributed delay is by an easy-to-implement
rational function. See the next two chapters for more details about this.

A common way is to replace the distributed delay by the sum of a se-
ries of discrete (often commensurate) delays [70, 113, 147] (other interest-
ing implementations using resetting mechanisms can be found in [135] and
[96]). However, it has emerged recently that this approximation method (more
specifically, using quadrature rules such as rectangular, trapezoidal and Simp-
son’s rules etc.) cannot guarantee system stability, even when quite accurate
approximation integral laws were used [141]. This topic has received much at-
tention from the delay community and has become a very hot topic in recent
years [27, 28, 81, 86, 96, 98, 123, 141, 142]. It has been proposed as an open
problem in the survey paper [121]. An analysis of the causes of such behaviour
was studied in [27, 123, 141] using a simple example. It was shown in [27] that
the resulting system becomes a neutral time-delay system and closed-loop
poles having large magnitude located in the right-half plane (whatever the
precision of the trapezoidal approximation) caused the instability.

It is now well understood that the existence of a low-pass filter in the
approximation may remedy the instability problem, as explicitly or implic-
itly reported in |28, 81, 86]. Indeed, this is a standard technique to convert
a neutral time-delay system into a retarded time-delay system; see, for ex-
ample, [153]. However, it is not clear why the approximation, which involves
only the classical quadrature rules and Laplace transform, has lost the in-
herent low-pass property of the distributed delay and caused instability, nor
is it clear how to choose a suitable low-pass filter (see the last paragraph of
[86, Subsection 4.2]). This chapter intends to answer these questions and pro-
poses some improved approximations to implement the distributed delay (an
approximation is called an implementation only when it is implementable).

In the literature, this problem is often considered in the context of a con-
trol system. It often involves change of the control structure, e.g., due to an
algebraic loop, inserting a low-pass filter or even the redesign of a control
law. Here, this problem is regarded as a pure approximation/implementation
problem in the frequency domain. Two different reasonings will be applied,
but the results obtained are the same. In the proposed implementation, both
the low frequency behaviour and the high frequency behaviour are guaranteed.
Moreover, the H*-norm of the approximation error converges to 0 when the
approximation step N approaches +o0o. Hence, there is no change of control
structure; there is no instability problem provided that N is large enough. As
shown in simulations, a widely studied system [27, 123, 141|, which demon-
strated instability, is stable even when N = 1.

A bad approximation of the distributed delay discussed in the literature
is reviewed in Section 11.2. Two different approaches are then proposed in
Section 11.3. Based on the approximations obtained, the implementations in
the z-domain and in the s-domain are given in Section 11.4. The stability
issue is discussed in Section 11.5 and numerical examples are given in Section
11.6.
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11.2 A Bad Approximation of Distributed Delay in the
Literature

Finite-spectrum assignment [70, 109, 144] for dead-time systems is a state
feedback control law using the predicted state of the control plant. See Chapter

2. The predicted state of the plant P(s)e™*" with P :[g ﬁ] is

z,(t) = eMa(t) + /h e Bu(t — ¢)d¢, (11.1)
0

and the FSA control law is given by
u(t) = Fe APa,(t).

Denote the integral in (11.1), which is a distributed delay, by

h
v(t):/o e Bu(t — ¢)dC. (11.2)

Using the Laplace transform, the s-domain equivalent Z(s) of the distributed
delay (11.2), i.e., the transfer function from u to v, is
A B]

70 (11.3)

Z(S) — (I _ e—(s]—A)h) . |:
Hence, in the frequency domain, the distributed delay Z is a system including
a discrete delay but with a special property that all poles are cancelled by
its zeros, i.e., it is an entire function. This paves the way for the techniques
mentioned in [114] to be applied to approximate Z with a rational function,
with special attention paid to avoiding the unstable poles.

The integral (distributed delay) v(t) from (11.2) can be approximated
in the time domain by using various quadrature rules such as rectangular,
trapezoidal and Simpson’s rules etc. In this chapter, the analysis is based on
the rectangular rule for simplicity. The approximated v(t) using the backward
rectangular rule is

B an h
Uy (t) = N;e VBult—i ), (11.4)
where N is the number of approximation steps. The Laplace transformation
of v, (t) gives the following approximation of Z(s) (i.e., the transfer function

from u to vy,):
N

h - h
_ . —i 4 (sI—A)
Zu(s) = Z;e N B. (11.5)
Z,, is not a good implementation of Z [86, 123, 141]. A simple reason is that
the original FIR Z is strictly proper but Z,, is not. The bad approximation at
high frequencies makes the stability analysis unnecessarily complicated and,
what is worse, does not guarantee the stability [27, 81, 98, 123, 141].
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11.3 Approximation of Distributed Delay

h
11.3.1 Integration [N y(t — 7)dT

Lemma 11.1. For any integrable function y(t) and the rectangular pulse func-
tion

h

P = 1(0) = 1t~ ),

where 1(t) is the step function, the following identity holds:

h

[ vt mar= [ vinar =y e

where x stands for the convolution.

Proof. The first “=" is obvious. The second “=" can be proved using the
definition of the convolution. This formula is illustrated in Figure 11.1. O
Ay
t-h/N t E
Ay Ap(t)
1
— *
0 T 0 hN v

Figure 11.1. Illustration of Lemma 11.1
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This formula seems trivial, but it reveals the secret behind the problem.
h _sh
Obviously, the Laplace transformation of [N y(t — 7)dr is Y(s) - '7¢ ¥,
—oh
where Y (s) is the Laplace transformation of y(t), and '=¢_ " is that of p(t).

h
However, when a quadrature rule is used to approximate fON y(t — 7)dr, then
the corresponding Laplace transformation is Y (s) multiplied by a polynomial
of delays. For example, when the forward rectangular rule is used, i.e.,

h

| we=rar =0 .

this polynomial is ]}\L[; when the backward rectangular rule is used, this poly-
nomial is ]’;L[e_kfs; when the trapezoidal rule is used, this polynomial is

_hy
h 14+e N°

N %" . Hence, in the frequency domain, the quadrature approximation can

_s h ,
be interpreted as approximating 1765 Y with a polynomial of delay e NS,

_oh
This approximation loses the strict properness of 1_65 N . An approximation,
which does not lose this important property, will be given in Subsection 11.4.2.

11.3.2 Approximation in the s-domain via the Laplace Transform

Divide the interval [0, A] into N subintervals [i %, (i+1)2],i=0,1,..., N—
1, then v(t) given in (11.2) can be re-written as
N=1 oG1) ]
o(t) = Z/ e Bu(t — ¢)d¢. (11.6)
i=0 JiN
When N is chosen large enough, ¢ in the interval [i N (i4+1) m can be well
approximated by e*4 ¥ . This offers the following approximation for v(t):
-1 h (Z+1
w0 = v =3 e - Qe
i= i
N-1 3
= eZANB/ t—z — 7;)dTi, (11.7)
=0

where the variable changes ( = 7 + 4 II;L/ were used and the subscript “f”
stands for forward. This approximation can also be obtained by applying the
technique used in [28], which involves block-pulse functions. The reasoning
used here is simpler and needs less mathematical background.

Applying Lemma 11.1, the last formula becomes

N-1 . h
t)=> e“‘NBu(t—iN)*p(t). (11.8)
=0
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On the other hand, if it is assumed that

U(t—iN—Ti):U(t—iN)

then vy given in (11.7) can be further approximated as

h
< T .
for 0<n< N’ (11.9)

h = h

vp ()~ vup(t) = Z; e"Az’bBu(t—z'N). (11.10)
This is exactly the approximation of v by using the forward rectangular rule.
As will be shown later, the approximation vy does not cause instability when
N is large enough. However, as is known, the approximation v, does. The
significant difference between vy and v, is the convolution with p(t). An al-
ternative interpretation is that the condition (11.9) is not explicitly shown in
(11.10), which was used to apply the Laplace transform. The Laplace transfor-
mation of (11.8) gives the following approximation of Z(s) (i.e., the transfer
function from u to vy):

1-— 6751}\? = - h
ZIOE S D erinGI=Ap, (11.11)
=0

Similarly, the transfer function from u to v, ¢ is
p Nl
_ —i b (sT—A)
Zug(s) = ; e iN B. (11.12)
Theorem 11.1. The approzimation Zs has the following properties:

(i) imy_— oo Zf(s) = Z(s);
(i) Zy is strictly proper, i.e., ims_ o0 %(s)>0 Zf(s) = 0.

Proof.

1—esn 2,
lim Zs(s) = lim . ik (sI-A)p
N—too N—+o0 s i=0
1—e s
= lim e ([_e*(SI*A)h)(I_e*ﬁ(sIfA))le
N——+oco S
_sh
= (I—ef(SI*A)h) lim L—e™n (I_efk',(slfA))le
N——+oco S
1 _ —S8T
= (I — ef(SI*A)h) lim € (I _ e*T(slfA))le
T7—0+ S
= (I — e~ (1= 1irg+ e - ((s] — A)eTGT-)~1p
=(I - e_(SI_A)h)(SI _ A)—lB

= Z(s),

where the substitution 7 = h/N is used. The second property is obvious. 0O
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Remark 11.1. Actually, imy_ o0 Zuwf(s) = Z(s) as well. However, Z, s is
not strictly proper. This makes the stability analysis of the system, as done
in the literature, very complicated. Furthermore, as will be proved later, Z;
converges to Z uniformly.

Remark 11.2. Roughly speaking, if the convolution of p(t) is regarded as a
hold effect to reconstruct the signal obtained from the rectangular rule, then
the hold effect in (11.10) can be interpreted as the holder being a constant
gain h/N, for which the impulse response is a weighted delta function ]}\Lf -0(t).
See Figure 11.3(a) for more details.

Although the approximation (11.11) guarantees the high-frequency be-
haviour of the distributed delay Z, the approximation error at low frequen-
cies might be large. In particular, the nonzero error at the zero frequency is
not desirable. It changes the system performance at the steady state, as can
be seen from the simulations in [141] (also see Figure 11.8), and hence extra
effort to guarantee the steady-state performance is needed [147]. This means
a change of the control law, as used in [86, Example 2], is needed. Such efforts
can be eliminated by using a different approximation as follows.

Instead of approximating e4¢ with e AN as in (11.7), it can be approxi-
mated with the mean value of e4¢ in the interval. This offers the following
approximation:?

(+1) &

N-b o pGD 3
v(t) = vpo(t) = e%d¢ - B - u(t — ¢)d¢
0= 20 /N /

h
N

The corresponding approximation of Z in the s-domain is given by

l—e NSenA_ T =,
Zpols) =" , ATHD erinGI=Ap, (11.13)
N =0

Theorem 11.2. Z¢y has the following properties:
(i) limy— o0 Zgo(s) = Z(3);
(1) Zyo is strictly proper;
(#11) limg_o Zfo(s) = limg_0 Z(s).

2 If A is singular, then an appropriate limitation should be used to calculate some
h
elements of ¥ (e N — I)A™" when necessary. As a matter of fact,
N h 1 h 1 h

h(eNA—I)A”:IJr A+

1 h
2l N 3!(N

A+ (n-i-l)!(N

A)" + ...

and hence it is well defined for a singular A as well. It can also be replaced by the
h

integral JZ foN e“¢d¢, which is nonsingular for a singular A. Similar situations are

for (I —e*")A™" and V(I — e_ka)A_l.
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Proof. Property (i) is obvious since limy_, 4 JX (eJ}\Lf 4 _TI)A~! = I. Property

(ii) is obvious as well.
The static gain of Zyg is the same as that of Z because

TS S R S SEE SR
iy Zpols) =Ty =, AT e
N i=0
N—
:(eI}GA—.T)A_1 eiNAD
=0
= —(I-e""A'B
= lirr(l)Z(s).

O

The approximation Z;g guarantees a small approximation error at both
low and high frequencies, in particular, zero error at the frequencies 0 and
+oo. Hence, Z( is more accurate than Zy, in particular, at low frequencies.
This indicates that a similar change in the rectangular rule, which is given
below, may provide better accuracy for numerical computations of integrals:

h N-1

/ e Bu(t — ¢)d¢ ~ (end —1)A™! - > AN Bu(t — z‘ji\‘[). (11.14)
0 i=0

When A = 0, (61’\1,,4 — I)A~! becomes k, and hence this new formula can

be regarded as an extension of the conventional forward rectangular rule. It

provides a better approximation than the conventional forward rectangular

rule when the integrand has an exponential term.

The magnitude coefficient Y (e ~A_T)A~1 depends on N (more accurately,
on Ah/N). In the scalar case, it approaches 1 when Ah/N — 0 (this can be
extended to the matrix case). The magnitude coeflicient curve is shown in
Figure 11.2 for a scalar A. The larger the Ah/N, the greater the improvement
in accuracy. Another magnitude coefficient & (I — e~ J%A)Afl, which will be

h
encountered later, is also shown in Figure 11.2.

11.3.3 Direct Approximation in the s-domain

Since the Z(s) in (11.3) can be written as
h
Z(s) = / e~ 1=40q9 . B,
0

the new formula (11.14) provides the true value for Z as?

3 Another way is to use the formula (1 — a) Zf\z)l a’'=(1-a").
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Magnitude coefficients
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Figure 11.2. Magnitude coefficients (for a scalar A)

N-1
Z(s) = (I — e GI=M R ) (sT — A)~ Y eTiNGI=A B (11.15)
=0

Hence, the distributed delay Z has been converted to the sum of a series of
discrete delays, although there still exist hidden unstable poles in the first
part denoted as

H(A) = (I — e GI=M ) (s] — A)?

It is relatively easy to implement H(A) because it involves a much shorter
delay h/N when N is large.

The above H(A) is a function of matrix A. It can be expanded as the
following power series of A:

1— hs 1— —hs _ hg,—Rs
HAy=""° "4 T N Ty
s s
12(1—6’1’35)—1'\’,3(2—1— I}Gs)e*xs 9
CAC+
2! 53

This power series (uniformly) converges for any square matrix A, provided
that H (sI) is defined to be [ I [61]. The approximation of the first term

l—e n®
H(A) ~ .

provides the following approximation of Z(s):

1—e” SI}\I’ e i h
Zs(s) = e"in(I-A) B

=0
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This is the same as the Z; obtained in (11.11). Note that the hold filter

hy
1*e§ ™" appears again, although the reasoning used here is different. As a

matter of fact, Z can be regarded as a generalised holder with a period of h
(because the impulse response of Z is nonzero only in [0, h]).

Furthermore, the coefficients in the series of H(A) can be separated into
the sum of a term not involving s and a term including factors of s, i.e.,

l—e ns 1h 1 h
H(A) = -(I AT g (A
_hg
+(1—1_6_251’@e Sl
s 21 N
s(2+8s) h ot
2 N e N
]. 1—e_N€N ]. h 2 2
iy, 5 () AT+
_1—6 N¥ ho A h 1 ~
=TT (e e DGt A )

where H(A) represents the rest of the series in the bracket above. It is easy
to show that H(A) = 0 when s — 0 or A = 0. The approximation of the first
term

It
v hA h

1—e"n%
H(A) ~ S(ent—I)( A"
(W' T ek (A
provides the following approximation of Z(s):
l—e NsenvA—T |
Zso(s) = 5 ., A 1~Ze NI=A)p,
N =0

This is the same as the Z; obtained in (11.13). As has been shown earlier,
Zy does not guarantee the static gain of Z, but Zyo does.

11.3.4 Equivalents for the Backward Rectangular Rule

The approximations Z; and Zyy have an index range of ¢ = 0,---, N — 1
and hence may be regarded as corresponding to the forward rectangular rule.
Similar approximations Z; and Zyg, which have an index rangeof i = 1,---, N

and correspond to the backward rectangular rule, are

1 - eiskf N - h
Zu(s) = : —inGI-A)p 11.16
b(s) 5 ;e ; ( )
and N
1—6_51@ I—e_K?A h
Zvo(s) = : AN T eminI-A) g 11.17
(s) 5 3 ; ( )
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Similarly to (11.14), the last formula corresponds to the following quadra-
ture approximation formula:

h
/0 e Bu(t — ¢)d¢ ~ (I — e~ A JA~! Ze’ANBu(t—z;\LI) (11.18)

i=1

When A = 0, (I — e~ ~4)A~! becomes ~ and hence this new formula can
be regarded as an extension of the conventional backward rectangular rule. It
provides a better approximation than the conventional backward rectangular
rule when the integrand has an exponential term. The curve of the magnitude
coefficient JZ (I—e™ Ihv'A)A_1 is shown in Figure 11.2 for a scalar A. The larger
the Ah/N, the more the improvement of the accuracy.

The following results hold (with proofs omitted) for Z;, and Zy:

Theorem 11.3. The approximation Zy, has the following properties:
(i) limn— yoc Zo(s) = Z(s);
(i) Zy is strictly proper.

Theorem 11.4. The approzimation Zyy has the following properties:
(Z) limN_>+oo Zbo(s) = Z(S),
(i) Zyo is strictly proper;
(i4i) lims_0 Zpo(s) = limg_o Z(s).

There exists a pure one-step delay e~ NS in Zy, and Zpy (because i starts
from 1 to N). It turns out that dropping this term improves the approxima-
tion. As a matter of fact, when the pure delay term e~ NS in Zyo is dropped,
Zyo becomes the same as Zrg (see the simulations in Section 11.6 for the accu-
racy comparison). Hence, the backward rectangular rule is not recommended
to implement a distributed delay. The implementation of Z in the next sec-
tion and the stability issue in Section 11.5 will be done for Zy and Zq only,
although some simulations will be given in Section 11.6 for comparison.

11.4 Implementation of Distributed Delay Z

11.4.1 Implementation of Z in the z-domain

The approx1mat10ns Zy and Zjg, given in (11.11) and (11.13), incorporate

a hold filter 1~ eg ke . This is nothing other than a zero-order hold (ZOH),
which is an element normally existing in a sampled-data system, and the
rest is approximately a polynomial of z~!, by using z ~ eSN. Hence, these
transfer functions can be approximately implemented in the z-domain with a
sampling period of N s shown? in Figure 11.3. As pointed out by Kannai

* Only the implementation Zy, is needed because Z; does not guarantee the static
gain. It is given here for comparison with Z,; in (11.12).
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and Weiss ([53], Proposition 4.1), the implementations shown in Figure 11.3
converge to the corresponding transfer functions when N — +4o00. Hence, this
approximation step does not change the system stability, provided that N is
large enough.

It is worth noting that the ZOH block implemented in SIMULINK® has
two special properties: (i) the static gain is unity and thus a gain k, in the

h

series of the ZOH block is needed to implement 1_6;1\’8; (ii) it incorporates
a sampler as well and thus it is not a pure ZOH.5 The implementation of Z;
(when ignoring the S and ZOH blocks) looks very similar to Z,, in (11.12),
but there is a significant difference: Z,,¢ in (11.12) is in the s-domain but the
implementation in Figure 11.3 is in the z-domain. When Z is implemented
in the z-domain, the resulting system is a hybrid system and the stability
cannot be analysed by simply replacing the delay term 2! with e~ ~S. What
has been done here is actually the digital implementation of a continuous time
control law. Another way is to re-design a controller for the sampled plant, as
reported in [142].

<U f{, « ZOH =« Eilislei;\;ABz,i - g « u
(a) Zy

D (eAfG—I)Afl « ZOH ~ Eiliglei};ABz,i B S « u
(b) Zyo

Figure 11.3. Implementations of Z in the z-domain

11.4.2 Implementation of ZOH in the s-domain

Z o does not include any hidden unstable poles of the plant, i.e., the eigen-
values of A. However, if Zg is to be implemented in the s-domain, extra care
has to be taken over the implementation of the hold filter because it includes
a hidden unstable pole at s = 0. This is more or less the same as the original
problem but it is much easier to remove the hidden unstable pole s = 0 be-
cause the delay ]}\Lf involved can be made much shorter than the original delay

5 This will change the system behaviour when using Zy or Zso for N =1 because,
in this case, the polynomial of 27! is 1 and only a pure ZOH cascaded with a
constant gain is needed. See the next subsection for more details.
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h (which implies the approximation is to be made in a much shorter period,
in the sense of the impulse response) and the pole s = 0 is known.
The hold filter can be expanded as the following series in e:

l—e 85 1—e Nt 1 nlste J’\L,(s—i-e)e_}zf(s"’e)
= —|— € _|_ NN

s s+e (s+€)?

and hence it can be approximated by the first term as
l—e N5 1—e n(sto
s - s+e

Here, ¢ > 0 is chosen to be a small number close to 0 and hence lere is
stable and implementable. Similarly to before, this approximation does not
guarantee the static gain, but the following one does:

l—e N  1—e n(t9 e

5 s4e 1 — e—ch/N" (11.19)

This implementation of ZOH, which will be used to implement Z in the next
subsection, is in the form of approximating an unstable FIR block with a
stable FIR block as described in [147].

The rest of this subsection makes it clear that the ZOH implemented
in MATLAB®/SIMULINK® has unity static gain and includes a sampler. Fig-
ure 11.4(a) shows the impulse response of the ZOH block implemented in
MATLAB® /SIMULINK® and Figure 11.4(b) shows the implementation (11.19),
with € = 0.01 and the hold period ]}\‘[ = 1. The width of the input pulse is
4 x 1079 s and the amplitude is 2.5 x 10°. Due to the sampler included in the
ZOH, the impulse response in Figure 11.4(a) has an amplitude of 2.5 x 10°,
which is the sampled value of the pulse amplitude. However, the impulse re-
sponse of the implementation (11.19) has an amplitude of 1, as expected.
Moreover, it does not depend on the amplitude of the input pulse. The width
of the impulse responses for both implementations are the same as the hold
period (it is 1 s in the figures). Apparently, the ZOH block implemented in
MATLAB®/SIMULINK® should not be used when a pure ZOH is needed.

11.4.3 Implementation of Z in the s-domain

Using the implementation of the hold filter as in (11.19), the distributed delay
Z can now be implemented in the s-domain, corresponding to Zyo, as

B 1—e NG+ enA T

Zre(s) = A7l pN-le—in(sI-A) g 11.2
f(S) 1—671@6 S/€—|-1 z:Oe ( 0)

Theorem 11.5. The implementation Z;. has the following properties:
(i) Ty yoo Zpe(s) = Z(5);
(i) Zy. is strictly proper;
(#11) limg o Z¢c(s) = lims—o Z(s).
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(a) implementation in MATLAB® /SIMULINK®

1.2
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© o
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(b) proposed implementation (11.19)

Figure 11.4. Impulse responses of different implementations of ZOH

Proof.

l—e nG+a 1 1—e s+ 1
lim N = lim
N—+oco ] — e  NE€ 8/6—|—1 r—0t 1 —e77€ 3/6"‘1
N CE O
=0t €eTTE - (s/e+ 1)
=1

)

where the substitution 7 = h/N was used. As a result, imy_ o0 Zy(s)
= lmpy_ 400 Zuy(s) = Z(s). The second property is obvious and the last one
is easy to prove. a
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Remark 11.3. Here, € is a small positive number. It can be chosen as close
to 0 as possible whenever it is implementable. However, there is no simple
guideline to choose the low-pass filter for the strictly proper implementation
in [86]; see the last paragraph of [86, Subsection 4.2]. For implementation by
adding a low-pass filter proposed in [81], no suggestions were made for the
choice of low-pass filter.

Remark 11.4. The low-pass filter in the implementations proposed in [81, 86]
is added artificially to remedy the instability. The low-pass filter in (11.20) is
inherently there.

11.5 Stability Issues Related to the Implementation

Denote the approximation error of Z; as
Ey=27; -2,

and similarly for the other approximation errors. As explained earlier, the
approximation errors of Zy, Zyo and Zy. can be made as small as desirable
by choosing a large enough number N. Crucially, they are all strictly proper.
This makes the well-known small-gain theorem [40, 181] applicable for stability
analysis. Otherwise, a more complicated notion, w-stability [34, 35], is needed.

Theorem 11.6. The following formulae hold:

lim [[Ef(s)ll,, =0,

N—+oo

. B o
Jim ()l =0, (€20)

Proof. Only the first formula will be proved. The second one can be proved
similarly. According to (11.11) and (11.15), Ey is given by

7Sh
Ef(s):<1_e N[_(]—e’(SI’A)J’\Lf)(sI A)~ > Zesz(sIA

= Ei(s)Zwy(s),

where Z,, is as given in (11.12) and
N [(1-e*x
Ei(s) =, ( ) Nf—(I—e‘“f““)ﬁ)(sI—A)—l)
s

_N /N e~ (I — eATVdr. (11.21)
h Jo

Since || Zyy||,, is bounded on the closed right half-plane, it is sufficient to
show that || E ||, approaches 0 when N — +o00. Ey(s) is stable and hence it
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is only needed to consider the convergence on the jw-axis. It is easy to see
from (11.21) that

1B (s N/ |1 = 47| dr.

The right side approaches 0 when N — 4oc0. O

Remark 11.5. However, neither Z,, nor Z,; has this property. This is the
reason why the closed-loop system studied in the literature is unstable.

According to the small-gain theorem, the approximation/implementation
error does not cause any instability when N is large enough and there is no
need for any further complicated analysis for system stability. Such a need lies
in looking for the minimal N to guarantee the system stability. This is a topic
left for future research.

11.6 Numerical Examples

Consider the simple plant

with the control law
1
u(t) = —(1+ Aa) <el -a(t) + /0 eSu(t — g)dg) + r(t). (11.22)

This example has been widely studied in the literature [27, 28, 123, 141]. Here,
A=1,B=1,h=1and F = —(1+ A\y). The closed-loop system has only
one pole at s = —\4. The closed-loop system is stable when A4 > 0.

11.6.1 Approximations and Implementations of Distributed Delay

In this example, the distributed delay is

v(t):/o eSu(t — ¢)d¢. (11.23)

The ideal implementation Z in the s-domain, as given by (11.3), is Z(s) =

1_61; ", The implementation Zy, studied in the literature, as given by (11.5),

S—
is Zy(s) = L - XN e~ (=D The following approximations (not implemen-
tations) have been discussed:

a =T ek,

Zyo(s) = € (1— e—zlv)N . EilLe_IiV(s_l),
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Figure 11.5. Errors of different approximations (N = 20)

The magnitude frequency responses of the approximation errors for the
above approximations are shown in Figure 11.5 for N = 20. The approxima-
tion Z,, is not strictly proper and hence the error has a very large magnitude
(it does not vanish even when N — +o00) when the frequency approaches
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+00. The proposed approximations are strictly proper and the approximation
errors are small. Zyg and Zyq guarantee the static gain of Z (i.e., the error is
0 at zero frequency) so that the steady-state performance of the system [147]
is guaranteed. Zy and Z¢¢ are much better than Z; and Zy for the same V.

Approximation error

10° 2 = ) R ~ 3
10” 10 10 10 10 10
Frequency (rad/s)
(a) Epo
10’
10°
g
5
§ 107}
T
£
S 107}
Q.
Q.
<<
107°f
10_4 -2 ‘—1 ‘ 0 ‘ 1 ‘ 2 3
10 10 10 10 10 10

Frequency (rad/s)

(b) Eyo

Figure 11.6. Ey and Eyo for different N (zero error at frequencies 0 and +o0)

The approximation errors of Zyy and Zyo for different N are shown in
Figure 11.6. The larger the value of N, the smaller the approximation error.
This verifies that there always exists a number N such that the stability of the
closed-loop system is guaranteed. Moreover, for a certain approximation error
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bound, the number N required by Zq is much smaller than that required by
Zyo (as mentioned earlier, a simple explanation for this is that the backward
rectangular rule involves an extra one-step delay h/N but the forward one
does not). Zyo also converges faster than Zj.

Figure 11.7 shows the implementation error of Z¢. when N =1 for e =1,
0.5, 0.1 and 0. The smaller the ¢, the better the implementation. When ¢ = 0.1,
the implementation error is very close to that when e = 0 and there is no need
to use an € smaller than 0.1.

The recommended s-domain implementation of Z is the Z;. given in
(11.20) and the z-domain implementation is the Zyo shown in Figure 11.3(b).

Implementation error
S

10 10 10° 10’ 10 10
Frequency (rad/s)

Figure 11.7. Implementation error of Zy. for different ¢ (N = 1)

11.6.2 System Responses using Different Implementations

This subsection shows the responses when r(t) = 1 for different implementa-
tions of Z.

In order to make comparisons with results shown in the literature, Figure
11.8(a) shows the response when Z is implemented in the z-domain as Z; for
N =8, and Figure 11.8(b) shows the response when Z is implemented as Z,,.
The system is stable when Z is implemented as Z; but is unstable when 7 is
implemented as Z,, (as reported in the literature). The steady-state behaviour
of the system has been changed. This is because Z; does not have the same
static gain as Z.

When 7 is implemented in the s-domain as Z;. for N =1, i.e.,

el—11—e e

Zse(s) =
sels) l—e s/e+1

)
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(a) Z implemented as Z; in the z-domain
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(b) Z implemented as Z,, given in (11.5)

Figure 11.8. Unit step response (N = 8)

Figure 11.9 shows the unit-step response of the system using the control law
(11.22) with A\g =1, i.e.,

u=—(1+X)(e' z+v)+r,v="Zpu

in the s-domain for different € (note that no change is made to the control
law). No instability occurred in the simulations. The steady-state behaviour
of the system is guaranteed; the transient response is slightly worse than the
ideal response, which is due to the approximation of the distributed delay. For
different €, the smaller the e (the better the approximation), the smaller the
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overshoot. There is no significant improvement when € is less than 0.1. If a
much better transient response is desired, then N has to be increased.

1.4

e=1

1.2} e=0.5

‘\ e=0.1

the ideal response

0.8}

x(t)

0.6}

0.4}

0.2}

0 2 4 6 8 10 12 14 16 18 20
Time (Seconds)

Figure 11.9. Unit-step response: Z implemented as Zy. (N = 1)

11.6.3 Numerical Integration Using the Improved Rectangular
Rules

Again, consider the integral given in (11.23). Assume N =5 and u(t) = 1 to
simplify the computations. The two new formulae (11.18) and (11.14) provide
the true value, fol eSd¢ = e — 1, as follows:

) -1
(1—e%2). 22 0% = (1 — e 92). ¢ =e—1,

1 — 0.2
i 1-e
(2= 1) Sl = ("2 1) 0 e,

This is because a constant u(t) corresponds to zero frequency in the frequency
domain, at which the approximation error is zero. However, the conventional
rectangular rule provides the following approximation:

e—1

5 0.2¢ __
02 Z2,e"% =02 ",

~ 1.10(e — 1),

1—e
1—ed

with approximation errors of 10% and —10%, respectively.

0.2- X1 %% =02- , ~0.90(e — 1),
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11.7 Summary

In this chapter, it is shown that, in the frequency domain, the strict properness
of the distributed delay is lost when quadrature approximations are applied.
This causes the instability reported in the literature. Two different approaches
are proposed to approximate the distributed delay in such a way that both
low and high frequency behaviours are guaranteed and that the H°°-norm of
the approximation error converges to 0 when the number of approximation
steps approaches +o00. Hence, the reported instability due to the approxima-
tion error disappears and the steady-state performance of the system is also
guaranteed without changing the control structure. Implementations in the z-
domain and in the s-domain are proposed. As by-products, two new formulae
for the forward and backward rectangular rules are obtained. These formulae
are more accurate than the conventional ones when there is an exponential
term in the integrand. Numerical examples have verified the results obtained.
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Rational Implementation Inspired by the
d-operator

In this chapter,' a rational implementation for distributed delay is discussed.
The main benefit of doing so is the easy implementation of rational transfer
functions. The rational implementation, which was inspired by the §-operator,
has an elegant structure of chained low-pass filters. The stability of each node
can be guaranteed by the choice of the total number N of nodes and the
stability of the closed-loop system can be guaranteed because the H“-norm
of the implementation error approaches 0 when N goes to co. Moreover, the
steady-state performance of the system is retained without the need to change
the control structure.

12.1 Introduction

In the previous chapter, a distributed delay is implemented using a series
of discrete delays. Since the distributed delay is actually a block involving a
discrete delay with special properties, it is possible to implement distributed
delay by using rational transfer functions. The major benefit of doing so is the
easy implementation of rational transfer functions. This chapter is devoted to
proposing a rational implementation for distributed delay. The approach was
inspired by the d-operator, in particular, by the fact that the §-operator ap-
proaches the differential operator when the sampling frequency approaches co.

The proposed implementation meets all the five key points listed below
when implementing a distributed delay [171]:

1. The low-pass property of distributed delay must be kept in the implemen-
tation.

2. There is no unstable pole—zero cancellation in the implementation in order
to guarantee the internal stability.

3. The implementation itself must be stable in order to guarantee the sta-
bility of the closed-loop system.

! Portions reprinted, with permission, from [171]. ©IEEE.
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4. The implementation error should be able to be made small enough to
guarantee the stability of the closed-loop system.

5. The static gain of the distributed delay should be retained in the imple-
mentation to guarantee the steady-state performance of the system.

The notation used in this chapter is quite standard. The left half s-plane is
denoted by C_. A transfer function is said to be stable if all the poles are in
C_ and a matrix A is said to be stable if all the eigenvalues are in C_.

12.2 The d-operator

The §-operator is defined as
1

)

s="1"

-

where ¢ is the shift operator and 7 is the sampling period. The §-operator
creates the rapprochement between analogue and digital dynamic systems.
As a matter of fact, Middleton and Goodwin unified continuous and discrete
time control engineering using this operator [82, 83, 101| for more details.
When 7 — 0, the -operator approaches the differential operator, i.e., § — s.

This can be interpreted as
TS _ 1
5="° (12.1)

T

because ¢ — €™ when 7 — 0 [53]. Re-arrange the above formula, then,

—T5 __ 1
Y

This is not enough to approximate distributed delay due to the hidden (un-
stable) poles in the distributed delay. However, it is enough to inspire the
approach proposed here.

12.3 An Initial Approximation

Define ¢ = ! I and, similarly to (12.1), define

A= ("6 _ o, (12.2)

then
sl —A= lir% A, (12.3)
e GI=AT — (1A 4+ 1)L (12.4)

Substitute this into the s-domain equivalent (11.3) of the distributed delay
(11.2), assuming 7 = . with the natural number N called the number of
approximation steps, then
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Z(s) = (I — e GI=A™NY(sT — A)"'B
=(I— (@ 'A+1)"N)(sI - A)'B. (12.5)

Using the approximation A = sI — A which can be obtained from (12.3), Z
is approximated as Z(s) ~ Z,(s) with

Z(s)

=T — (P (sl —A)+1)N)(sI-A)'B (12.6)

= — (@ NsI —A)+ 1)) - SN M@~ (sT — A)+ 1) (s — A)™'B

=o 1o (@Y sI-A)+1)*B

=N 1m*e~1B, (12.7)
where

= (sI-A+®)'d.

The hidden, possibly unstable, poles in Z have disappeared from Z,. This
approximation converges to Z when N — +00; see Section 12.5.

Theorem 12.1. The approzimation Z, with ® = IXI is stable if and only if
the natural number N satisfies

N > max Re);(A) - h,

where \;(A) is the ith eigenvalue of A.

Proof. The A-matrix of the node transfer function IT is A — ¢ = A —
]X I. In order to guarantee the stability, it is necessary and sufficient that?
max; Re\;(A) — % < 0, which gives the above condition. O

12.4 Implementation with Zero Static Error

Although there always exists a number N such that the above implementation
Z, guarantees the stability of the closed-loop system (see the next section),
the static gain of Z(s) is not guaranteed, i.e., Z(0) # Z.(0), and hence the
static performance of the system cannot be retained. In order to rectify this,
with a slight abuse of notation, re-define @ as

h

- (/ON e=ACqe) 1, (12.8)

2 The stability analysis in this chapter and the next one involves only functions of
matrix A. Hence, the eigenvalues of the functions are the scalar functions of the
eigenvalues of A. In other words, the eigenvalues of the functions can be obtained
eigenvalue by eigenvalue. See [23, Section 4.6] for more details.
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The previously defined ¢ = i] = ]X I can be regarded as a special case of
this newly defined @ for A = 0. In the sequel, unless explicitly specified, @ is
defined as in (12.8). Substitute (12.8) into (12.2), assuming 7 = L, then A
defined in (12.2) becomes

A= (eG4 _ N = (e7(s1=4) _ I)(/T e~ A¢de) L. (12.9)
0

This A satisfies the limiting property (12.3). Moreover, it satisfies the following
static property as well:

SI — A|S:0 = A |S:0 = —A.
Another important property of this A is that
Alsr—a=o =0.

This property, called the cancellation property, guarantees that (sI — A)~! in
Z can be cancelled in the approximation.

As can be easily verified, all the formulae (12.2)—(12.7) hold for this A as
well, with @ re-defined in (12.8). The only difference between these two cases
is that the static gain can be guaranteed when @ is defined as in (12.8), but
not when & = 1.

The stability of the node II in this case, which is determined by the number

N, is more difficult to be tested. Denote an eigenvalue of A as & + jw. Then

the corresponding eigenvalue of 1}\L/A is 0 + jw with 0 = k,& and w = k,u‘;.

Theorem 12.2. The following conditions are equivalent:
(i) Z, II or A — & is stable;
h
(ii) [~ e*¢d( is antistable;
(iii) e~ AN @ is antistable;
(iv) o cosw+wsinw —oe~? > 0, ignoring the case when 0 =0 and w = 0.
Proof. The A-matrix of the node transfer function IT is

h
A—(I)zA—(/N e~ A¢qe)!
0
— A+ Ale A~ =)}
:—A( AJ’\l, —1)71

h

— (|7 Ayt
= (/0 d¢) (12.10)

= ¢ AN, (12.11)
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where a variable substitution ¢ :— k, — ¢ was used. It was assumed that A is
nonsingular in the second step. Actually, all the equalities except the second
and third ones hold for singular A as well. Since the inverse operation does
not change the sign of the real part of an eigenvalue, the sign of the real part

h
of the eigenvalues of A — @ is opposite from that of [V eA¢d(. Hence, IT is
h
stable if and only if foN eACd( is antistable, i.e.,

h

Re)\i(/N ed¢) > 0. (12.12)
0

According to (12.11), this is equivalent to e~ AN being antistable. Hence,
conditions (i), (ii) and (iii) are equivalent.

Apparently, the condition (12.12) holds for any eigenvalue of A with 6 =0
and @ = 0. Hence, it is assumed that ¢ and @ are not 0 simultaneously in the

h
rest of the proof. The real part of the eigenvalue of fON e¢d¢ corresponding
to the eigenvalue & + jw of A is

h

Re fofb e(+I)C g = /N %S cos(@¢)d¢
0

1
= j\L[/O ¢ cos(w)d¢

h e’
N . —o
= -(ocosw +wsinw — oe s
0? 4 w? ( )

h o
where a variable substitution ¢ :— k,( was used. The first term _J _:wg is
always positive. Hence, IT (or Z,) is stable if and only if the second term is
positive, i.e.,

ocosw +wsinw —oe” 7 > 0. (12.13)

O

The surface of f(o, w) = ocosw +wsinw — oe™ 7 is shown in Figure 12.1.
The contour of f(o, w) at level 0 is shown in Figure 12.2, with the shaded area
for f(o, w) > 0. Since a pair of conjugate complex eigenvalues is symmetric to
the real axis (w = 0), so is the contour. The surface is symmetric to the plane
w = 0. When o is very large (positive), the terms o cosw + wsinw dominate
the surface, which oscillates; when o is very small (negative), the term —ge™7
dominates the surface, which grows up dramatically. Hence, roughly speaking,
it is easier for A — @ to be stable if A is stable. From these two figures, the
choice of N to guarantee the stability of IT can be determined. In particular,
put all the eigenvalues of A on Figure 12.2 and then draw lines to connect
these points and the origin. IV can be determined by moving these points along
the lines into the shaded area. In general, the larger the delay h the larger
the number N needed; the further away to the upper/lower right corner the
eigenvalue of A the larger the number N needed.
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Figure 12.1. Surface of f(o, w): f(o, w) = 0 on the white lines

20
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® 0
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-20
5 0 5 101(5520253035

Figure 12.2. Contour of f(o, w) at level 0

Corollary 12.1. If all the eigenvalues of A are real, then the node IT with &
given in (12.8) is stable for any natural number N.

Remark 12.1. Following (12.11), the node IT can be written as
= (sI+e 2 Nd) b= (s& " +e AN)"L.

A sufficient condition is given below to facilitate the choice of N. Although
this condition may be very conservative, e.g., when all eigenvalues of A are
real, it offers general guidance.

Theorem 12.3. The conditions in Theorem 12.2 are all satisfied for any
number N > N with

N = ULS 'mzax|)\i(A)|-‘, (12.14)

where [-] is the ceiling function.
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Proof. Tt can be proved that there is an area around the real axis, in particular
a circle around the origin, such that the condition (12.13) is satisfied. See
Figure 12.2. Any points on the complex plane can be scaled by ]}\Lf into this
area. This means that there always exists a number N such that IT is stable
for any N larger than N.

The minimal distance from the origin to the contour f(o, w) = 0 can be
numerically calculated. An approximate value is 2.8, which was measured from
the circle shown in Figure 12.2. If max; [A;(A4)| & < 2.8, then all eigenvalues
of A can be scaled into this circle by . This gives N in (12.14). O

12.5 Convergence of the Implementation

Define

h
N N [~
Q=""o"= —ACqdc.
h h/o e de

This matrix satisfies the following properties:
(1) imy—400 2 —1=0,
(i) imy—yoo N(2 — 1) = =} A, and
(iii) imy—qoo 2*(N+1)— N -1 =1 — Ah.
The last two are not zero in general.

Theorem 12.4. The following conditions are equivalent:
(i) 2 is antistable;
(ii) @ is antistable;
h
(iii) [, e=A¢d( is antistable;
(iv) —o coswHwsinw+oe? > 0, ignoring the case when o =0 and w = 0.

Furthermore, these conditions are all satisfied if N > N with N given in
(12.14).

Proof. Tt is obvious that the first three conditions are equivalent. Similar to
the proof of Theorem 12.2, the third condition is equivalent to the fourth one.

The contour of —o cosw + wsinw + oe? at level 0 is symmetric to that of
f(o, w) at level 0 w.r.t the imaginary axis ¢ = 0. Thus, the above conditions
hold when (¢, w) is in the circle shown in Figure 12.2. O

Denote the approximation error of Z,. as E,, = Z — Z,.. Then the following
theorem holds.

Theorem 12.5. The implementation error of Z, satisfies

Jim B (s)] = 0.

This holds for both & = N T and & = ([,¥ e=4¢d¢) 1.



202 12 Rational Implementation Inspired by the J-operator

Proof. At first, consider the case with ¢ = (fok’ e~4¢d¢) . Substitute (11.3)
and (12.6) into E,, then

E,
=(I—e G T —A) ' B— (I — (@ (sI —A) +1)"N)(sI—A)~'B

h ~
= / e~ (I=A¢q¢ . B — N/ (2(sI — A)¢C+1)"N"'0d¢ - B
0 0

- /N e~ GI=ANCINC . B~ N/N (2(sI — A +1)"N-10d¢ - B
0 0
- / N (e*“*f‘)NC — (s — A)C+ 1)~ N? Q) Bc.
0

The integrand e~ (SI=ANC _ ((sI — A)¢ + 1)V 2 can be expanded into
a series of ( as

I—2+¢ (2 (N+1)—N-I)(sI — A)I + O0(C)).

Note that, when N — 400, the term ¢° disappears but the term ¢! does not
due to the properties of {2 given at the beginning of this section.
Now, consider the stability of the matrix

L N7 S B .|
A-@ T = A e TN - ()7

for ¢ € [0, 1}\” When N > N, A — & is stable according to Theorem 12.3 and
—271 is stable as well according to Theorem 12.4. (*! — (2)~™! > 0 when
¢ € (0, 1]. Hence, (2(sI — A)¢ +1I)~" is stable for ¢ € (0, 2] when N > N.
This means that the integrand is bounded on the closed right half-plane when
N > N for ¢ € [0, 2] and so is (22(N+1)—N-1I)(s] — A)(I + O(C)).
Assume that

|($22(N+1)=N-I)(s] — A)(I+0()) - B|| < M,

when N > N, then

|E ()l < (T = 2B h+ N / “Mec (NsR). (215)

The two terms on the right-hand side all approach 0 when N — +oo. This
proves the case with ¢ = (fok’ e=A¢d¢) L.

As to the case with @ = JX I, the proof is very similar. The corresponding
(2 is equal to I. This considerably simplifies the proof. The lower bound of N
is given in Theorem 12.1. The first term in (12.15) disappears and the second
term approaches 0 when N — +oo. O



12.6 Structure of the Implementation 203

This theorem, together with Theorem 12.3, indicate that there always
exists a number N such that the implementation is stable and, furthermore,
the H°-norm of the implementation error is less than a given positive value.
According to the well-known small-gain theorem, the stability of the closed-
loop system can always be guaranteed.

12.6 Structure of the Implementation

A state-space realization of the rational implementation Z, given in (12.7)
can be found as

(A—-®d & 0 --- 0 0
0 A-9d°
Z, = : D 0 0|B.
0 0A-d & 0
0 0 0 A-o1I
s I I I 0]
Denote
up = P ' Bu and Vp = Zplh R0,

then Z, can be described in state-space equations as

N = (A — @)xN + drn_1
[i,'Nfl = (A — @).’b]vfl +@£UN,2

To = (A — 45).%2 + dxq
T = (A — (I))x1 + duy,
I Y AR
This offers an elegant structure shown in Figure 12.3. It is a chain of N low-

pass filters IT = (sI — A + ®)~'®. The more nodes cascaded, the better the
approximation accuracy.

X Xn-1

I1

X u,

< 1 (= 1T <o 'Bl~—
T o B~

VVM e - Qa—— M=(sI-A+®)"'®

Figure 12.3. Rational implementation: Z, = X} IT* - !B
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12.7 Numerical Examples

Consider the simple plant
z(t) =x(t) +ut—1)

with
1
u(t) = —(1+ Aa) <61 - (t) +/O eSu(t — C)dC) +r(t), (12.16)

where r(t) is the reference signal. This example has been widely studied in
the literature [27, 28, 123, 141]. Here, A = 1, B =1 and h = 1. The closed-
loop system has only one pole at s = —\4, which is stable when Ay > 0. The
distributed delay in (12.16) is

o(t) = / eSult - C)d,

and the s-domain equivalent is Z(s) = (1 —e'=%)/(s — 1). The rational imple-
mentation Z, with guaranteed static gain is

Z(s)=5N, ., e=l-e N,
(es+1—¢)

The approximation error for different IV is shown in Figure 12.4. It can be
seen that the static error is zero and the larger the number N the smaller the
approximation error. The approximation error approaches 0 at high frequen-
cies as well.

-

—_

ximation error

Appro

10 10 10 10 10 10
Frequency (rad/s)

Figure 12.4. Implementation error of Z, for different N
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Figure 12.5. Unit-step response

Figure 12.5 shows the unit-step response of the system using the control
law (12.16) with Ay =1, i.e.,

u=—(14+X) (' z+v)+r,v="2u

in the s-domain for different N (note that no change is made to the control
law). When N = 1, the system is unstable because of the large approximation
error around 1 rad/s. When N = 5, the system is stable but the response
is oscillatory and settles down slowly. When N = 20, the response is very
close to the ideal response. All the stable responses guarantee the steady-
state performance.

12.8 Summary

Inspired from the §-operator, an approach is proposed to implement dis-
tributed delay in linear control laws using rational transfer functions. The
implementation has an elegant structure of chained low-pass filters. The cri-
teria to guarantee the stability of each node in the chain is developed. The
H*-norm of the implementation error approaches 0 when the number of im-
plementation steps goes to co. The steady-state performance of the system is
also guaranteed. Simulation examples are given to verify the results.

It turns out that the convergence is not fast enough. A fast convergent
implementation will be discussed in the next chapter.
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Rational Implementation Based on the Bilinear
Transformation

Based on an extension of the bilinear transformation, a rational implementa-
tion for distributed delay in linear control laws is discussed in this chapter.!
This implementation converges much faster than the rational implementation
inspired from the d-operator discussed in the previous chapter. The imple-
mentation has an elegant structure of chained bi-proper nodes cascaded with
a strictly proper node. The stability of each node is determined by the choice
of the number N of the nodes. The H°°-norm of the implementation error
approaches 0 when N goes to co and hence the stability of the closed-loop
system can be guaranteed. In addition, the steady-state performance of the
system is retained. Simulation examples are given to verify the results and to
show comparative study with other implementations.

13.1 Preliminary: Bilinear Transformation

The well-known v-operator in digital and sampled-data control circles is
2 qg—1
T g+1’

where ¢ is the shift operator and 7 is the sampling period [9, 33, 129]. It is
often used to digitise a continuous-time transfer function. The transformation
defined by the ~y-operator is also called the bilinear transformation, or the
Tustin’s transformation. It actually corresponds to the trapezoidal rule for
numerical integration. It also connects to the (lower) linear fractional trans-
formation F; and the (right) homographic transformation H, with
2 -1 2 2 1-1
Y= ’Tfl(|: 1 _1:| s Q) - ’THT(|:]- 1 :| 7Q)
The term “bilinear transformation” is adopted in this chapter.

! Portions reprinted from [173], with permission from Elsevier.
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The shift operator ¢ can be solved as

-1
1—-1 T 1+ 357
q= Hr(|: :| ’ ,Y) = T,
11 2 1-3~
Since ¢ — €™ when 7 — 0 [53], e~7° can be approximated as
1 _ T
e TS~y qil — 72_,)/7
1+ 5y

and, furthermore, v has the following limiting property:

1 _1 TS_l
Sy Tl—>07'e”—|—1

This means the ~y-operator is an approximation of the differential operator

p :élit' Using the approximation v ~ s, then e77° ~ | +5‘:, which actually

recovers the first-order Padé approximation of e~7%.

Since the ~-operator offers better approximation than the J-operator
(which corresponds to the forward rectangular rule) [9, 33, 129], the -
operator, i.e., the bilinear transformation, is exploited here to implement the
distributed delay.

13.2 Implementation of Distributed Delay

For a natural number N and the delay h > 0, the function @ of matrix A is
defined as

h

N
¢ = / =A%) TH e AR 1)
0
and, furthermore, a bilinear transformation I" is defined as
= ("G _ eG4 1 1)1, (13.1)

with 7 = ]}\‘, This can be regarded as the extension of the bilinear transfor-
mation to the matrix case. I' has the following properties:
(i) the limiting property

sI—A=lim I (13.2)
(ii) the static property
sl = Al_o= I'l—g = -4,
(iil) the cancellation property

F|51—A:0 =0.
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According to the mechanism developed in the previous chapter, this I is able
to bring a rational implementation for the distributed delay to guarantee the
stability of the closed-loop system and the steady-state performance.

From (13.1), there is

eI = (6 —TI)(®+T)""
Substitute this into (11.3), then
Z(s)=(I—(®—-D)YN@+T)N)(sI - A)'B. (13.3)

Due to the limiting property (13.2), there is I" = sI — A. Substitute this into
(13.3), then Z can be approximated as Z, given below:

Zo(s)=(I — (D —sI+AN(sI —A+d)"N)(sI - A)~'B (13.4)
=T —(D—sI+A) (s —A+D)7 1)
2N —sT+ Af(sI — A+ @)k (sT - A)'B
=2(sI — A+ @) ' NP —sT+ A)f(sT — A+ ®)7*B
= 2 HIFEB, (13.5)

with
= (@—sI+A)GI-A+d)"', EZ=21-A+d) .

The hidden, possibly unstable, poles in Z disappear from Z,.. This approxi-
mation converges to Z when N — +00, as will be proved in Section 13.3.

11 is a bi-proper rational transfer function while = is strictly proper. They
share the same denominator and thus the same stability property. Z, can be
easily implemented as a chain of rational transfer functions shown in Figure
13.1. Since = is strictly proper, so is Z,.. This indicates there always exists a
large enough N such that the implementation does not affect the stability of
the closed-loop system, provided that each node is stable. See Section 13.3.

H cee H: E: B =
u

Vr<_®<—®<— oo +RQe— AT =(I-A+D) ' (A-s+D)
E=2sI—-A+®)!

Figure 13.1. Rational implementation of distributed delay: Z, = ¥ ,iv;()l II*=B
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The stability of each node IT or = is determined by the number N of
nodes; see the theorem below. Denote an eigenvalue? of A as & + jo. Then

the corresponding eigenvalue of ]}\L[A is 0 + jw with o = ]}\‘,5 and w = ]}\L,u_;.

Theorem 13.1. The following conditions are equivalent:
(i) Z,, II, 5 or A — & is stable;
h
(ii) [~ e2¢d( is antistable;
(#ii) o cosw+wsinw —oe™7 > 0, ignoring the case when o =0 and w = 0.
Proof. (i) < (ii): The A-matrix of the node transfer functions is

h

A-@:A—(/Ne*ACdg)* (e AN 4+ 1)
0

= A+ A(e™ N — ) He AN 4+ 1)
= 2A(e*A1}\Lf - I)*le*AJ’\lf
= —2A(eM — 1)

h

_ _2(/0N eACde) 1, (13.6)

It was assumed that A is nonsingular here. Actually, the final equality holds
for a singular A as well. Since the inverse operation does not change the sign
of the real part of an eigenvalue, the signs of the real part of the eigenvalues

of A— & are opposite from those of fofhv e¢d¢. Hence, Z, (I and =) is stable
h
if and only if [V e#¢d( is antistable, i.e.,

h

Re)\i(/N eAde) > 0. (13.7)
0

(ii) < (iii) has been proved in the previous chapter. It is reiterated here
for the readers’ convenience.

Apparently, the condition (13.7) holds for any eigenvalue of A with =0
and @ = 0. Hence, it is assumed that ¢ and @ are not 0 simultaneously in the

h
rest of the proof. The real part of the eigenvalue of fON e¢d¢ corresponding
to the eigenvalue & + jw of A is

Re f,§ el i2)¢dg = / % cos(@¢)d¢

N/ < cos(wC)d

= ocosw + wsinw — oge™ 7
2 The stability analysis in this chapter and the previous one involves only functions
of matrix A. Hence, the eigenvalues of the functions are the scalar functions of the
eigenvalues of A. In other words, the eigenvalues of the functions can be obtained
one by one. See [23, Section 4.6] for more details.
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h o
where a variable substitution ( :— J’\L,( was used. The first term _J _fwz is
always positive. Hence, IT (or Z,) is stable if and only if the second term is
positive, i.e.,
ocosw+ wsinw —oe”7 > 0. (13.8)

O

Corollary 13.1. If all the eigenvalues of A are real, then each node Il or =
is stable for any natural number N.

The node or the implementation shares the same stability property with
the node or the implementation derived using the J-operator in the previ-
ous chapter. Hence, some of the results there can be applied to this imple-
mentation as well. For example, the three-dimensional surface of f(o, w) =
ocosw+wsinw —oe”? can be found in Figure 12.1 and a sufficient condition
to guarantee the stability of the node or the implementation can be found
in Theorem 12.3. The contour of f(o, w) at level 0 was given in Figure 12.2,
of which a part of the figure focusing on the circle around the origin with a
radius of 2.8 is shown in Figure 13.2. All the eigenvalues of A ]}\‘, fall into this

circle when N > N with
- h
N = {2 8 ~max)\i(A)|-‘ , (13.9)

where [ -] is the ceiling function. When this condition holds, all the conditions
in Theorem 13.1 are satisfied. In particular, each node is stable.

13.3 Convergence of the Implementation

The result below is crucial to prove the convergence of the implementation.
Lemma 13.1. & is antistable if N > N with N given in (13.9).

Proof. Assume, temporarily, that A does not have an eigenvalue 0. According
to (13.6), there is

45]}\‘] :Ag(l—e—f“z@)—l(e—f‘z’@ +1). (13.10)
As mentioned before, if N > N then all the eigenvalues of A ]}\Lf fall into the
circle around the origin with a radius of 2.8 shown in Figure 13.2. The map
o= cif‘;:i maps all the points inside this circle into the shaded area shown
in Figure 13.3, where only the mapped area for the right-half-circle is shown.
The mapped area for the left-half-circle overlaps with that of the right-half-
circle because the map is symmetric with respect to c. The mapped area is on
the open right-half-plane. Since the eigenvalues of @ ]}\Lf are mapped from the
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Figure 13.2. Circle into which all eigenvalues of A ]’\1, fall when N > N

2

1.5

1

0.5

Figure 13.3. Area mapped from the right-half circle in Figure 13.2 via ¢ = ¢ "

eigenvalues of A}\‘] via this map, as can be seen from (13.10), the real part of
the eigenvalues of @ ]}\L, and hence of @ is always positive. In other words, @ is

antistable when N > N.

This is also true when A has an eigenvalue of 0 (the corresponding eigen-
value of @ ]’\1, is 2) because the singularity ¢ = 0 in the map ¢ is removable and

the origin is mapped to the point (2, 0).

Denote the approximation error of Z, as B, = Z — Z,.
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Theorem 13.2. The implementation error of Z, satisfies

Jm B (s =0,

Proof. According to (11.3) and (13.4), the approximation error E, is

E,=(I—e =AM (s — A)"'B -
(I—(D—sI+AN(I—A+d) " N)(sI —A)?

h
:/ e~ I=A¢q¢. B— 2N -
0

/1(—1 +20(P — (sI — A)) ™™ N"HD — (sI — A)¢)7%d¢ - B
0

h
N N
:/ e—<sf—A>N<ng-B—N/ 20 -
0

(=1 +28(D — (sI — A) g) )Nl(qs—(sl—A)N

N
—2
L 7%, ¢ B

—N/ ( —(s1-4) 4_2}];[@(_[4_2(1)(@ (sI — A)hC) DR
@ (14} 07*) dc- B
_N/ <<sz ANC _ 25@(45+(31—A)]ZC)’N’1~

(@ — (sI — A) L g)N—1> d¢ - B.

The integrand can be expanded into a series of ¢ as

I— 2N¢—1+<~N<(2}]LV

\ P12 —1) (sI — A)(I +0O(Q)).

Note that, when N — +o0, both the term ¢° and the term (! disappear
because [ — 2N ¢! — 0 and N ((?Y¢~1)? — I) — 0. This means the conver-
gence is much faster than the case in the previous chapter, where the term ¢!
does not disappear when N — +oc.

Now, consider the stability of the matrix

h _ N
A—d ot =a-—a((, 07 - 1)

for ¢ € [0, p]. fE N > N, then A — & is stable, and —& is stable as well
according to Lemma 13.1. Since (' ¢)™* —1 > 0 when ¢ € (0, %], (& + (s —
ANO™NH D — (sI — AN N is stable for ¢ € (0, 2] when N > N.
This means that the integrand is bounded on the closed right half-plane when

N > N for ¢ € [0, hlandsois N (2N @12 — 1) (sI—A)(I+0O(()). Assume
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HN ((2N¢—1)2 _ 1) (sT — A)(I +O(C)) ~BH <M, (N>N)

h
then
oON __, N 8
1Er(s)|l o < || — L ¢ )B||h+ N M¢dC (N >N). (13.11)
0
The two terms on the right-hand side all approach 0 when N — +o0. O

This theorem indicates that there alway exists a number NV such that the
implementation is stable and, moreover, the H°-norm of the implementation
error is less than a given positive value. According to the well-known small-
gain theorem, the stability of the closed-loop system can always be guaranteed.

13.4 Numerical Examples

As in the previous two chapters, consider the simple plant & (t) = z(t)+u(t—1)
with the control law

1
u(t) = —(1+ Aa) (el ~a(t) + /0 eSu(t — g)dg) + r(t), (13.12)

where r(t) is the reference signal. The closed-loop system has only one pole
at s = —\g, which is stable when Ay > 0. The distributed delay in (13.12) is

1
v(t) = / eSu(t — ¢)d¢. (13.13)
0
and the s-domain equivalent is
1— elfs
Z =
(5)=",

The rational implementation Z,. is

v (2-(=9s\" 2010
ZT(S)_EI?[:O (26+(1_€)3> 26+(1—6)S.

where € = e~ ~. Since A has no nonreal eigenvalues, Z,. is always stable, even
for N =1.

The approximation error for different N is shown in Figure 13.4. The static
error is zero and the approximation error approaches 0 at both high and low
frequencies. The approximation error decreases when the number N of the
nodes increases. The convergence is fast, in particular, at low frequencies.

Figure 13.5 shows the implementation error of different implementations
for N = 5. The discrete-delay implementation discussed in Chapter 11 is de-
noted “discrete delay” in the figure and the rational implementation discussed
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Figure 13.4. Implementation error of Z, for different N
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Figure 13.5. Comparison of different implementations (N = 5)

in Chapter 12 is denoted “d-operator”. The implementation discussed in this
chapter, denoted “bilinear trans.”, is much better than the one derived using
the d-operator. Although it is still worse than the discrete-delay implemen-
tation, it has the advantage of easy implementation. Actually, the proposed
implementation is good enough, as can be seen from Figure 13.6, where the
step response when N =5 is very close to the ideal response.

The unit-step responses of the system, as shown in Figure 13.6, are ob-
tained by using the control law (13.12) with Ay =1, i.e.,

u=—(14+X) (' z+v)+r,v="2 u
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1.2

N N
WA A A

081
* 06]
“““ the ideal response
0.4r N2
0.2f — N=5
0 ‘ ‘ ‘
10 15 20 25

Time (Seconds)

Figure 13.6. System responses when r(t) = 1(t)

in the s-domain for different N (note that no change is made to the control
law). When N = 1, the system is unstable because of the large approximation
error. When N = 2, the system is stable though slightly oscillatory. When
N =5, the response is very close to the ideal response. All the stable responses
guarantee the steady-state performance.

13.5 Summary

Based on an extension of the bilinear transformation, an approach is intro-
duced to implement distributed delay in linear control laws using rational
transfer functions. The implementation consists of a series of bi-proper nodes
cascaded with a low-pass node. The implementation converges much faster
than the one proposed in the previous chapter. It has been proved that the
H*-norm of the implementation error approaches 0 when the number N of
nodes goes to co. Hence, there always exists a number N to guarantee the
stability of the closed-loop system. In addition, the steady-state performance
of the system is also guaranteed. In addition to the easy implementation, it
does not involve any additional parameter to choose apart from the number
N of the nodes. In particular, no parameter for a low-pass filter is needed to
choose, which is an essential part in the literature [81, 86, 97, 167]. Simulation
examples are given to verify the results and to compare different implemen-
tations.
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