Czech Technical University in Prague
Faculty of Electrical Engineering

DOCTORAL THESIS

BY

Petr Augusta

December 2010






Czech Technical University in Prague
Faculty of Electrical Engineering
Department of Control Engineering

SPATIALLY INVARIANT SYSTEMS:
MODELLING, ANALYSIS AND CONTROL
VIA POLYNOMIAL APPROACH

Doctoral thesis
by

Petr Augusta

Branch of study: Control Engineering and Robotics
Ph.D. programme: Electrical Engineering and Information Technology
Supervisor: Ing. Zdenék Hurdak, PhD.

Prague, December 2010



© Petr Augusta, 2010



Contents

1 Introduction
1.1 Spatially invariant systems . . . . . .. ... ... ... 0.
1.2 Control of spatially distributed systems . . . ... ... ... ....
1.3 Objectives of the thesis . . . . ... ... ... ... . ... ..
1.4 Outline of the thesis . . . . . . .. ... ... ... .. ... ...
1.5 Original results and contributions . . . .. ... ... ... .....
1.6 Publications related to the thesis . . . . . ... ... .. ... ....
1.7 Acknowledgements . . . . ... .. ... o oL

2 State of the art

3 Modelling of spatially distributed systems

3.1 Classification of partial differential equations . . . . . ... ... ..
3.2 Finite difference methods . . . . . ... ... ... . L.
3.3 Discretisation of partial differential equation . . . . ... ... ...
3.4 Analysis of stability of the discretisation scheme . . . . ... .. ..
3.5 Numerical verification of a discrete model . . . . . .. ... ... ..

3.5.1 [Initial and boundary conditions . . . ... .. ... ... ..

3.5.2 Simulationresults. . . . .. ... L0

4 Multivariate transfer functions for spatially invariant systems
4.1 Continuous-timecase . . . . . . . . . ... ..o
4.2 Discrete-time case . . . .. .. ... o o

5 Multidimensional BIBO stability analysis
5.1 Discrete-time case . . . . . . .. ... o e
5.2 Continuous-time case . . . . . . . . .. ... Lo
5.3 Concludingremarks . . . . . . .. ... ...

DD R R W W e

10
10
12
14
15
15
16
16

19
19
21

23
24
28
29



6 Polynomial approach to control

6.1 Positive polynomial approach to stabilisation: discrete-time case

6.1.1 Systems of order one in the time variable . . . . . . ... ..

6.1.2 The general case

6.2 Positive polynomial approach to stabilisation: continuous-time case .

6.3 LQG control . . ... ..
6.4 Hs-optimal controller . .
6.5 Dead-beat control . . . .

7 Tools

7.1 Linear multivariate polynomial equations . . . . . ... .. ... ..

7.2 Multivariate polynomial spectral factorisation . . . . . ... ... ..

8 Comparison to existing methods

8.1 Use of a technique for systems with lumped parameters . . . . . ..

8.2 Riccati equation with polynomials . . . . .. ... ... ... ....

8.3 Concluding remarks . . .

9 Conclusions

------------------------

9.1 Original results and contributions . . . ... ... ... ... ....

9.2 Outlooks and future work
Bibliography
List of Figures
List of Tables

Index

vi

30
30
31
34
37
45
04
o8

62
62
63

66
66
70
73

74
75
76

v

83

85

86



CHAPTER 1

Introduction

This thesis deals with modelling, analysis and control of a special subclass of spa-
tially distributed systems, namely, linear time-invariant and spatially invariant sys-
tems. These systems are spatially discrete (discretised) because they are supported
by a regular array of sensors and actuators. This thesis uses fractions of multi-
variate polynomials for modelling such systems, hence, algebraic operations with
multivariate polynomials are the major tools both for analysis and synthesis.

1.1. SPATIALLY INVARIANT SYSTEMS

Spatially distributed systems are a class of multidimensional systems. They evolve
in more than one dimension. This is the main difference from the systems with
lumped parameters (also called one-dimensional systems), which evolve in only one
dimension, corresponding to time. In this thesis, we consider spatially distributed
systems with both temporal and spatial variable, which are linear, time and spa-
tially imvariant. Such systems can be mathematically described by linear partial
differential equations (PDEs) with the time variable and variable(s) corresponding
to space and with constant coefficients. An example is a heat conduction in a rod,
depicted in Fig. 1.1. A temperature of a rod evolves in time as well as in space.
Another examples include flexible structures, deformable mirrors, signal processing
and filtering, vehicle platoons, etc.

1.2. CONTROL OF SPATIALLY DISTRIBUTED SYSTEMS

Control of spatially distributed systems has always been a very active research topic
with engineering applications in many areas. An amount of research has been con-
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CHAPTER 1. INTRODUCTION

(a)

Fig. 1.1.  Difference between centralised and distributed control of spatially distributed
systems shown on an example of temperature regulation in a rod. (a) Cen-
tralised control of a distributed parameter system: a rod with an array of
heaters and temperature sensors and one controller. (b) Distributed control
of a distributed parameter system: a rod with an array of heaters and temper-
ature sensors and a distributed controller (an array of controllers).

ducted on control design for PDEs. One group of such design methods relies on the
possibility to affect the behaviour of the system (that is, a solution in the domain) by
controlling the boundary conditions, so-called boundary control. However, this the-
sis focuses on systems featuring a regular array of sensors and actuators stretching
all over the domain. This grid then enforces a spatial discretisation of the system.

Provided the parameters of the system do not depend on location, the resulting
mathematical model is shift invariant. This assumes the domain is infinite, that
is, the boundaries are at infinite distance, which is not realistic. Nonetheless, the
assumption of shift invariance seems to be a reasonable simplification for design.
Moreover, it is assumed that exciting the system at any location, response can only
be observed in the neighbouring nodes of the sensor network, in other words, the
dynamics of the system is localised. In addition, it makes possible to design and
implement a distributed (decentralised) controllers with a regular mesh of sensors
and actuators.

The basic difference between centralised and distributed control of spatially dis-
tributed systems is illustrated in Fig. 1.1. The design and implementation of the
lumped (centralised) control scheme is feasible, if a particular application requires
hundreds of control inputs and measured outputs. However, some of the relevant
applications now emerging will require thousands of actuators and sensors. For such
cases the central approach is inefficient and the only feasible approach appears to
be the design and implementation of decentralised controllers with a regular mesh
of sensors and actuators.



1.3.

1.3. OBJECTIVES OF THE THESIS

OBJECTIVES OF THE THESIS

The objective of the thesis is to develop practical methodology for control design for
spatially distributed systems via polynomial techniques. In particular, to

1.4.

give a method to model a spatially invariant system by transfer function,

establish necessary and sufficient condition for stability and develop a simple
method to check whether a system is stable or not,

find calculus to design a stabilising controller and a controller optimal in the
sense of minimising the classical quadratic criterion.

OUTLINE OF THE THESIS

The thesis is organised as follows.

Chapter 2 provides a short review of existing interesting and useful approaches
to problems of control of spatially distributed systems.

A short introduction to partial differential equations and mathematical descrip-
tion of spatially distributed systems is given in Chapter 3. Finite difference
methods and explicit and implicit difference schemata are briefly explained.
Examples of spatially distributed systems are given.

Finite difference methods are used for modelling of spatially distributed sys-
tems. A model discrete in both time and space and a model continuous in time
and discrete in space are derived. By means of an example, model of a heat
conduction in a rod is obtained.

Chapter 4 deals with modelling by a transfer function.
Positive polynomial approach to stability analysis is given in Chapter 5.

Chapter 6 proposes some control design techniques for spatially distributed
systems based on operations with polynomials. A method of stabilisation is
based on the semidefinite programming. The LQG controller is designed us-
ing multivariate polynomial spectral factorisation. A parametrisation of all
stabilising controllers is established and a controller optimal in the sense of a
criterion is selected. The dead-beat control is also mentioned.

Chapter 7 brings a scope of tools which the methods presented in Chap. 6 need
from a computing point of view.

Finally, Chapter 8 is a comparison of methods given in this thesis to existing
approaches. A controller is designed using a simple method of theory of sys-
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CHAPTER 1. INTRODUCTION

tems with lumped parameters. A method for control of spatially distributed
systems based on another principle than this thesis deals with is also used.

1.5. ORIGINAL RESULTS AND CONTRIBUTIONS

The thesis brings some results that are believed to be original. In Chap. 5, a method
for stability analysis of a spatially distributed system was developed based on an
equivalence of stability of a 2-D polynomial and positiveness of a certain symmetric
polynomial (Schur-Cohn, Hermite-Fujiwara) matrix on the unit circle, and semidef-
inite programming formulation.

This approach is extended to a controller design in Secs. 6.1 and 6.2, where a
method of stabilisation is proposed. In the discrete-time case, a factorisation of the
Schur-Cohn matrix is used. If the order of the closed-loop system in the time variable
is limited to be less than or equal to 1, a function of the coefficients of characteristic
polynomial can be brought in as a criterion and the controller can be optimised. The
degree in the space variable can be arbitrary. If the order in the time variable is
greater than 1, the method is able to stabilise a system, however, the possibility to
optimise a controller is lost. In the continuous-time case, an analogous factorisation
of the Hermite-Fujiwara matrix is unknown. The order of the closed-loop system in
the time variable is limited to be less than or equal to 2. Well-known conditions for
stability of a polynomial of the degree 2 can be used. A controller can be optimised
like in the discrete-time case.

Sec. 6.3 proposes an extension of the LQG control to here considered class of
spatially distributed systems. Theorem is proved. The Hy-optimal control and a
dead-beat control technique is proposed in Secs. 6.4 and 6.5. Methods presented
here were derived as extensions of techniques well-known in 1-D systems.

1.6. PUBLICATIONS RELATED TO THE THESIS

The following papers were prepared within the thesis.

Journals articles

P1. Cichy, B. — Augusta, P. — Rogers, E. — Gatkowski, K. — Hurdk, Z. On the
control of distributed parameter systems using a multidimensional systems set-
ting. Mechanical Systems and Signal Processing, 22(7):1566-1581. 2008.
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P2. Cichy, B. — Augusta, P. — Rogers, E. — Gatkowski, K. — Hurédk, Z. Robust
control of distributed parameter mechanical systems using a multidimensional
systems approach. Bulletin of the Polish Academy of Sciences, 58(1):67-75.
2010.

P3. Augusta, P. — Hurdk, Z. Distributed stabilization of spatially invariant sys-
tems: positive polynomial approach. Submitted to Multidimensional systems
and signal processing. December 2009.

Conference papers

P4. Augusta, P. — Hurdk, Z. Polmat: MuPAD library for symbolic computation
with polynomial matrices. Preprints of the 16th World Congress of the Inter-
national Federation of Automatic Control [CD-ROM]. 2005.

P5. Augusta, P. — Hurdk, Z. Multidimensional transfer function model of a deforma-

ble mirror in adaptive optics. Proceedings 17th International Symposium on:
Mathematical Theory of Networks and Systems [CD-ROM]. 2006.
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Proceedings of the 2007 IEEE International Workshop on Multidimensional
(nD) Systems [CD-ROM]. Aveiro: University of Aveiro, 2007.

P7. Augusta, P. — Hurédk, Z. — Rogers, E. An algebraic approach to the control
of spatially distributed systems — the 2-D systems case with a physical ap-
plication. Proceedings of IFAC Sympsium on Systems, Structure and Control
2007 [CD-ROM], 2007.
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2008.
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Symposium on Mathematical Theory of Networks and Systems. 2010.



CHAPTER 1. INTRODUCTION

1.7. ACKNOWLEDGEMENTS

The work has been financially supported by the Ministry of Education of the Czech
Republic (project 1M0567), by the Grant Agency of the Czech Republic (project
102/03/H116) and by the Internal Grant of the Czech Technical University in
Prague (grant CTU0615013). A participation in an international conference was
supported by the General Motors Company, Saint-Petersburg State University of In-
formation Technologies, Mechanics and Optics and University of Aveiro. Author’s
visit to the School of Electronics and Computer Science, University of Southamp-
ton, Southampton, United Kingdom was supported by the Erasmus grant and by the
Czech Technical University in Prague. Thanks are also due to the Control Theory
Department, Institute of Information Theory and Automation of the Academy of
Sciences of the Czech Republic for help and support.

This thesis should not be written without help and contribution of some people.
The author would like to thank adviser Zdenék Hurédk for his guidance. He would
like also to thank Btazej Cichy, Professor Krzysztof Gatkowski and Professor Eric
Rogers for cooperation and inspiring ideas. Special thanks to Professor Eric Rogers
for attending to author during his stay at the University of Southampton. The author
wishes to express thanks to Professor Sergej Celikovsky, Professor Didier Henrion,
Professor Vladimir Kuéera and Professor Jan Stecha for interesting discussions
and support. The author is also grateful to Milan Anderle, Olexiy Chumak, Ondrej
Holub, Volodymyr Lynnyk, Kristina Mezeiov4, Branislav Rehédk and Otakar Sprdlik.
Special thanks are due to author’s wife, parents and family.



CHAPTER 2

State of the art

It turned out as early as in the late 1960s and early 1970s that spatially distributed
systems can be studied within a broader class of systems whose coefficients are
functions of parameters. The right mathematical concept appeared to be that of
linear systems over rings, because the coefficients in the state-space matrices and
the coefficients in the transfer functions are elements of a ring. This broader class
of systems also includes systems with delays or systems over integers. Among the
pioneers in the area of linear systems over (commutative) rings were Kalman and his
doctoral student Rouchaleau [57] and Kamen [35]. Readable surveys were given
by Sontag [64] and Kamen [36]. Specialisation of these general results to spatially
distributed systems was given in another survey [10] by Kamen.

A few papers followed in the early 1980s such as [37] and [38], but the interest
of the community into this field faded away towards the end of 1980s and throughout
1990s. Surprisingly, the field was revived around the beginning of the new millen-
nium, through the papers [8, 25, 39, 13, 24, 66, 32, 65, 23], just to name a few.
A related field of repetitive systems [56] also comes along with this revival. An-
other approach to distributed control can consist in developing efficient algorithms
for matrices with special structure, so-called a structure matrix approach. Using
such special algorithms a huge system can be described and controlled by a method
of centralised control. One of works on this topic is [55].

Let us have a look at the most relevant works in more detail.

Kamen [10, Chap. 4] proposes quite comprehensive methodology for analysis
and synthesis of spatially distributed systems. He introduces the state-space repre-
sentation with matrices depending on the variable corresponding to space shift. He
introduces the transfer function description as a fraction of multivariate (n-D) poly-
nomial matrices. After these definitions, he discusses basic properties like internal
and input-output stability, reachability and stabilizability. The problem of stabiliz-
ability is studied also in terms of the Riccati equation. Solving the Riccati equation
with matrices depending on the variable corresponding to space shift is considered.
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Stabilisation by dynamic output feedback is proposed. The ideas are shown on an
example of a seismic cable used in offshore oil exploration.

The Riccati equation with non-constant matrices is also solved in [48], where
the optimal control of the string vehicles is studied. The system is described by
state-space constant matrices, but space-shift variable arises in the weight matrices
in, apart from that, standard quadratic criterion.

Also in [8], a system is described by state-space equations with matrices de-
pending on the variable corresponding to space shift. Then the Lyapunov and the
Riccati equation are proposed to solve and criteria for distributed LQ controller and
Hs- and H.- optimal controllers are defined like in theory of systems with lumped
parameters with the modification that constant matrices become non-constant ones.

The papers [39, 13, 25, 23, 65] deal with modelling and control of systems with
more than one spatial variable. A plate deflection is often used for illustration.

In [39], finite differences methods and the rectangular grid are used to discretise
a partial differential equation describing a plate. The obtained model is continuous
in time and discrete in space. It is ordinary differential equation, where space-shift
operators appear.

The paper [13] also focuses on systems whose model is spatially discrete. Tools
for analysis, synthesis and implementation of distributed controllers are developed
and stated in terms of linear matrix inequalities.

In [25], a plate is modelled. However, unlike [39], a hexagonal grid is here used
for spatial discretisation. Then, the model in the form of the transfer function is
derived. The actuator command is assumed as an input u while the deflection of the
plate is an output y. Moreover, the transfer function is considered to be separable
and it is written in the form of product of two transfer functions

y=G(M, \2) g(2) u,

where G describes deformation of the plate and depends only on variable correspond-
ing to unit shift along the spatial axes A;, \; and g describes the actuators dynamics
which is considered to be the same for all actuators. The g depends only on the unit
delay operator z.

In [23], a spatially distributed system is considered to be spatially symmetric.
A separable model of a plant is used as it was introduced in the previous paper.
A controller is assumed spatially localised. In other words, the control signal is
computed based on only a finite number of error and actuator signals at nearby
actuator cells. The goal of control law is to cancel the steady-state error in reaching
the desired spatial profile.

In [65], a control with fixed structure is designed. The design is reduced to
choosing parameters of the structure that closed-loop design objectives are satis-
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fied. Furthermore, the authors of the paper take into account the fact that design
objectives achieve their extremes at temporal steady state. The temporal degree is
removed for the design process. The design objectives are expressed in the form
of linear inequalities with design parameters. This technique is illustrated using
an example of control of large flexible reflector. The reflector is divided into many
cells with hexagonal arrangement. So-called “one-ring” controller, “two-ring” con-
troller, etc. are defined and designed. “One-ring”, “two-ring”, ... mean that control
law for each cell uses only its own local measurement plus measurement from one,

two, ... rings of cells immediately surrounding it, respectively.

The papers [10, 48, 8, 13] propose quite comprehensive methodology, based on
the state-space description of a plant. The papers [65, 23] deal with the transfer-
-function description, however, the goal of control strategy is to cancel the steady-
-state error and the temporal degree is removed. In this thesis, the author tries to
give the methodology for analysis and synthesis of spatially invariant systems with
the temporal variable based on the transfer-function description.



CHAPTER 3

Modelling of
spatially distributed systems

This chapter provides a very short introduction to modelling of spatially distributed
systems. In the first part, a classification and examples of partial differential equa-
tions (PDEs) are given and using finite difference methods for discretisation of PDE
is discussed. The second part of chapter shows by means of an example a step-by-
step derivation of a discrete in space model of a PDE. There is a lot of literature on
these topics, an enquiring reader is referred to e. g. [50, 67, 7, 54, 63].

3.1. CLASSIFICATION OF PARTIAL
DIFFERENTIAL EQUATIONS

Spatially distributed systems are mathematically described by PDEs. The most
common types of PDEs are called elliptic, parabolic and hyperbolic equations. In
what follows we roughly clear these terms on examples of second-order PDEs. Let
a > 0,b > 0,c > 0 be constants, u be a solution, f right-hand side, V denotes del
and A = V2,

The elliptic equation has the form

—cAu—bVu—au=f.

Elliptic equations do not contain the time variable. They describe stationary states
whose control is not subject of this thesis.

The parabolic equation has the form

(3.1) d% —cAu—bVu—au=f,

where d > 0. Parabolic equations contain first derivation with respect to time. A
heat conduction, diffusion, chemical reactions and others irreversible processes are

10



3.1. CLASSIFICATION OF PARTIAL DIFFERENTIAL EQUATIONS

described by a parabolic PDE. If boundary conditions are non-negative and f is
non-negative, then a solution w is non-negative too.

The hyperbolic equation has the form

2
dl% —f—dg% —cAu—bVu—au=f,
where d; > 0 and dy > 0. Many of the equations of mechanics, including waves,
oscillations and deformations, are hyperbolic.

3.1. Example. A typical representative of parabolic PDE is a heat conduction. A
model of heat conduction in a rod equipped with an array of temperature sensors
and heaters is schematically sketched in Fig. 3.1. It is described by well-known
heat equation

Ou(x,t) 0?u(z,t)

(3.2) 5 = o + f(t,x),

where u denotes temperature (°C), f the input heat (°Cs™1), ¢ and z denote time (s)
and a spatial coordinate (m), respectively, and x = ﬁ is a constant (m?s™1), where
s is the thermal conductivity (W m~! K™'), p is the density (kgm™2) and ¢, is the
heat capacity per unit mass (J K~1kg™1). O

3.2. Example. As a more difficult system a thin flexible plate can be considered. Its
dynamics is described by hyperbolic equations [70]

O*w(zx,y,t) ) dw(x,y,t)  w(x,y,t) PPw(x,y,t)  f(z,y,t)

p
Ox* 0x? Oy? oy* D ot? D

(3.3)

Fig. 3.1. A rod with an array of heaters and temperature sensors

11
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Fig. 3.2.  Thin circular plate

where w is the lateral deflection in the z direction [m], p the mass density per unit
area [kg/m?], f the transverse external force, with dimension of force per unit area
[N/m?], D = ERh3/(12 (1 —v?)), v is Poisson ratio [], h is thickness of the plate [m]
and E is Young’s Modulus [N/m?]. The flexible plate is sketched in Fig. 3.2.

3.2. FINITE DIFFERENCE METHODS

The aim is to base the control on action performed by an array of actuators and
sensors. The presence of such array naturally implies the discretisation of PDE
in spatial variables. In case of digital implementation of control, the PDE must be
discretised with respect to time as well. We use finite difference methods (FDM) to
proceed this.

FDM are a very popular numerical tool for solving PDEs, see e. g. [67, 63, 50,
54, 7]. The basic principle is to cover the region where a solution is sought by a
regular grid and to replace derivatives by differences using only values at these nodal
points. There are many types of grids which can be used, for example, rectangular,
hexagonal, triangular or polar, applicable namely to PDEs in more then one spatial
variable.

As an example [50] consider PDE

ou 0*u

We seek approximation of solution at nodes
r;=jAx, t,=nAt, 7=0,1,....J, n=0,1,...,

where Az =1/J.

To solve (3.4) by FDM we shall replace the derivatives by finite difference and
then solve the resulting difference equation in an evolutionary manner starting from
n = 0. The simplest difference scheme uses a forward difference for time derivative

U tuen) @) O )

At ot

12



3.2. FINITE DIFFERENCE METHODS

and central second difference for the second order space derivative

W(Tjy1,tn) — 2u(xy, ) +u(aj_1,t,) _ O%u
(Al’)z ~ 8$2(mj7tn)'

Equating the left-hand sides of the above two formulae gets an approximation of (3.4)

(35) U(ﬁj,tn+1) = U(Ij,tn) + M[U(l’j+1,tn) — 2U(l’j,tn) + U(Ij—lytn)}a

where = At/(Ax)?. Fig. 3.3 shows points used in the above schema. Each value

t
n—+ 2
n+1 I
n L
n—1
AN — N — A X
[ + +
- = - =

Fig. 3.3.  An explicit difference scheme

at time level £,,,1 can be independently calculated from values at time level ¢,,. For
this reason (3.5) is called an explicit difference scheme. As you can see in [50],
calculations using (3.5) show that numerical results depend critically on the value
of p. Derivation of explicit difference scheme has to be followed by analysis of con-
vergence to a solution, i.e. finding relation between At and Az which satisfaction
will guarantee the convergence, see Sec. 3.4. In other words, explicit scheme has
stability limit, which should be serve restriction and implies that very many time
steps will be necessary to follow the solution over a reasonably large time interval.

Use of backward time difference gives a difference scheme which avoids this
restriction. Replacement the forward time difference by the backward time difference
in (3.5) gives implicit difference scheme

(3.6)  u(wj,t,) =u(xj, t,—1)+ u[u(xj+1,tn) —2u(xj, t,) + u(xj_l,tn)},

where u = At/(Az)% Fig. 3.4 shows points used in (3.6). This schema contains
three unknown values of © on the new time level n. In other words, we are not able
to calculate the value u(z;,t,) because its two neighbouring values in the equation,
w(zj_1,t,) and u(z;4q,t,), are also unknown. This leads to solving a system of
equations to get the values simultaneously. The importance of implicit method lies
in that there is no any stability restriction on At. See [50] for proof and more details.

13



CHAPTER 3. MODELLING OF SPATIALLY DISTRIBUTED SYSTEMS

t
n—+1
n
n—1 I
n—2
AN — "N — A x
[ + +
- = - =

Fig. 3.4.  An implicit difference scheme

3.3. DISCRETISATION OF
PARTIAL DIFFERENTIAL EQUATION

By means of an example, we will use FDM to derive a description of a system in the
form of a partial recurrence equation (PRE), discrete in both time and space. Con-
sider the system of heat conduction in a rod* of Fig. 3.1 described by the parabolic
PDE (3.2). Let T denote the sampling (time) period and h the distance between the
nodes along the rod. Express the derivatives in (3.2) as differences corresponding
to the grid

2
(E)u)  Upg1y — Upy <8 U> Uil — 2Uk + Ukt
= 5] = 3 ;
ot ki T ox ki h

where k corresponds to discrete time and ¢ to the coordinate of the node. Substitution
of the above formulae into (3.2) gives PRE

Tk Tk Tk
(3.7)  Upyr; = T2 Uki-1 + (1 — 2?) Ui + 72 kit + Qi

where, for brevity, gi; =T fr,.
In the case we aim to derive a continuous-time model, we use a spatial discreti-
sation scheme in the form

(6%) - w(t)ior — 2u(t); + u(t)in

ox? h2
and get
(3.8) ( o ) — ! N

IThe thin flexible plate described by (3.3) was modelled by author of this thesis in [2, 12].

14



3.4. ANALYSIS OF STABILITY OF THE DISCRETISATION SCHEME

3.4. ANALYSIS OF STABILITY
OF THE DISCRETISATION SCHEME

To find out whether the spatially and temporarily discretised model gives an accept-
ably precise approximation to the original model described by PDE, to perform von
Neumann’s analysis of stability of an iterative finite difference scheme is necessary.
The objective of this analysis is to determine whether the iterative scheme given
by (3.7) converges to a solution. In the other words, we will find a relation between
T and h, whose satisfaction guarantees convergence.

To proceed, consider the case when zero external heat is applied. Then (3.7)
becomes in

Tk Tk Tk
k41 = g Uhkie1 +(1-2 A + 72 ki1

Also, replace uy,; by ¢g* /%% to obtain

- Tk L . Tk »
gk+1 6319 _ ﬁgk (e] (i-1)0 + ej(1+1)€) + (1 . 2?) gk 6]107
where 6 is the spatial frequency and j = \/—1. The parameter ¢ is termed (he
amplification factor and the recurrence equation is stable if and only if |g] < 1,
see [67] for details. Using Euler’s formula and routine simplification now gives

Tk , . 4 Tk Tk Tk
9= 17 (7 +) + (1_2ﬁ> = 5 2cos6 + <1_2ﬁ>'

Hence, |g| < 1 when

T 1

3.5. NUMERICAL VERIFICATION
OF A DISCRETE MODEL

For the verification process, a simulation is made. It is based on iterative solution
to (3.7), which is placed into the body of a for cycle in Matlab. The continuous-time
model (3.8) is discretised with a very short sampling period and then simulated like
the discrete-time one.
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CHAPTER 3. MODELLING OF SPATIALLY DISTRIBUTED SYSTEMS

3.5.1. Initial and boundary conditions

The initial condition of (3.7) and (3.8) is uz|,_, = uo,; and u(t)|,_, = u(0);, respec-
tively. The boundary conditions are w(t,z)|,.sp, Where D denotes the boundary
of the region where we find a solution. Since we consider a rod with n nodes, the
boundary conditions of the discrete-time model are defined by w1, uy ., and of the
continuous-time model by w(t)y, u(t),, Vk,t > 0.

Let the initial condition be given in Fig. 3.5 and the boundary conditions be
Uk = Ug, = 20°C and u(t); = u(t), = 20°C.

3.5.2. Simulation results
Let n = 59. Put

(3.10) > =230 Wm K, p=2700kgm3, ¢, =900J K 'kg™!
and substitute

3.11) T'=1 h=—-=—
(8.11) T=1s = =m,

which satisfies (3.9). Now, (3.7) has the form

(312) Uk+1: = 0.33 Uk i—1 + 0.34 Uk, 4 + 0.33 Uk i+1 + gk,

21F T T =

temperature (°C)
n n n n n n n
o o o o I o o
w = (] ] ~ (o<} ©
T T T T T T T
I I I I I I I

n
I
)
T
|

n
©
T
|

n
=]
T

20 30 40 50 60
X (node)

o
=

Fig. 3.5.  Initial condition
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and (3.8) has the form

—
s
= —u
=
e — .

= - - e
= =
- ——— e
—————
—_———— e

temperature (°C)

10 X (m)

time (s)

Fig. 3.6.  Behaviour of the signal v when the condition (3.9) is satisfied

temperature (°C)
= [ N N N N N w
(2} o] o N S [} <] o

i
'S

i
N

o8
Y

” o8 0.6 0.4

time (s) X (m)

Fig. 3.7.  Behaviour of the signal © when the condition (3.9) is not satisfied
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temperature ("C)

Fig. 3.8.  Behaviour of the signal « in the continuous-time case

Results of simulation of (3.12) are shown in Fig. 3.6. Fig. 3.7 shows result of
simulation when the condition (3.9) is not satisfied. One can see that the solution
does not converge in this case. Results of simulation of (3.13) are shown in Fig. 3.8.
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CHAPTER 4

Multivariate transfer functions
for spatially invariant systems

In this chapter, we will derive a model useful for control design via polynomial tech-
nique — transfer function. We shall concentrate on the linear spatially distributed
spatially and time invariant systems described by constant coefficient PDEs with
temporal variable ¢ and one spatial variable x. Extension to PDEs with more than
one spatial variables is straightforward.

We assume infinite spatial domain. Of course, this assumption is never valid
for a physical system, but it simplifies the design a lot and allows neglecting the
boundary conditions.

4.1. CONTINUOUS-TIME CASE

In the single-input single-output continuous-time case, a linear spatially-distributed
time-invariant system cab be represented by the input/output relationship

t o0

(4.1) y(t,r)—/ [Z gt — 7,7 — ju(r,j)| dr

j=—00
—00

where u(t,7) € R is the input at time £ € R and spatial point r € Z, y(¢t,r) € R
is the output at time ¢t € R and spatial point r € Z, and g(¢,7) € R is the value of
the impulse response at time ¢t € R and spatial point » € Z. The upper limit in the
integral is ¢ since we assume causality in time, i.e., g(t,7) = 0 for all ¢ < 0. We do
not assume causality in the space, i.e., g(t,7) # 0 in general for all r € Z.

There is usually some damping along the distributed structure in the application
to discretised PDE. Hence, we can assume that

Z lg(t,7)| < oo forall t>0.

j==o0
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CHAPTER 4. MULTIVARIATE TRANSFER FUNCTIONS FOR SPATIALLY INVARIANT SYSTEMS

If this assumption is satisfied and if the input « is a bounded function of the spatial
variable r for every ¢t € R, from (4.1) follows that output response y resulting from
u is also bounded function of » for every ¢ € R. Furthermore, we have

ly tr|</lz lg(t — 7,7 — j)]

We see that if >, |g(t,7)| and sup, |u(t,7)| are locally integrable functions of ¢,
then (4.1) is well defined.

A use of the joint Laplace and z-transform leads to the transfer function of a
system (4.1). Let f(¢,1) be a real-valued function defined on the Cartesian product
R x Z and f(¢,1) =0 for t < 0. The joint Laplace and z-transform of f(¢,1) is given
as

(4.2) F(s,w)—/
t=0

We assume that f is constrained, so that F'(s, w) is well defined for (s, w) belonging
to some subset of C x C. See also [10].

Consider a PDE as described in Sec. 3.1. Let u be an output and f be an input.
Use one of the common discretisation schemes for spatial variable. Perform the
transform (4.2) and manipulate to obtain the transfer function

b(s,w)
a(s,w)

suplu(r )| s

JET

+0o0
Z f(t,0) wl] e stdt.

l=—00

(4.3) P(s,w)=

In (4.3) the variable s corresponds to time and the variable w corresponds to shift
along the spatial coordinate axis. Like in the discrete-time case, the polynomials a
and b are one-sided in z and two-sided in w and can be assumed in the form

(4.4) a(s,w) ZZale <w +w” ), n>0, m>0

k=0 1=0

and similarly for the polynomial b. Following the systems-over-rings concept, the
notation

(4.5)  alw](s) = ap(w)s" + an_1(w)s" ' + -+ + ag(w)

can be used to emphasise that the polynomial a can be viewed as a polynomial in s
with coefficients being functions of w.

4.1. Example. Consider (3.8). Let u be output and f input. Perform the trans-
form (4.2) and manipulate to obtain the transfer function

1

4.6) P(s,w)= — —
(4.6) (s, w) s— 73 (w—2+w)

20



4.2. DISCRETE-TIME CASE

Substituting values of (3.10) and (3.11) gives

(4.7 Plsw) = =33 (wl— 2wl

4.2. DISCRETE-TIME CASE

In the discrete-time single-input single-output case, a linear spatially-distributed
time-invariant system cab be represented by the input/output convolution sum

y(l,T): Z Z g(k:—i,r—j)u(i,j),

1=—00 j=—00

where the input u(k,r), output y(k,r) and unit-pulse response g(k,r) are all real-
valued functions defined on the Cartesian product Z x Z, k is discrete time variable
and r is the discrete spatial variable. We assume causality in time, so, the sum on ¢
terminates at ¢ = k.

A sequence of two z-transforms can be performed to obtain the transfer function
— one unilateral corresponding to ¢ and the other bilateral corresponding to x. Let
f(k,1) be areal-valued function defined on the Cartesian product ZxZ and f(k,l) =0
for all £ < 0. The z-transform of f(k,[) is given as

400 4o

(4.8) F(z,w)= Z Z flk,Dw™ 2",

k=0 l=—00

We assume that f is constrained, so that F'(z,w) is well defined for (z,w) belonging
to some subset of C x C. See also [10].

Consider a PDE as described in Sec. 3.1. Let u be an output and f be an input.
Use one of the common discretisation schemes (as it was shown in the previous
chapter) to get a PRE. Perform the z-transform (4.8) and manipulate to obtain the
transfer function

(4.9) P(z,w)=

In (4.9) the variable z corresponds to time delay and the variable w corresponds to
shift along the spatial coordinate axis. Since the system is causal in time and non-
causal in space, the polynomials a and b are one-sided in z and two-sided in w. For
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physical systems, it is reasonable to assume spatial symmetry: the polynomial a can
be assumed in the form

n

(4.10) a(z,w) Zaklz (w +w” ), n>0 m2>0
=0 I=

and similarly for the polynomial b. Following the systems-over-rings concept, the
notation

(4.11) aw](2) = an(w)2" + ap_1(w)2""" + -+ + ap(w)

can be used to emphasise that the polynomial a can be viewed as a polynomial in z
with coefficients being functions of w.

4.2. Example. We obtain the transfer function corresponding to (3.7) with input ¢
and output u. Simply, the z-transform and algebraic manipulation give

z

(4.12) P(z,w):1+(2 T —T(wrw ) s

Substituting values of (3.10) and (3.11) gives

z

(4.13) P(z,w) = 1-034z—033(w+w )z

U

Note the transfer function of thin flexible plate of Example 3.2 was obtained
analogously in [2].
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CHAPTER 5

Multidimensional
BIBO stability analysis

Consider a system described by the transfer function (4.9) or (4.3). Stability of
such a system can be studied by analysing roots of its denominator polynomial, with
the first stability criterion given by Justice and Shanks [34]. This is similar to the
lumped (1-D) case, but having two variables, the values of the denominator polyno-
mial ¢ must be studied on a combination of the unit circle and disc or a combination
of the unit circle and a half-plane.

It was shown in [20] and discussed in e.g. [33, 15] that Shanks theorem loses
its validity in the case when the system has a nonessential singularity of the second
kind. The transfer function is said to have a nonessential singularity of the second
kind if the relatively prime numerator and denominator share a common zero on the
stability region boundary. In such a case the numerator affects the stability and the
necessity condition of Shanks theorem does not hold. The following example was
pointed out in [20], see also [33].

5.1. Example. Consider

(1—21)%(1 — 2)°
2— 21 — 22

(1 — Zl)(l — 22)
2—21—22 ’

Gl = ) G2 =
Both the above transfer functions have nonzero denominators on {(z1,22) : |21] <
1,]2z2] < 1} except the point z; = 1, 25 = 1 and have a nonessential singularity of
the second kind at the point z; = 1, 20 = 1. Goodman [20] proved that G, is BIBO
stable and G5 is BIBO unstable. O

A more complicated test should be used to check the stability precisely in the
case when a system has a nonessential singularity of the second kind. One of such
tests can be found in [71]. However, disregarding these uncommon situations by
desiring a closed-loop system with no singularity on the stability region boundary,
examining denominator polynomials suffices. In the following sections, we will deal
with discrete-time and continuous-time case separately.
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CHAPTER 5. MULTIDIMENSIONAL BIBO STABILITY ANALYSIS

5.1. DISCRETE-TIME CASE

Specialising the general Shanks theorem to systems with spatio-temporal transfer
functions, the classical results on stability follows.

5.2. Theorem. [10, Theorem 4.3, p. 126] A system described by (4.9) with the
polynomials free of a common factor is BIBO stable if a(z, w) # 0 for all {jw| =1} N
{lz] < 1}, m

An immediate reformulation of this test goes in the spirit of the concept of sys-
tems over rings.

5.3. Corollary. A system described by (4.9) with the polynomials free of a common
factor is BIBO stable if a[w](2) = an(w)2" + ap_1(w)2""1 +- - - +ap(w) is stable (has
its roots outside the open unit circle) for all |w| = 1. O

A vast number of extensions and simplifications have been proposed in the last
decades, such as [68, 46, 47, 29, 60], just to name a few. The key trick used in this
chapter is described in [62]. It consists in establishing an equivalence of stability of a
2-D polynomial and positiveness of a certain symmetric polynomial matrix (Schur-
Cohn matrix for discrete-time systems) on the unit circle. Apart from algebraic
criteria like [61], the advanced toolset of linear matrix inequalities (LMIs) can be
used to test positiveness of a polynomial matrix on a unit circle, see [72, 18, 19, 26,
16].

The Schur-Cohn matrix H for a polynomial a(z,w) has the form

(5.1) H(w)=5 5] —5,5;,

where
ap(w) 0 0
S, — al(-w) ao(.w) .. 0 |
: 0
ap_1(w)  ap_o(w) ag(w)
an<w) 0 0
S, — an,%(w) an(-w) 0
0
ap(w) az(w) -+ ay(w)

Examples of the Schur-Cohn matrix for n = 1,2, 3 follow
Hn:l(w) = ( ap® — a;* > )
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5.1. DISCRETE-TIME CASE

a02 — GQQ apa; — ap ag
Hn:2<w) = )

Qo a1 — a1 ag a02 - 6122

ap? — az? apa; — as as apas — ay as

2

_ 2 2 2
H,—3(w) = ap a1 — Az az Qp” +a1” —a” —az” apa; — azas

ag g — a1 a3 Gp a1 — az20as a02 - a32

See e. g. [9] for comprehensive overview. The following lemma formally states the
key tool for this chapter.

5.4. Lemma. [62] A polynomial a[w](z) of the form (4.10) is stable if and only if its
Schur-Cohn matrix H(w) is positive definite on the unit circle, that is, H(w) > 0 for
all |w| = 1. O

The Schur-Cohn matrix is a symmetric polynomial matrix H(w) = Hy+ Hy(w+
wl) + -+ Hyp(w?™ 4+ w™2™) of size n. Using semidefinite programming formu-
lation and the result stated in [72, 18], the matrix is positive definite for all |w| =1
if and only if there exists a symmetric matrix M of size 2nm such that

Hy | Hy -+ Hapy
H |0 -+ 0
LM)=|( | . .
H,, | 0 0
1
1 0
(5.2) + M —
I 0
0 --- 0
01
— M =0
0 1
1

5.5. Example. Consider (4.13) with the denominator polynomial
a(z,w)=1-0.342—0.33 (w+w™") 2.

Following the above approach, we have
Si=1, Sy=-034-033(w+w?)
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0.0 t }

y

Fig. 5.1.  Values of H(w) for all |w| =1

and the Schur-Cohn matrix
H(w) = 0.6666 — 0.2244 (w + w ™) — 0.1089 (w? + w™?).

Since H(w) is scalar, we can easily check its positiveness graphically. Simply, plot
values of H(w) for all w| = 1, i.e., plot values of H(e’*) for all w € (0;2 7). The
result is in Fig. 5.1. Since H(1) = 0, the system is not stable. O

5.6. Example. Consider the control scheme of Fig. 5.2. Does the controller
R(z,w)=01+022z+03w+w ")z

stabilise the plant (4.13)?
The characteristic polynomial of the closed-loop system is

o(z,w) =1-0242 =033 (w+w ') 2+ 022"+ 0.3 (w+w™') 2%

Fig. 5.2.
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5.1. DISCRETE-TIME CASE

Using the above approach, we get

o 1.0 0
P —024-033(ww ) 10 )

5 - 02+ 0.3 (w+w™) 0
? 024033 (w+wY) 02+03w+w?) )’

0.78 0.006 —0.12 —-0.192
HO = ) Hl = )
0.006 0.78 —0.192 —-0.12

H, = —-0.1 0.1
0.1 —-0.1

Writing the following SeDuMi/Yalmip code

1 M1 = zeros(6,4);
e M1(1,1) = 1.0;

3 M1(2,2) = 1.0;

4 M1(3,3) = 1.0;

5 M1(4,4) = 1.0;

6

7 M2 = zeros(6,4);
s M2(3,1) = 1.0;

9 M2(4,2) = 1.0;

10 M2(5,3) = 1.0;

1 M2(6,4) = 1.0;

12

13 t0 = 4.0;

—
'

M=sdpvar (t0)

—
ot

H=[0.78, 0.006, -0.12, -0.192, -0.1, 0.1;
0.006, 0.78, -0.192, -0.12, 0.1, -0.1;
-0.12, -0.192, 0, O, O, O; -0.192, -0.12, O, O, O, O;
-0.1, 0.1, 0, 0, 0, 0; 0.1, -0.1, 0O, O, O, 0O];

[ S S
S © ®» -~ o

L=H+M1*xM*xM1’-M2*xM*xM2 "’
F=set (L>=0)
23 solvesdp (F)

0o

N
0o

we get the output
24 yalmiptime: 0.2351

25 solvertime: 0.0973

26 info: ’No problems detected (SeDuMi-1.1)°

27 problem: O

28 dimacs: [1.1674e-10 0 O 6.9305e-12 6.6147e-11 1.1577e-10]

Since some matrix M exists that (5.2) holds, the closed-loop system is stable.

U
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5.2. CONTINUOUS-TIME CASE

In the continuous-time case, the situation is similar.

5.7. Theorem. [10, Theorem 4.3, p. 126] Spatially distributed system described by
the transfer function (4.3) with the polynomials free of a common factor is BIBO
stable if a(s,w) # 0 forall {Jw|=1}Nn{R{s} > 0}. O

An immediate reformulation of this test goes in the spirit of the concept of sys-
tems over rings.

5.8. Corollary. A described by (4.3) with the polynomials free of a common factor
is BIBO stable if a[w](s) = a,(w) s" + ap_1(w) s"™1 + -+ + ag(w) is stable (has its
roots in the left half-plane) for all |w| = 1. O

In the continuous-time case, Hermite-Fujiwara matrix plays a role in the sta-
bility testing. Let a*(s) denote a(—s). The Hermite-Fujiwara matrix is defined as
H = (hij)i,jzl,...,n’ where

= (1)1 ) A *
hij = (=1) § k-1 0 — Qi jtk—1
k=1

where m;; = min(é,n — j + 1). Examples of the Hermite-Fujiwara matrix corre-
sponding to a[w](s) for n = 1,2,3, 4 follow

Hooa () = (2000 ). Hn2<w>:(2“°“l | )

0 2@1 a9

2agaq 0 2apas
H,—3(w) = 0 2a1 a9 —2agas 0 )
2apag 0 2as as
2ag9aq 0 2agas 0
Hn:4(w) _ 0 2al ag — 2 Qg as 0 2 aq Qg
2agas 0 2asa3 —2aq a4 0
0 2a1 a4 0 2a3ay

The bellow lemma is reformulation of Lemma 5.4 for the continuous-time systems.

5.9. Lemma. A polynomial a[w](s) of the form (4.4) is stable if and only if its
Hermite-Fujiwara matrix H (w) is positive definite on the unit circle, that is, H(w) >
0 for all jw| = 1. O
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5.3. CONCLUDING REMARKS

The Hermite-Fujiwara matrix is a symmetric polynomial matrix H(w) = Hy +
Hi(w+w™) + -+ Hyp(w?™ + w™2™) of size n. The same result [72, 18] that
was used for testing positiveness of the Schur-Cohn matrix on the unit circle can be
used here.

5.3. CONCLUDING REMARKS

The LMI formalism offers easy extension from analysis to constructive synthesis.
However, the obvious obstacle that prevents us from using the LMIs directly is the
bilinear dependence of the coefficients of the Schur-Cohn and the Hermite-Fujiwara
matrices on the coefficients of the original polynomials, see e.g. [28]. Sec. 6.1
and 6.2 offer a partial solution.

29



CHAPTER 6

Polynomial approach to control

This chapter proposes some control design techniques for spatially distributed sys-
tems based on operations with polynomials. In the first two sections, the method
presented in Chap. 5 is further developed and a technique for stabilisation of a spa-
tially distributed system is proposed. In the next sections, LQG control, Hs-optimal
control and dead-beat control of spatially distributed systems are developed.

In what follows, stabilisable systems free of hidden modes are considered. A
system described by the transfer function (4.9) is stabilisable if and only if the poly-
nomials a and b have no unstable zero in common [59].

6.1. POSITIVE POLYNOMIAL APPROACH
TO STABILISATION: DISCRETE-TIME CASE

This section deals with stabilisation of a discrete-time spatially distributed system.
We consider a system described by the transfer function (4.9). Consider the control
scheme of Fig. 6.1, a,b, ¢, z,y € R[w][z] and a controller given by transfer function

(6.1) R(z,w)=

Fig. 6.1.  Control scheme
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6.1. POSITIVE POLYNOMIAL APPROACH TO STABILISATION: DISCRETE-TIME CASE

The closed-loop system is stable if and only if the characteristic polynomial
(6.2) ax+by=c

is stable. In other words, solving (6.2) for polynomials = and y with given a and
b and a stable polynomial ¢ makes the closed-loop system stable. Suppose spatial
symmetry of the closed-loop system. Let ¢ have the form

n

(6.3) C:Z S Chl zk<wl—|—w_l>,

k=0 [=0

3

>0, 1m>0.

Now, the problem arises how to find coeflicients c;; of a polynomial c that it is
stable. The LMI-based approach as described in Chap. 5 cannot be used directly,
since (5.2) depends non-linearly on polynomial coefficients, i. e. on matrices S; and
S, which play a role in stability.

First, we shall analyse the case when the system is of order one in the time
variable. We will discuss the general case later on.

6.1.1. Systems of order one in the time variable
In this subsection, we assume the following.

6.1. Assumption. The system is of order one in the time variable. Hence, the poly-
nomial (4.10) is of degree n = 1 in the variable z. O

This assumption is not so restrictive. Many processes and phenomena in the
nature can be described by the parabolic PDE (3.1), which is of first order with
respect to time.

Extending the well-known results on solvability of a Diophantine equation in
the 1-D setting [41], it is clear that the closed-loop polynomial ¢ has to be of degree
2n — 1 or greater in the variable z to design a realisable controller. Since n = 1,
n > 2n—1=1. Thus, let n = 1. Our task simplifies to find all stable polynomials
with degree equal to 1 in z. Degree in w can be arbitrary.

Due to the above assumptions, S; and S are now scalars. However, for lucidity,
the notation for matrices is kept in what follows. We propose the following theorem.
Without a loss of generality we suppose ag(w) > 0, i.e. S; > 0.

6.2. Theorem. A polynomial (6.3) with n = 1 is stable if and only if

S1 5
6.4 > 0,
oo (53
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CHAPTER 6. POLYNOMIAL APPROACH TO CONTROL

where H(w) = 5157 — 5557 is the Schur-Cohn matrix corresponding to c.
Proof. It follows from Sylvester’s criterion that (6.4) holds if and only if

S >0 and det 51 52 > 0.
Sy ST

The former condition was assumed without a loss of generality before, the latter is
equal to S; ST — 5555 > 0. Use of Lemma 5.4 concludes the proof. O

The left-hand side matrix in (6.4) is a symmetric trigonometric polynomial ma-
trix H(w) = Hy + Hi(w +w™) + -+ + Hyz(w™ + w™™) of size 27. It is positive
semidefinite for |w| = 1 if and only if there exists a symmetric matrix M of size
2n 1 such that

H, | H, H,
H |0 - 0
L(M,HU,Hl,...,Hm>: . . . . —|—
H. | 0 0
I
. I 0
(6.5) + - M -
I 0
0
0
01
I
- M = 0,
0 I

1

where in contrast with (5.2) L depends also on H.
Theorem 6.2 allows us now to complete the following lemma.

6.3. Lemma. Consider a plant described by (3.1) with the transfer function (4.9).
A controller with the transfer function (6.1) stabilises the plant if

ar+by=c

is a such polynomial that (6.5) holds with

S1 S
o= (3 %)

where 5151 — 5557 is the Schur-Cohn matrix corresponding to c.
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6.1. POSITIVE POLYNOMIAL APPROACH TO STABILISATION: DISCRETE-TIME CASE

Proof. Follows immediately from Theorem 6.2 and the fact that c is the charac-
teristic polynomial of closed-loop system. O

By means of an example we apply the presented approach to a system of heat
conduction in a rod.

6.4. Example. Consider the control scheme of Fig. 6.1, a system described by the
transfer function (4.13) and a controller with the transfer function

(6.6) R(z,w) =1+ 7r(w+wr),

where 1y and r; are real constants. The characteristic polynomial of closed-loop
system has the form

(6.7)  c(z,w) =1+ (rg—0.34)z + (r; — 0.32) (w +w™ ")z

Next, we find the constants ry and r; so that (6.7) is stable. The method de-
scribed in Sec. 6.1.1 gives

S = 1,

SQ = 7’0+(T1—28—5) (w—i—w‘l)—é—g,

1 To—é—g
HO = <T—£ 1 )
0™ 50
8
H = -
7"1—% 0

Using SeDuMi and Yalmip [69, 44] we can check that some matrix M in (6.5)
exists and rq, r; are for example

To = 02, r = 0.28.
The characteristic polynomial c is
(6.8) c=1-0.142—0.04(w+w ")z,

Since we know the structure of the controller, we can only substitute values of
and 7 into (6.6) and get

R=0.2+028w+w™).
In this case, we do not have to solve (6.2).
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For illustration, in Fig. 6.2 we sketched all values of r, and r; for which the
polynomial (6.7) is stable. A few numerical simulations follow. Fig. 3.5 and Fig. 3.6
give the initial condition and the response of the uncontrolled system, respectively.
The response of the controlled plant and manipulated variable is shown in Fig. 6.3
and 6.4, respectively. 0

6.5. Remark. With SeDuMi/Yalmip we can easily find a controller optimal in the
sense of minimising a criterion. The criterion should be linear in variables used
in the controller design (in the above example rg, 71). Some function (e.g. trace),
are allowed, see [69, 44] for details. If a criterion is specified, solver returns the
optimal solution. This is useful only when we are able to give such a function of
controller constants whose minimisation has a good effect on the control quality.
This optimisation technique is used in Example 6.12. d

6.1.2. The general case

In the general case, the situation is more complicated. Theorem 6.2 no longer holds.
In this subsection, we show a possible way of stabilisation of a spatially distributed
system of order greater than one.

[ stability area

0.8~

0.6

0.4

G

0.2

Fig. 6.2.  The values of ry and r; for which the polynomial (6.7) is stable

34



6.1. POSITIVE POLYNOMIAL APPROACH TO STABILISATION: DISCRETE-TIME CASE

temperature (°C)

10 X (m)

time (s)

Fig. 6.3.  Output of the plant, control applied

manipulated variable (°C s_l)

10

x (m)

time (s)

Fig. 6.4.  Manipulated variable
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We have the sufficient and necessary non-convex condition for stability of a poly-
nomial ¢ in the form

(6.9)  Si(c) S} (c) — Sa(c) Sy (c) = 0,

where the argument means that the matrices correspond to the polynomial c. We
are able to derive a convex condition, however, the new condition will be sufficient
only. How to do this is shown in e. g. [30, 27, 53].

In [53], (6.9) is linearised. Using the Schur complement argument we obtain
the condition

(Smc) ST(e) S(e) ) o
S5 (c) I ’

which is equivalent to (6.9). The non-convexity is now concerned in the upper-left
block. Now, let S3 be any matrix with corresponding dimension, then

(S1(c) = S3) (Si(c) = S)" = 0,
so that
Si(e) ST (c) = Si(e) S5 + S3.57 () + S3.5; .
The above right-hand side is affine transformation. If the LMI

51<C) S:;F + Sg S;F(C) + S3 S:;F SQ(C) . 0
SE(c) I

is satisfied, (6.9) is satisfied too. We proved the following lemma.
6.6. Lemma. A polynomial ¢ of the form (6.3) is stable if

g (ST RIS ),
S I

where H(w) = 515§ — 5555 is the Schur-Cohn matrix corresponding to ¢ and S is
a matrix of adequate dimension. n

The question comes out how to choose the matrix S5. A possible way is as
follows. Consider a stable polynomial
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and let S3 = Si(¢q). Unfortunately, to find a stable polynomial is exactly what we try
to do in this section. However, if a goal is the stabilisation only, we can put ¢ = 1.
Note that this technique does not allow use the optimisation that was used in the
case of low-order systems, see Rem. 6.5.

6.7. Example. Consider a plant given by the transfer function

z
15—24z42(w+wt)z+ 1522 + (w? + w=2) 22

P(z,w) =

and a control with the fixed structure

Yoty (w+w)
To+ 1z (w+w )z

R(z,w) =

Find the constants ¢, 21, yo, y1 such the closed-loop system is stable. Choose S3 = 1.
The above method leads to (6.5) of size 24 x 24 with Hy,..., Hs given in Fig. 6.5.
Using SeDuMi/Yalmip one can check that some matrix M exists and the controller
constants are for example

2o =0.12, z7=0.002, yo=32, 1 =0.32.

6.2. POSITIVE POLYNOMIAL APPROACH
TO STABILISATION: CONTINUOUS-TIME CASE

This section deals with stabilisation of a continuous-time spatially distributed sys-
tem. We consider a system described by the transfer function (4.3). Consider the
control scheme of Fig. 6.1, a, b, ¢, z,y € R[w]|[s] and a controller given by the transfer
function

(6.11) R(s,w)=

The characteristic polynomial determining the stability of the closed loop is az +
by = c,

n

(6.12) CZZch,ZS%wl—l—w_l), n>0, m>0.

k=0 =0

Like in the discrete-time case, the closed-loop polynomial ¢ has to be of degree
2n — 1 or greater in the variable s to design a realisable controller. Since n = 1,
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0 0 0 0 0 0

0 0 0 lw 0 0

0 0 0 0 o 0

0 o 0 0 0 R

0 0 lx 0 0 0

0 0 0 Lz 0 0

0 0 0 0 0 0

0 0 0 lrxg— 0 0

0 0 0 0x L g— 0

O Ty i— Ox O Ox Ty i—

0 0 lrg— 0z 0 0

0 0 0 lwg— 0 0

0 0 0 lr gy 0 0

0 0 0 Lz gg— lx g1 0

0 0 0 lxgr +0xg — 1 'z gg— tz gt
legr  lrgg—  twer+Ovg-— W 0 lr gy + 0xg — i L gg—

0 lr gy 'reg— lxgr +0vg — i 0 lxgr +0rg — i

0 0 Lz gy 'z eg— lrgy +0rg — i 0

T 0 0 0 0 0

0 T 0 lry — 0x g1 0 0

0 0 T 0 yg — O lry — 0z g1 0

0 'ry—07gT 02 §g — Of T+ %70¢ 0 §g — Of lzy —0xgT

0 0 lxy —0rgy 0x 3g — O T+ %2 0g 0 yg — O

0 0 0 lry — 0z gy 02 pg — O T+ 920¢

‘H
°H
'H
°H

‘7H3

The matrices Hy, ..

Fig. 6.5.
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n > 2n—1 = 1. However, in the continuous-time case, we do not have to be so
strict. Throw this subsection, we assume the following.

6.8. Assumption. The system is of order one in the time variable. The controller (6.11)
is of at the most first order in the time. Hence, assume n = 2 and the polyno-
mial (6.12) in the form ¢ = cy(w) s* + ¢1(w) s + co(w). The degree of ¢ in w can be
arbitrary. O

The sufficient and necessary condition for stability of ¢ can now be expressed by
this lemma.

6.9. Lemma. A polynomial c of the form (6.12) with n = 2 is stable if and only if
co(w) 0
(6.13) 0 caw) O =0
0 0 ca(w)

for all |w| = 1.
Proof. Follows immediately from Theorem 5.7 and the well-known sufficient and
necessary condition for stability of polynomial of degree 2. O

The left-hand side of (6.13) is a symmetric trigonometric polynomial matrix
H(w) = Hy+Hy(w+w™)+- - -+ Hp (w™+w™™) of size 2. The method using (6.5)
can be used to check its positiveness.

6.10. Remark. Generally, for n > 2, an analogous condition
diag [co(w), c1 (w), ., ca(w)] > 0
is no longer sufficient. O

By means of an example we apply the above approach to a system of heat con-
duction in a rod.

6.11. Example. Consider the control scheme of Fig. 6.1, the plant (4.7), the con-
troller (6.11), and the characteristic polynomial of the closed-loop system in the
form

(6.14) c(s,w) = ca(w) s> + c1(w) s + co(w),

where

m
€18 (wl + w*l> ,

co(w) = IZ(:]CO’Z (wl + w’l>, c(w) = X

ca(w) = IZO oy §° (wl + w*l>.
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Build (6.13) and solve (6.5). Using SeDuMi/Yalmip confirms that a matrix M
exists and returns

co(w) = 2, c1(w) = 2, ca(w) = 2.
So, (6.14) has now the form

c(s,w) =28 +2s+2.
Now, solve ax + by = ¢ for x and y. A solution is

r = (05w+3+05w s+ (0.5w+3+05w™r)

y = (0.165w*+ 0.66w — 1.65 + 0.66 w™ + 0.165w™?2) s+
+(0.165w? + 0.66 w — 1.65 + 0.66 w—! + 0.165w™?) .

Responses to initial conditions of Fig. 3.5 of the closed-loop system are shown
in Figs. 6.6 and 6.7. 0

6.12. Example. Consider the control scheme of Fig. 6.1, the plant (4.7) and a con-
troller with the transfer function

y(s,w) __ Yotyus (w+w™)

z(s,w)  Too+ 108+ wo1(w +w 1)’

(6.15) R(s,w)=

21 —

20.8 —

20.6 —

temperature (°C)

10 x (m)

time (s)

Fig. 6.6.  Output of the plant, control applied
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© o
~ o
| |

o
N}
|

manipulated variable (°C s‘l)

£, S o o o
o N A 0 o IS ) o
N | | | | | |

10 X (m)

time (s)

Fig. 6.7.  Manipulated variable, control applied

where yoo, Y11, Too, T10, To1 are real constants, which have to be found such that the
closed-loop system is stable. The method described in this section gives

co(w) = 0.66 x99 — 0.66 xo1 + Yoo — 0.33 wo(w + w1+
+0.66 201 (w + w 1) — 0.33 xoy (w? + w™?),
ci(w) = xoo+ 0.66 210 + (—0.33 219 + w01 + y11) (W + w™t),
co(w) = 0.
Substituting the above polynomials into (6.13) and using SeDuMi [69] and

Yalmip [44] we can check that some matrix M in (6.5) exists, coefficients of = and
y are for example

Yoo = 2.6, y11 =0.7,

oo — 09, 10 = 3, o1 — 0.3

and the corresponding controller is

26+0.7s(w+wt)
1 - .
(6-16) Falsw) = 5935 703 (w + 0 T)

The Matlab/Yalmip code which leads to the above controller follows.
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29 M1 = zeros(9,6);
30 M1(1,1) = 1.0;

31 M1(2,2)
32 M1(3,3)
33 M1(4,4)
3¢ M1(5,5)
35 M1(6,6)
36

1
1
1.
1
1

37 M2 = zeros
38 M2(4,1)
39 M2(5,2)
10 M2(6,3)
41 M2(7,4)
2 M2(8,5)
3 M2(9,6)
14

45 t0 = 6.0;

46 sdpvar x00 x10 x01 y0O0O yi1
47 M=sdpvar (t0)

|
L el e e e

149 H=

o

.66%x00 - 0.66*xx01 + 1.0%xy00, O, O, 0.66%*x01 - 0.33%x00,
0, -0.33%xx01, 0, O;

1.0xx00 + 0.66*%x10, 0, 0, 1.0%x01 - 0.33*%xx10 + 1.0%*yl1l,
0, O;

, 1.0xx10, O, O, O, O, O, O; 0.66%*x11 - 0.33%x00,

, 0, 0, 0, O, O, O; ..

*x01 - 0.33*x10 + 1.0%y11, O, O, O, O, O, O, O; .
, 0, 0, o0, 0, 0, O, O0; -0.33%xx01, O, O, O, O, O, O, O, O;...
, 0, 0, 0, 0, 0, O, O0; O, O, O, O, O, O, O, O, 0];

-

-

o

-

-

o
©@
O O O O O O O O
o O =, O O
o

-

59 L=H+M1x*xMx*xM1’-M2*xM*xM2"’
60 F=set (L>=0)
61 solvesdp (F)

Like before we will watch responses to initial condition of Fig. 3.5. Fig. 3.8
shows the response of the uncontrolled system. The response of controlled plant
and manipulated variable is shown in Fig. 6.8 and 6.9, respectively. The closed-
-loop system is stable, however, responses could have a shorter settling time. Let
us try to stabilise the system and maximise |z1o| simultaneously. This corresponds
to a change of line 61 to

62 solvesdp(F, -abs(x10))

Now, we get

Yoo = 18633, Y11 = —2231,
200 = 15494,  x1 = 10000, 0, = 5531
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215"

214
O 205
=
g 20—
(k)
o
1=
o

10
15 1

= (m)

Fig. 6.8.  Output of the plant, control applied with the controller Ry

manipulated variahle (°C 5'1)

Fig. 6.9.  Manipulated variable, control applied with the controller R;
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21 —

20.8 —

o)

temperature (°

X (m)

time (s)

Fig.6.10. Output of the plant, control applied with the controller Ry

manipulated variable (°C s

x (m)

time (s)
Fig.6.11. Manipulated variable, control applied with the controller Ry
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and the corresponding controller

18633 — 2231 s (w +w™)

6.17) R
(6-17) Ras ) = 351004 100005 + 5531 (w £ w1

The results with controller R, are shown in Figs. 6.10 and 6.11. U

6.3. LQG CONTROL

In this section, a simple procedure for design of LQG-optimal controller will be pro-
posed. A controller optimal in the sense of minimising quadratic criterion

(6.18) i f: Z dul(k, by, 1) 0Pk, D, 1)
k=0 l1=—00

where u and y denote input and output of a plant, respectively, will be designed.

Consider the control scheme of Fig. 6.12, where plant, controller and filter are
respectively given by transfer functions

p=2 o= q-=°
a

a m

and v and w are white noises. Let the polynomial a have the form
a= DD D i 20wy
% i1 in
and similarly for other polynomials. We suppose that the plant and the controller
are causal in the sense of explicit difference scheme (see p. 13), i.e.,

b(),. - 0,
ap,,..0 7 0, A0,iy,.in = 0, d1,...,0, # 0

v+ C Jp
+

Fig.6.12. LQG control scheme
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and

no,. = 0,

mop,.0 7 0, M0y, in = 05 11500y # 0,

where a dot (-) means “for all indices”. We also suppose that a,b have no zero in
common, then Bézout identity

(6.19) am+bn=1

is satisfied.
Following theorem holds.

6.13. Theorem. Controller optimal in the sense of minimising criterion (6.18) is
given by transfer function

6.20) ¢ =2
m
where
Y (z,wy, ..., wy)
6.21 W) = )
( )z, Un) E(z,wi, s wy) D(z,wr,  Wn)

(6.22) m(z,wi, ..., w,) = ,

where X and Y is solution of

(6.23) PE*X—-7Zb = ZPa"¢pD
(6.24) PE'Y+Za = ZPb*yY D

such that Y;. = 0, where p = max(dega, degb, deg E) and

(6.25) a¢ra* +ciyc = DD*
(6.26) ada"+0ypb* = EFE”

where

Dyy,...0 # 0, Doiyyin =0, d1,...,0, #0

and
Foo,.07# 0, Eoirin =0, d1,...,%, #0.
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Minimal value of criterion (6.18) is

(627) Umin = V1 + U2 + Vs,

where

U1 = —¢1¢
N D*gsz_D*wbb*sz
2 a*a a* FE E*a

VAN
() = .
3 E E~

Proof. The proof is similar to that of 1-D case [41]. Input and output of plant is
respectively given by

B C cQ B
(6.28) u = —1+OPU—1+CPU)— anv—ncw
(6.29) y = cp ¢ =—bnv+mcuw.

1rcp'Tircp?

Using (6.28) a (6.29) and Parseval theorem, (6.18) becomes
J=¢{anpin*a* +ncycn®) + Y (bndn* b +meh ¢ m*)
and using (6.19) and (6.25)
J=¢onDD*n*)+¢{(—p1+ p1n* b +bnpy +mDD* m").

Let J = v; +v4 and

v = =1y
vy = <nD¢D*n*+

1_ 1_ * Ik
b"D¢Dh-¥}£>.

a

where we used (6.19) and the fact that (¢, n*b*) =0 and (bn ¢,) = 0.
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Next manipulations give

1 1 1 *b*
v = <nD¢D*n*+—D¢D*—*——D¢D*”
a a a a*
b 1 b b
~"pyp-— 4+ pyp" >
a a* a a*
1 1 1 “b* b 1
- <—D¢D*———D¢D*" ——anD*—>
a a* a a* a a*
a L La" bn LD
+(—nD¢D*'n"—+ —Dy D
a a* a a*

n*b* bn

a* a

1 11 1
- <—D¢D*—*——Dz/1D* Dz/JD*—*>
a a a a

1 1
+ <—nD(agz5a* + by bY) D*n*—*>
a a

1 11 “ b
- < D D* Dy D

a a* a a*

b 11 1
~"pypr— —nDEE*D*n*—>.
a a* a

a*
and v4 becomes
(630) Uy = Vg + Vs,

where
1

Db by D*
Era v ¥

1 1 1
(6.31) vy = <—D1/JD*—— >
a a* a* F
1 1

Using (6.24),
DYy Y  Z

+ )
E*a a zP B*

Let

nDE Y
a a’

V=

We get

w=((v-5%) (V- 5%) )
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For D, E, a, n and Y satisfying the assumptions made above, cross-terms
Z2VvoN\ ) ZVE N\ 0
(zp EX) ) \(2pE*)/

U5 = VU3 + Vg,

YAA

Value of criterion is

and

where

VU = Uy + Vg + VU3 + Vg.

Only vg depends on a controller. Putting vg = 0 gives

ED Y 1
0=V=""2_ — —-(mED-Y),
a a a
S0,
Y
n=—
DE
From
PEX—-Zb = ZPa* oD
PPEY+Za = 2P0 YD
then
X
m= —
DFE
follows. O

The design of LQG controller consists of the following essential operations.

6.14. Algorithm (LQG controller). Input: polynomials a, b describing a plant,
weights W, &, Wy, &;. Output: LQG controller transfer function C.

1. Solve spectral factorisations (6.25) and (6.26).

2. Solve Diophantine equations (6.23) and (6.24).

49



CHAPTER 6. POLYNOMIAL APPROACH TO CONTROL

3. Substitute the solution into (6.21) and (6.22) to get n and m.

4. Substitute n and m into (6.20) to get the transfer function of controller. [

An example on LQG control design follows.

6.15. Example. Consider a heat conduction in a rod with array of temperature sen-
sors and heaters described by (4.13). Fig. 3.5 and Fig. 3.6 give the initial condi-
tion and the response of the uncontrolled system, respectively. The above described
methods was used to design LQG controllers for ¢; = 1 and ¢; = 1. Figs. 6.13,
6.14 and 6.15, 6.16 show responses to initial condition of closed-loop system and
the manipulated variable with LQG controller for weights ¢ = 1, ¢ = 1 and ¢ = 1,
Y = 100, respectively.

We will show how to design the LQG controller in Matlab environment using
MuPAD and polmat. In MuPAD, load the polmat library. Define the plant and filter

63 package ("polmat"):

64 a:=subs (1-T*K/h " 2%zx(w+1/w)-(1-2%T*K/h"2)*z,
65 T=1, K=230/2700/900, h=1/59):

66 b:=z: c:=b:

temperature (°C)

10 x (m)

time (s)
Fig.6.13. LQG control, ¢; =1, ¢ =1, ¢ =1, ¢» = 1, output of plant
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-
_—
= s

—

éig\s ——

=

‘&‘z_\'
S ——
‘T"\ —-0.05 —| =———
[ //
© 7,
o -0.1—
Ks]
8
IS
S
°
i)
<
=]
=
S
IS
€

x (m)

time (s)

Fig.6.14. LQG control, ¢; = 1,91 =1, ¢ =1, ¢» = 1, manipulated variable

temperature (°C)

x(m)

time (s)

Fig.6.15. LQG control, ¢ =1, 91 =1, ¢ = 1, ¢ = 100, output of plant
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S

—_— T

—_—

e

= = |

manipulated variable (°C s™%)

X (m)

time (s)
Fig.6.16. LQG control, ¢; = 1,91 =1, ¢ =1, ¢» = 100, manipulated variable

and constants ¢, 1, 1 and v,

67 Phi:=1: Psi:=100:

68 Phi_1:=1: Psi_1:=1:

Build two spectral factorisations

69 f:=a*xPhi*subs(a, z=1/z) + b*Psi*subs(b, z=1/z)

70 fl:=a*Phi_1*subs(a, z=1/z) + c*Psi_1%*subs(c, z=1/2z)

They must written in the form of list of coefficients to be solved using Algorithm 7.4.
This form can be generated in MuPAD as follows

nn d_fl_z:=polmat::1ldeg(f, z): d_fl_w:=polmat::1ldeg(f, w):
72 d_f_z:=polmat::1ldeg(f, z): d_f_w:=polmat::1ldeg(f, w):
(m1[i,jl:=polmat::coeff (polmat::coeff(fl, z, abs(i)), w,

-
w

74 abs(j))) $i=-d_fl_z..d_fl_z $j=-d_f1l_w..d_fl_w:
7 (m[i,j]l:=polmat::coeff (polmat::coeff(f, z, abs(i)), w,

76 abs(j))) $i=-d_f_z..d_f_z $j=-d_f_w..d_f_w:

77 Ml:=matrix (1+2*xd_f1_z,

78 1+2*%d_f1 _w,(i,j)->mi[i-1-d_f1_z,j-1-d_£f1_w]):

79 M:=matrix (1+2xd_f_z, 1+2*d_f_w,(i,j)->m[i-1-d_f_z,j-1-d_f_wl):

Lists can be generated by
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80 polmat::polmat2poltbx(M1)
8t polmat::polmat2poltbx (M)

Now, let us switch on Matlab. The spectral factor can be computed by the following
code, see Sec. 7.2 for details.

s2 f=[0, -80063/243000, -41437/121500, -80063/243000, O;

83 6410083969/59049000000, 3317570531/14762250000,

84 22964377969/9841500000, 3317570531/14762250000,

85 6410083969/59049000000;

86 0, -80063/243000, -41437/121500, -80063/243000, O0];

87

ss [m,d]l=size(f);

89 n=2"7;

9o p=[f((m+1)/2:m,:); zeros(n-m,d); f£(1:(m+1)/2-1,:)];
91 p=[p(:,(d+1)/2:d), zeros(n, n-d), p(:,1:(d+1)/2-1)1;
92 P=fft2(p,n,n);

93 b=ifft2(log(P),n,n);

94 bp=b(1l:(n+1)/2, :); bp(l,:)=bp(1,:)/2;

95 g=ifft2(exp(£f£ft2(bp)));

96 v=g(l:(m+1)/2, 1:(d+1)/2)

Let us continue in MuPAD. Rewrite the spectral factors

97 DD:=matrix (2, 3, [15/10, O, O, -2/10, -2/10, 01);

9¢ EE:=matrix(2, 3, [101/10, O, O, -34/1000, -33/1000, 0]1);

99  [11,12]:=1inalg::matdim(DD)

100 vD:=(linalg::transpose(matrix([z~i $i=0..11-1]))*DD*matrix ([1,

101 wii+l/w"i $i=1..12-171)) [1]
102 vE:=(linalg::transpose(matrix([z~i $i=0..11-1]1))*EE*matrix ([1,
103 wiitl/w"i $i=1..12-11)) [1]

In vD and vE we have now spectral factors in the MuPAD data type expression. One
can make sure that to obtain the controller transfer function we can solve Diophan-
tine equation a X + bY = E D in place of Eqs. (6.23) and (6.24). We take the
solution with Yj . by two last lines.

104 [x,y]:=polmat::axbyc(a, b, vE*xvD, z)
105 solve(polmat::coeff(y, z, 0), t)
106 [X,Y]:=expand (expr (subs([x,y]l, t=%[21)))
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6.4. H,-OPTIMAL CONTROLLER

In this section, parametrisation of all stabilising controllers will be derived for the
plant described by (4.12). Among these stabilising controllers, a controller minimis-
ing Hy norm of the closed-loop system transfer function will be selected.

The following theorem gives a set of all stabilising controllers. It has origin
n [41]. For multidimensional systems it appeared in [59].

6.16. Theorem (Kucera-Youla) [59]. Let p,¢ € R[z,w] be any polynomials such
that

ap+bg=s
is stable. Then the plant, free of hidden modes, with factor coprime transfer function

P=-

a

is stabilisable and the set of all stabilising controllers is given by

q qr—at
6.33) C ===
( ) p pr+bt

with all possible common factors cancelled, where  is an arbitrary stable n-D poly-
nomial and the polynomial ¢ is arbitrary, r, ¢t € Rz, w]. O

The stabilising controller minimising Hy norm will be derived from the set of all
stabilising controllers (6.33). The task is to find a controller that internally stabilises
the control system of Fig. 6.17 and simultaneously minimises the effect of the signal
v on the output y in the sense of minimising the Hy norm of the transfer function

P
1+ PC"’

which is defined by

1P = [ [ 1 (e den e

Uk
u Yk
% k P Y

(6.34) H =

i

Fig.6.17. Closed-loop system
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6.4. Ho-OPTIMAL CONTROLLER

By modification of (6.34) we have

__pb_rbb gy,
ap+bq rs

where T and ® are some stable rational functions and W = f Consider the inner-
outer factorisation [14] of ® as & = &; O, where ®; has unit magnitude on the unit
circle and ®, has no zeros in |z| < 1. With this factorisation,

L _o, W

d;

1T =W, =T~ &0, W], = @ (- @)

2 ‘ 2

Now, decompose % as

Y_[xy o7
(I)i_ (I)i + (I)i ,7

where {-}, is analytic in |z| < 1 and {-}_ is strictly proper and analytic in |z| > 1.
With this decomposition,

2 2
J#-ew]] = {2}, + {3} -ow

Iz, 2

+H{%}—®OW

The last expression is a complete square whose first part is independent of W.
Hence, the minimising parameter is

2 2

2 2

(6.35) W =—~2+

If W is proper and stable, it defines the unique optimal controller. If not, no optimal
controller exists. See [42] for details on the above steps.

The above steps can be summarised as follows.

6.17. Algorithm (H.-optimal controller). Input: polynomials a, b describing a plant.
Output: Hy-optimal controller transfer function C.

1. Solve ap+ bq = s for p, q.
2. Let T =2,0=",

3. Factorise ® = ®; ®,. Let ®; have unit magnitude on the unit circle. Let ®,
have no zeros in |z| < 1.
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CHAPTER 6. POLYNOMIAL APPROACH TO CONTROL

T T T T
. — =9 = — . — ic 1 <1
4. Decompose 3 {(I)i }+ + {CIDi }_ Let {CD }+ be analytic in |z| < 1. Let

i i

T
{a} be strictly proper and analytic in |z| > 1.

n

In the following example, Ho-optimal controller for the system of heat conduc-
tion in a rod will be designed. The Hy-optimal controller for a thin flexible plate of
Example 3.2 was scope of [4]. Note that steps 3 and 4 in the above algorithm are
not hard to compute for the particular systems considered here since the degrees of
the polynomials T and ® do not exceed 2.

6.18. Example. Consider a plant (4.12). The equation ap + b§ = 1 is solvable and
a solution is

Hence the set of all stabilising controllers is given by

[1-2L+ L w+w™h)] (r+zt)—t

(6.36) R=
r4+zt

Y

where r is a stable 2-D polynomial and ¢ is an arbitrary polynomial.
We have T = z, & = 22, s0, ®; = 2%, P, = 1 and

T z [T n T 04 1

o 2 \ef, . oz
and (6.35) gives W = % = 0. Finally, we obtain transfer function of stabilising
controller minimising H, norm by substitution in (6.36) as

T T _
For a numerical simulation consider the case of a rod with transfer function (4.13).
Let signal vy be given in Fig. 3.5 for £ = 0 and zero for £ > 0. Fig. 6.18 and 6.19
correspond to the case when the controller minimising the H, norm is used. O
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6.4. Ho-OPTIMAL CONTROLLER

temperature (°C)

time (s)

Fig.6.18. Temperature variation with the Hy-optimal controller applied

manipulated variable (°C s™%)
& & o
o IS w
| | |

10

x (m)

time (s)

Fig.6.19. Manipulated variable with the Hy-optimal controller applied
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CHAPTER 6. POLYNOMIAL APPROACH TO CONTROL

6.5. DEAD-BEAT CONTROL

We will design so-called dead-beal control. Consider scheme of Fig. 6.20. The
task is to design a controller which drives control error e, to zero in a least number
of steps and, furthermore, guarantees that output y; tracks reference r; of type
step. Suppose that controller contains unit delay, in other words, computing new
controller output takes a time At¢. Let a controller be a series connection of two
components. The first one, with transfer function R, is subject to design and the
second one is fixed and guarantees asymptotic properties of the controller. In 1-D
systems, this task was solved in e. g. [49].

Consider a plant and a controller given by transfer function

respectively. When in design, we will consider the second controller component to
be part of a plant, i. e.

z
1—2

P = P.

For the closed loop it reads

1 (1 —=2)ax

6.37) e= = :
( ) e 1+PIRT (1—z)ax+zbyr

We suppose reference to be step

r(z,w) =

$0, (6.37) becomes

azr ,

(6.38) e = (1—z)a:ﬁ~|—zbyr'

Since we need (6.38) to be a polynomial in z, we have

(6.39) (1—2)ax+zby=s,

Tk €k Z Uy, Yk
R 1—z > P .
- controller

Fig.6.20. Closed-loop system with the dead-beat controller [49]
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6.5. DEAD-BEAT CONTROL

where s is a constant polynomial in the ring R[w][z], i.e., independent on z. Now,
(6.38) becomes

7,,/

eE=axr —.
S

Set of all dead-beat controllers (guaranteeing reference tracking) is given by

_gt—(1—=2)av
 @t4zbo

(6.40) R

where t,w € Rlw][z], t is arbitrary stable and v is arbitrary. Control error is

,,,./
=a(Tt+bv)—.
e=a (m + v) S
The parameters ¢,v determine a particular controller of the set (6.40). Since our
objective is to reach a least minimum of steps, the parameters ¢, v must be choose to
minimise the degree of polynomial 2¢ + bv. In other words, we must solve (6.39)
and take the solution minimising the degree of x.
The polynomials 7’ and s describe reference in spatial coordinates and are func-
tion only of w. The method does not require knowing ' to design dead-beat control.

The above described method can be summarised as follows.

6.19. Algorithm (Dead-beat control). Input: polynomials a, b describing a plant.
Output: transfer function R of dead-beat controller.

1. Choose s(w) that (1 — z)az + zby = s is solvable.

2. Solve (1 — z)axz + zby = s for x,y. Take the solution minimising the degree
of = in the variable z.

3. Dead-beat controller is given by R = £. The control error goes to zero in
number of steps equal to the degree of a = in the variable z. O

6.20. Example. Consider a heat conduction in a rod given by (4.13). The dead-beat
controller was designed using the above method. The degree of e resulted 3. The
simulations are shown in Figs. 6.21-6.23. One can see that signal e, goes to zero
in 3 steps. U
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CHAPTER 6. POLYNOMIAL APPROACH TO CONTROL

reference (°C)

10 X (m)

time (s)

Fig.6.21. Reference

23—

22.5—

N
N}
|

21.5—

temperature (°C)

N
N
|

20.5—

10 X (m)

time (s)

Fig.6.22. Output
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Fig. 6.23.

control error (°C)

Control error

6.5. DEAD-BEAT CONTROL

time (s)
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CHAPTER 7

Tools

This chapter treats of multivariate linear polynomial equations and spectral factori-
sation problems.

7.1. LINEAR MULTIVARIATE
POLYNOMIAL EQUATIONS

As we saw in the previous chapters, linear equations with polynomials (also called
Diophantine equations) play a central role in the control design via algebraic meth-
ods. In this section, we concern in the linear equation with multivariate polynomials
introduced before in (6.2). Let a,b,c € R[z,w] be given polynomials two-sided in
the variable w and one-sided in the variable z, and x and y be unknown elements of
the same ring. A condition of solvability will be given.

Note that concept of coprimeness of one-variable polynomials was extended to
the multivariate case in [73]. Concerning solvability of linear equations, multidi-
mensional case was scope of e. g. [58, 59].

Let us begin with a definition of ¢deal, which can be find in e.g. [45, 74]. A
subset I C R[z,w] is called ideal if two following conditions hold:

l.a,bel=a—-0bel;
2. a€el, feRz,w|= facel.

Let us have a subset M C R[z,w]. Ideal I(M) generated by M consists of finite
R-linear combinations of elements of M

Atmy A+ Aamy,

where \; € R[z,w| and m; € M.
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7.2. MULTIVARIATE POLYNOMIAL SPECTRAL FACTORISATION

Condition of solvability of (6.2) is established by Hilbert’s nullstellensatz. Hil-
bert’s nullstellensatz can be expressed in various ways. Here we use the interpreta-
tion of [74].

7.1. Theorem (Hilbert’s nullstellensatz). Let
f?fla"'ufT ER[Z,U)]

and f vanishes in all common zeros of fi,..., f.. Then for some ¢ € N polynomial
f? belongs to ideal generated by polynomials fi,..., f., i.e.

fq:glf1+"'+grfr

for some g1, ..., g, € R[z,w].
Proof. See [74]. C

The below corollary states solvability condition of (6.2).
7.2. Corollary. The equation
axr+by=c,

where a,b,c € R[z,w] are given polynomials and x,y are unknown elements of the
same ring, is solvable if and only if @, b vanish implies ¢ vanishes. O

The next corollary (see also [59]) deals with the case, when ¢ = 1.
7.3. Corollary. Bézout’s identity
ar+by=1,

where a,b € R[z,w| are given polynomials and x,y are unknown elements of the
same ring, is solvable if and only if @, b have no zero in common. O

A possible way how to solve multivariate polynomial linear equations is to con-
sider the polynomials to be element of R[w]|[z]. Algorithms by Kuéera [41] for uni-
variate polynomial linear equations can then be used.

7.2. MULTIVARIATE POLYNOMIAL
SPECTRAL FACTORISATION

The spectral factorisation as a mathematical tool was invented by Wiener in 1950’s.
Since that time, both univariate and multivariate spectral factorisation have been
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CHAPTER 7. TOOLS

subject of many papers, see e.g. [31, 22, 21] and references herein. In this sec-
tion, two-variable polynomial spectral factorisation is solved. The extension of the
proposed algorithm to the n-variable case is straightforward.

Suppose we are given a real two-variable two-sided polynomial f of the form

f:Zka,z(Zk-i-Z*k) (wl—i—w*l), 0<m, 0<s

k=0 1=0

positive on the unit bicircle,
0<f<oo Viz| =1, Jw| = 1.

Note that the requirement of positiveness is related to [75]. A polynomial g(z,w) is
the spectral factor of f if and only if

f(sz) = g(sz) 'g(z_lvw)v

glzw) A0 V[ <1, ] =1,

It is well-known fact that, unlike univariate case, in general, it is not possible to
find polynomial spectral factor of finite form. However, there exist a factorisation
that has infinite number of terms, and it can be approximated by finite polynomial.
See e. g. [17] for details.

There are several methods for computation of multivariate polynomial spectral
factorisation, see e. g. [17, 21, 40, 51, 11, 52]. In [17, 21, 11], so-called cepstral
method is discussed. Roughly speaking, its basic principle consists in computing
cepstrum f = log(f) and taking its causal part f,. Spectral factor is then given by
g = exp(jl). Numerical implementation with use of fast Fourier transform (FFT)
leads to very efficient algorithm. Clearly, its accuracy depends significantly on num-
ber of interpolation points used in FFT. If no finite spectral factor exists or its degree
is too high, this algorithm truncates the resulting sequence and returns directly a
finite-order spectral factor. It can be shown [21] that if truncated spectral factor is
of sufficiently high order, stability is preserved. It is also possible to combine this
algorithm with optimisation routine to produce an approximation of spectral factor.

For a clarity, the algorithm will be summarised for systems with one temporal
and one spatial coordinate. Let the polynomial g have the form
g= Zngk(wl—l—w*l), 0<m, 0<a3.
k=0 1=0
The following algorithm computes a truncated finite-order spectral factor of degree
m and $ in the variable z and w, respectively.

7.4. Algorithm (Two-variable polynomial spectral factorisation). Input: two-sided
polynomial f(z,w). Output: polynomial spectral factor g(z, w).
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7.2. MULTIVARIATE POLYNOMIAL SPECTRAL FACTORISATION

1. Define the N; x N, matrix

foo for - fos O 0 fos -+ fo1
fio fir - fis O 0 fis - fi1
: : S0 0 : :
fmo fma 0 fms O 0 fims o fma
. 0 U
fmo fma 0 fms 0 0 0 fas oo fmn
: : S0 - 0 : :
fio fir - fis O - 0 fis - fi1

with Ny > 2m + 1 and Ny > 2s + 1 both even.

2. Sample f(z,27',w) in Ny x N, points on the unit bicircle. Simply, perform
2-D FFT on f with N; x N, interpolation points. Get a matrix F.

3. Compute log(F) element by element to get a matrix P.
4. Perform inverse 2-D FFT on P and get p.

D. Let b = bi,j7 bl,j = pl,j/Z,j = 1, ceey NQ, bi,j = pi,j> 1, = 2, ceey (Nl -+ 1)/2,
j: 1, ceey NQ.

6. Perform 2-D FFT on b with (V; + 1)/2 x N, interpolation points to get a
matrix B.

7. Compute exp(B) element by element and its inverse 2-D FFT to get a (N, +
1)/2 x Ny matrix whose upper-left (i + 1) x (5 + 1) block has the structure

goo YGoa1i - 9Gos
g10 G911 - G153
9m,0 9Gm,1 " Gm,s
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CHAPTER 8

Comparison to existing methods

In this chapter, we would like to compare our methods with others and show how
our methods are effective or not. Like before, our aim is to control the spatially dis-
tributed system described by (3.2). In the first section, the system will be considered
to be with lumped parameters and a method of basic course of control theory will
be used to design a controller. In the second section, a method introduced in [10]
and [8] will be used. In both experiments, we will watch the responses of the con-
trolled system to initial conditions given in Fig. 3.5.

8.1. USE OF A TECHNIQUE FOR SYSTEMS
WITH LUMPED PARAMETERS

The system (3.2) will be described by the state-space model of 1-D systems theory.
LQG controller will then be designed. We again consider a rod with n actuators and
sensors. The system has n states and can be described by equations

Tp+1 = Az + Bug + wg

with z,u,y,w,v € R", A, B,C, D € R"™", where

1-28r  Ir 0 0
I 1-2%& LIr 0 0
A: .. . )
0 0 & o1-2%p Is
Tk Tk
0 0 o 1—2%%
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8.1. USE OF A TECHNIQUE FOR SYSTEMS WITH LUMPED PARAMETERS

where I and O denotes identity matrix and matrix of zeros, respectively, and the
process noise w and measurement noise v are Gaussian white noises with covariance

S{wkwg} = Py, S{vkvg} =,.

Now, we can approach the design of control and optimal estimator. Briefly
speaking, the optimal controller in the sense of minimising the criteria

J = zp Uy + up ug

k=0

will be designed, while the steady-state error
E{(w, — &)z — 3) }

where ;. is the estimate of state, is minimised. For whole information, interested
reader is referred to a relevant book, e. g. [43].

Let n = 59 and (3.10) and (3.11) holds. The LQG controller was designed for
the noise covariance data ®; = [ and ¥; = I and for two different values of ¥. The
results are shown in the following figures. One can see that the responses are very
similar to responses obtained by Alg. 6.14 in Sec. 6.3.

temperature (°C)

10 X (m)

time (s)
Fig. 8.1.  Centralised LQG control, ¥ = I, output
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manipulated variable (°C s_l)

X (m)

time (s)

Fig. 8.2. Centralised LQG control, ¥ = I, manipulated variable

temperature (°C)

10

X (m)

time (s)

Fig. 8.3.  Centralised LQG control,¥ = 100 I, output
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manipulated variable (°C s‘l)

-0.6 4

-0.7 5k

x (m)

time (s)

Fig. 8.4.  Centralised LQG control, ¥ = 100 7, manipulated variable

This control technique is based on a centralised controller. The control design
requires manipulations with n by n matrices and can be very time-consuming. Re-
lation between a number of heaters and sensors n and time needed to design LQG
controller using Matlab command 1qg is sketched in Fig. 8.5. One can see that for

160

140+

120+

80

time (s)

60

40

20

I L L L L L L
0 50 100 150 200 250 300 350 400 450 500
n(-)

Fig. 8.5.  Relation between number of nodes and centralised controller design time
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CHAPTER 8. COMPARISON TO EXISTING METHODS

high values of n this technique becomes impracticable. Another aspect is a time
which calculation of the controller output takes during the control process. Opera-
tions with n by n matrices like adding, multiplying are needed. So, also from this
point of view, the method is computationally hard. However, use of special algo-
rithms for structured matrices can accelerate the computations. See e. g. [55].

The most time-consuming part of controller design using this technique is solv-
ing two Riccati equations, see [43] for details.

8.2. RICCATI EQUATION WITH POLYNOMIALS

In this section, we use a method described in [10] and elaborated e.g. in [8]. It
consists in solving Riccati equation, however, unlike the previous section, with poly-
nomial matrices. Before we start, we make the space discretisation of (3.2). Sub-
stituting

(82u(:v, t)) w(t)ior — 2u(t); + u(t)in

Ox? - 52
into (3.2) we get
(8.1) <8u(z€)> _ KJU(LL)iﬂ —2u(t); + u(t)iza

T e + f(t):-

Performing the z-transform and manipulating, we can describe the system in the
form of state-space equation as

(8.2) a=Au+Bf,

with A =% (w—2+w™'),weC,and B=1.
As it is introduced in [10], the LQ controller can be designed by solving the
algebraic Riccati equation

(8.3) 2A(w)P(w)— B(w)* P(w)* +¥ =0,

where A, B, P generally depends on the complex variable w. The optimal control is
then given by f = —P u, where P is the positive solution to (8.3).

Put B = 1. Let the positive solution to (8.3) be
P(w) = A(w) + /A(w)? + .

One can see that the optimal control is irrational. It cannot be used directly. A way
how to deal with this problem is described in [48, 8].
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21 —

20.8 —

temperature (°C)

time (s)

Fig. 8.6.  Riccati equation with polynomials, output, ¥ =1

I
~
|
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N
|

manipulated variable (°C s_l)
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[ee] (o2} » N o
L L | | |

5 x (m)

time (s)

Fig. 8.7.  Riccati equation with polynomials, manipulated variable, ¥ =1
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21 —

20.8 |

temperature (°C)

time (s)

Fig. 8.8.  Riccati equation with polynomials, output, ¥ = 100

manipulated variable (°C s‘l)

time (s)

Fig. 8.9.  Riccati equation with polynomials, manipulated variable, ¥ = 100
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8.8. CONCLUDING REMARKS

This approach gives the results in Figs. 8.6-8.9. Note that this technique leads
to the control structure quite different from that obtained by our methods or method
of the previous section. So, to compare them only watching the responses could be
unfair. The following responses have shorter settling time, what is in accordance
with higher power of manipulated variable. However, this difference occur since
controller with no filter is considered in this control strategy.

The method presented in this section consists in solving Riccati equation with
polynomials. Since the equation is scalar, the solution can be obtain quite easily.
However, the solution is irrational and it must be approximated to be implemented
in manner of distributed control.

8.3. CONCLUDING REMARKS

We compared the algorithm for design LQG control proposed in this thesis to two
existing methods. The algorithms consists of the following operations.

Tab.8.1.  Essential operations for design of the LQG/LQ controller

centralised Riccati equation our method

LQG controller with polynomials (Alg. 6.14)

2% 1x 2%

Riccati equation Ricecati equation with | spectral factorisation

with huge matrices polynomial matrices of a 2-D polynomial
1x 2%
approximation of polynomial equation
an irrational function | with 2-D polynomials

All methods are applicable to the same class of systems. The first method be-
comes impracticable for systems with high number of actuators and sensors. How-
ever, there are efficient algorithms for special types of matrices that arise in this
method and using them can make the control design faster greatly.

The second method is an algorithm for LQ controller design based on solving
Ricecati equation with polynomials. Since a solution leads to irrational optimal con-
trol, one has to approximate it by a rational function to be able to implement the
control using localised (distributed) controller.

The third method is Alg. 6.14. It consists of solving two spectral factorisations
and two linear equations with 2-D polynomials.
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CHAPTER 9

Conclusions

This thesis was dealing with modelling, analysis and control of spatially distributed
systems. A method for discretisation of partial differential equation with constant
coefficients was described in detail. Discrete-time and continuous-time models were
derived. Corresponding transfer functions in the form of fraction of two-sided two-
variable polynomial was obtained, assuming infinite spatial domain. In the thesis,
the method was used for modelling a system described by a parabolic PDE, however,
it works also for systems described by hyperbolic PDEs, as it was shown in [2, 12].

In Chap. 5, a positive polynomial approach to stability analysis of two-variable
transfer functions was proposed. The problem of stability was formulated as the
positivity of two-sided matrix polynomial. Using semidefinite programming formu-
lation and the result of [72, 18] to solve this problem is believed to be new. Since
the goal of this method is analysis of two-variable transfer functions, it is available
for systems described by both parabolic and hyperbolic PDEs with the time variable
and one spatial variable.

Stability analysis was extended to stabilisation in Secs. 6.1 and 6.2, where a
stabilisable controllers were designed. Here, this method has restriction in the or-
der of a plant. The order in the time variable is limited to be less than or equal to
1. The degree in the space variable can be arbitrary. However, many processes and
phenomena in the nature are of order one. A function of the coefficients of character-
istic polynomial can be brought in as a criterion and the controller can be optimised.
It follows from the restriction that this method is useful for systems described by
parabolic PDEs with one spatial variable. Using linearisation of product of two ma-
trices, the method can also be used for systems of higher order, but the possibility
to optimise a controller is lost. Then, it can also be used for systems described by
hyperbolic PDEs with one spatial variable. These sections are completely new.

Sec. 6.3 deals with LQG control of spatially distributed systems. A theorem was
proved. This was an extension of the 1-D case and the 2-D case of systems being
of another class. A theorem and its proof for the spatially distributed systems are
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9.1. ORIGINAL RESULTS AND CONTRIBUTIONS

believed to be new. Simulations show that this approach can be used for systems
described by a parabolic or hyperbolic PDE, see also [3].

The Hs-optimal control and the dead-beat control technique were derived in
Sec. 6.4 and 6.5, respectively. Methods presented here are extensions of techniques
well-known in 1-D systems and can be used for systems described by a parabolic or
hyperbolic PDE, see also [4].

Chap. 7 is scope of tools needed for control design from a computing point of
view. In particular, linear equations with multivariate polynomials and multivariate
polynomial spectral factorisation are handled. This part suites well-known principles
to use them for spatially distributed systems.

Chap. 8 compares a method given in Chap. 6 to existing approaches. A plant
was considered to be a system with lumped parameters and the LQG controller was
designed using a method of theory of systems with lumped parameters. A method for
control of spatially distributed systems based on works by Kamen [10] and Bamieh
et al [8] was used.

9.1. ORIGINAL RESULTS AND CONTRIBUTIONS

The thesis brings some results that are believed to be original:
» Chap. 5. Multidimensional BIBO stability analysis.
* Sec. 6.1. Positive polynomial approach to stabilisation: discrete-time case.
+ Sec. 6.2. Positive polynomial approach to stabilisation: continuous-time case.

+ Sec. 6.3, Theorem 6.13 on LQG control and its proof for the spatially invariant
systems.

The following papers were prepared within the thesis:

* The introduced method for modelling of spatially distributed systems has been
described in conference paper [2] and in the journal Mechanical systems and
signal processing [12]. Excluding self-citations, the journal paper [12] has
3 citations in the Web of Science databases, the paper [2] has 2 citations (not
registered in the Web of Science databases).

* The methods for stability analysis and stabilisation using positive polynomial
approach was submitted to the journal Multidimensional systems and signal
processing.
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* The algorithm for LQG control has been described in conference paper [3].

* The Hs-optimal control has been presented in conference papers [4, 5]. Ex-
cluding self-citations, the paper [5] has 1 citation (not registered in the Web
of Science databases).

+ Some algorithms given in this thesis were implemented in Polmat [6, 1].

9.2. OUTLOOKS AND FUTURE WORK

The methods described in Chap. 5 and Secs. 6.1, 6.2 should be extended to more than
one spatial variable. In such a case, the Schur-Cohn and Hermite-Fujiwara matrices
become matrix polynomials in more than one variable and another approach has to
be used to check if they are positive/sum-of-squares on the unit polycircle.

Removal of limitation to order in time of systems is also the subject of the future
work. The obstacle here is a non-convexity of the set of parameters of stabilising
controllers. It should be removed using non-convex optimisation or relaxation.
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