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Abstract

In this thesis, the robust output regulation problem is studied both in the time
domain and in the frequency domain. The problem to be addressed is to find a
stabilizing controller for a given plant so that every signal generated by an ex-
ogenous system, or shortly exosystem, is asymptotically tracked despite pertur-
bations in the plant or some external disturbances. The exosystem generating
the reference and disturbance signals is assumed to be infinite-dimensional.

The main contribution of this thesis is to develop the robust regulation the-
ory for an infinite-dimensional exosystem in the frequency domain framework.
In order to do that, the time domain theory is studied in some detail and new
results that emphasize the smoothness requirement on the reference and dis-
turbance signals due to infinite-dimensionality of the exosystem are presented.
Two types of controllers are studied, the feedforward controllers and the er-
ror feedback controllers, the latter of which facilitate robust regulation. These
results exploit the structure at infinity of tha plant transfer function. In this the-
sis, a new definition of the structure at infinity suitable for infinite-dimensional
systems is developed and its properties are studied.

The frequency domain theory developed is based on the insights into the
corresponding time domain theory. By following some recent time domain ideas
the type of robustness and stability types are chosen so that they facilitate the
use of an infinite-dimensional exosystem. The robustness is understood in the
sense that stability should imply regulation. The chosen stability types resemble
the time domain polynomial and strong stabilities and allow robust regulation
of signals that have an infinite number of unstable dynamics along with transfer
functions vanishing at infinity.

The main contribution of this thesis is the formulation of the celebrated
internal model principle in the frequency domain terms in a rather abstract
algebraic setting. Unlike in the existing literature, no topological aspect of the
problem is needed because of the adopted definition of robustness. The plant
transfer function is only assumed to have a right or a left coprime factorization
but not necessarily both. The internal model principle leads to a necessary and
sufficient condition for the solvability of the robust regulation problem.

The second main contribution of the thesis is to design frequency domain



Abstract i

controllers for infinite-dimensional systems and exosystems. In this thesis,
the Davison’s simple controller design for stable plants is extended to infinite-
dimensional systems and exosystems. Then a controller design procedure for
unstable plants containing two phases is proposed. In the first phase, a stabi-
lizing controller is constructed for a given plant. The second phase is to design
a robustly regulating controller for a stable part of the plant. This design pro-
cedure nicely combines with the Davison’s type controllers and is especially
suitable for infinite-dimensional plants with transfer functions in the Callier-
Desoer class of transfer functions.
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Chapter 1

Introduction

1.1 Introduction to Robust Regulation

This thesis deals with one of the central issues in the mathematical systems
theory, the robust regulation. The mathematical background is in state space
and frequency domain theories for linear distributed parameter systems. With
distributed parameter systems one is able to model phenomena involving partial
differential equations. Basic examples of partial differential equations are heat,
wave, and delay equations, which naturally arise in the natural sciences and
related engineering applications.

d Yr
i

Uu Yy 4+ e
— P

Figure 1.1: The basic control configuration.

On a general level the problem considered in this thesis is as in Figure 1.1.
There P is a given system and y is an output or a measurement, which describes
the data available from the systems behavior. Reference signal y, is the desired
behavior of the system or, to be more precise, of the measurement. Input u is
a signal through which one can control the system. The aim is to zero out the
error e between the reference and the measurement signals despite an external
disturbance d.

The problem can be formulated in the time domain by using the state space
formulation or in the frequency domain by using transfer functions. The most
recent results related to the subject of this thesis are given in state space terms.
While the main contribution of this thesis lies in developing the theory of robust



2 Chapter 1. Introduction

w Yr
O S
: L : d
[ |u Yy it oe
C P
AR
AR A

(a) The feedforward control configuration

Yr
S
ld
+ e Uu Yy
Oo— C P

(b) The error feedback control configuration

Figure 1.2: Two control configurations. The feedforward control configuration
1.2(a) and the error feedback control configuration 1.2(b).

regulation in the frequency domain, the work is based on the insight about the
time domain theory. In addition, the time domain formulation of the problem
is more intuitive, so assume for now that the signals are functions of time.
In the ideal case the control can be chosen so that the error is zero all the
time, but, in practice, that is impossible. A more realistic aim would be to
keep the error small or to try to get rid of the error asymptotically. In this
thesis, the latter is the desired behavior of the error, and it is called asymptotic
tracking, which mathematically means that e(t) — 0, as ¢ — oo. In this
thesis, an appropriate control is provided by a controller C. The two control
configurations considered in this thesis are the feedforward control configuration
shown in Figure 1.2(a) and the error feedback control configuration shown in
Figure 1.2(b). The exogenous system, or the exosystem, S is generating the
reference and the disturbance signals. The exosystem is assumed to be infinite-
dimensional. One of the main problems of the thesis is to design controllers that
have two properties; they should guarantee asymptotic tracking for all possible
initial states of the plant, and the controller and the exosystem and they should
stabilize the closed loop system. The problem of designing such controllers is
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called the output regulation problem.

Any periodical signal can be generated by an infinite-dimensional exosystem,
which is a major motivation for using them for regulation problems. A robot arm
in a factory is a good example of a situation where a periodic reference signal
is needed. Another motivating example is the noise damping in a ventilation
duct by using a speaker attached on its wall, which have been studied, e.g.,
in [85]. In that case, the noise can be seen to be periodical since it is caused
by a rotating fan at one end of the duct. The speaker should dampenn the
disturbance noise at the open end of the ventilation duct, so the reference signal
is just zero. Both of the control configurations presented above can be applied
to the regulation problem at hand. It makes sense to assume that one has a
good idea of the dynamics of the disturbance so that a feedforward controller is
feasible. However, if there are other sources of disturbances, or the noise caused
by the fan changes over time, one might want to use a feedback controller.

The controllers for infinite-dimensional exosystems typically have irrational
transfer matrices. Such controllers are not implementable with the usual means,
so the applicability such controllers in engineering applications is limited. How-
ever, there may exist very complex control systems, e.g., biological systems,
which may be infinite-dimensional by nature or for which infinite-dimensional
systems serve as a useful abstraction. For example, very long finite platoons of
vehicles can be modelled as infinitely long platoons [43]. It is important study
the related theory in order to understand the behavior and limitations of such
systems. For example, [12] shows that the infinite-dimensionality of a platoon
model can cause some undesired consequences. The designed controllers can
serve as a target model that is approximated by a finite-dimensional physical
system. By doing so, one accepts a small persistent error, but in principle
this error can be made arbitrarily small. Measuring the error and finding op-
timal approximations are related to the topological side of the problem, which
is not pursued in this thesis. Practical output regulation and approximation of
infinite-dimensional controllers by finite-dimensional ones have been studied in
(39].

A mathematical model of a real world phenomena unavoidably contains some
errors. Small errors can stem from various sources, for example faulty parameter
estimation, numerical errors, or model simplifications, such as linearization.
Furthermore, the system modelled can change during the time due attrition of
components or other causes. All these errors can be understood as perturbations
in the mathematical model. A controller should solve the output regulation
problem despite such perturbation in order to be fully functional. A controller
is called structurally robust, or shortly robust, if it tolerates small perturbations
in the model parameters. The problem of finding such controllers is called
the robust regulation problem. Understanding robust control mechanisms and
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their limitations is of fundamental importance since they can be encountered in
biological systems in addition to engineering applications [46].

The robust regulation problem was solved for finite-dimensional linear sys-
tems during the 1970s, and the very nature of robustly regulating controllers
was captured by a fundamental result called the internal model principle due to
Francis and Wonham [28]. The internal model principle states, roughly speak-
ing, that a robustly regulating controller should have the dynamics to be tracked
build in it. In mathematical terms, this means that the controller should con-
tain a suitably reduplicated copy of the exosystem. Since then, many authors
have extended the results of finite-dimensional systems to infinite-dimensional
systems. Recent development to this direction is the research on robust regu-
lation problem with infinite-dimensional exosystems. The major obstacle with
an infinite-dimensional exosystem is the trade off between the generality of the
exosystem and the stabilizability of the closed loop system. It is known that
if a controller contains an internal model of an infinite-dimensional exosystem,
then it is often impossible to stabilize the closed loop exponentially [39], and
one has to consider a weaker stability type, for example strong stability. Un-
fortunately, this leads to inferior robustness properties of stability. In addition,
the reference and the disturbance signals need to be smooth enough in order
for the problem to be solvable. The required smoothness is related to the high
frequency behavior of the plant transfer function [34, 39, 72].

The robust regulation problem can be alternatively formulated in the fre-
quency domain. In the frequency domain, the plant is a transfer function, which
gives an input-output description, whereas a state space description in the time
domain also models internal dynamics. If one wants the input and output spaces
of all the transfer functions to be finite-dimensional, one has to modify the way
the reference and disturbance signals are generated. The reference and the dis-
turbance signals are generated by a transfer function © called the generator
from stable signals gy and czg, and the control configuration of Figure 1.2(b) is
modified to the one depicted in Figure 1.3.

In the frequency domain, a transfer function is said to be stable if it is an
element of a ring R of stable transfer functions. The choice of R depends on
the problem to be solved; there are several commonly used rings available [56].
The asymptotic tracking means that the elements of the error vector é are in
R. The problem of finding a controller C that stabilizes a given plant P and
guarantees asymptotic tracking for all the signals generated by the generator ©
from stable signals 7, and dy for all plants near the nominal plant P is called
the robust regulation problem. Being close is usually understood in the sense
of some topology. It should be noted that the frequency domain problem is
formulated purely in algebraic terms.

In this thesis, the main aim is to develop the frequency domain theory
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Figure 1.3: The control configuration in the frequency domain.

of the robust regulation problem for infinite-dimensional systems and signals.
This means that the chosen transfer functions class should contain a variety of
transfer functions of infinite-dimensional systems and the signal classes should
contain Laplace transforms of signals generated by an infinite-dimensional ex-
osystem. The ideas presented by Pohjolainen, Immonen, Hamaldinen, and
Paunonen in [34, 39, 72] about the time domain robust regulation with infinite-
dimensional exosystems are used to formulate and to solve the problem in the
frequency domain.

The coprime factorization approach provides a simple framework to study
stabilizability in the frequency domain. For the rational transfer functions and
the fractions of H*° functions, it is not a restriction to assume that the plant
transfer function has a left and a right coprime factorization, since all stabi-
lizable transfer functions have them. In this thesis, the coprime factorization
approach is used despite the fact that a plant does not necessarily have a co-
prime factorization in the algebraic structures to be considered. However, many
of the transfer functions of interest have them, e.g., the stable transfer functions.
In this thesis, only the existence of a left or a right coprime factorization is as-
sumed, not necessarily both, in which sense the results in the thesis on robust
regulation generalize those in the existing literature in which both coprime fac-
torizations are invariably assumed to exist.

The exosystem is chosen so that the signals have an infinite number of poles
approaching infinity on the imaginary axis. A similar problem has been studied
in [35] by Hara et al., who designed controllers in the frequency domain with an
infinite-dimensional internal model and discovered that it is impossible to find
a state space realization that makes the closed loop system exponentially stable
if the plant transfer function is strictly proper. This is a major restriction for
the generality of the theory since many interesting systems are strictly proper.
Robust regulation with an infinite-dimensional exosystem was later studied by
Ylinen et al. in [101] in purely algebraic terms with H>-stability; a similar
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restriction was encountered. In this thesis a way to overcome this restriction is
found by defining two new rings of stable transfer functions resembling strong
and polynomial stability in the time domain. The essential feature of the rings
is that they allow transfer functions to be unbounded on the imaginary axis in
contrast to H>-stability. Allowing the growth on the imaginary axis makes it
possible for a controller to contain an infinite-dimensional internal model and
to stabilize the closed loop system simultaneously.

A general algebraic approach to the robust regulation problem is due to Nett
who studied the problem by using coprime factorizations [67]. Basically, Nett
only assumed the ring R of stable transfer functions to be a general unitary ring
with a topology induced by a metric. By using coprime fractions, Nett was able
to formulate the internal model principle for the generators of form © = 6711
where 6 is an element of R under some topological assumptions. The frequency
domain version of the internal model principle states, generally speaking, that
a the denominator matrix of a coprime factorization of the controller should
be divisible by € in order the controller to be robustly regulating. Similar
results for rational transfer functions can be found in [92] where the generator
O was allowed to be a general rational function. In this case, # appearing in
the internal model principle is the largest invariant factor of the denominator
in a coprime factorization of ©. In [92], the solvability of the problem was
characterized directly in terms of the coprime fractions of the plant and the
generator, and it was noted that the results partially generalize to more general
algebraic structures. The results in [67, 92] are generalized in the sense described
below.

In this thesis, the robustness is understood in the sense that the closed loop
stability should imply asymptotic tracking, whereas usually the robustness is
understood in the sense of a topology. By defining the robustness this way one
is able to consider the robust regulation without defining a topology in which
sense the presented results generalize those in [67]. The treatment without a
topological aspect is convenient since it is hard, if possible, to find a suitable
topology for the class of transfer functions when the new rings of stable transfer
functions to be presented in this thesis are used.

One of the main results of the thesis is that the internal model principle
formulated in [67] is valid for the robustness type considered in this thesis.
The signal class in this thesis is not initially generated by a frequency domain
generator. To be able to show the internal model principle, a generator of
form © = 0!I that generates all the reference and the disturbance signals of
interest is presented. Since the original signal class does not contain all of the
signals generated by ©, the results are more general to those in [67]. When
showing that a robustly regulating controller necessarily contains an internal
model, ideas from [92] are used. However, the results there are only for rational
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matrices.

It is relatively easy to design controllers for rational transfer functions since
coprime factorizations allow parametrization of all robustly regulating con-
trollers [92]. An extremely simple controller for stable finite-dimensional sys-
tems consisting of an internal model and a feedback was proposed by Davison
[17, 18]. This controller was later generalized for finite-dimensional exosystems
and infinite-dimensional plants with their transfer functions in Callier-Desoer
algebra in [33]. In the case of an infinite-dimensional exosystem, the controller
design is not so straightforward. However, a modification of the Davison’s ro-
bustly regulating controller for infinite-dimensional exosystems was presented
in [101]. The drawback was that the plant transfer function was not allowed to
be strictly proper. The approach in this thesis allows the generalization of the
Davison’s controller design for the infinite-dimensional exosystems even if the
plant transfer function is strictly proper. It is also shown how the controllers
for stable plants can be exploited if the transfer function is unstable. To the
author’s knowledge, this result is new even for finite-dimensional exosystems
and plants. The proposed controller design is shown to be especially suitable
for the functions in Callier-Desoer algebra.

1.2 Organization and Main Contributions

The theoretical work of the thesis is carried out in Chapters 2-4. An overview
of the organization and the main results of this thesis is given below. Each of
the research chapters contains a comprehensive introduction to its topic and a
detailed list of research results.

Chapter 2 The topic of this chapter is the structure of transfer function ma-
trices at infinity. A new definition for the structure at infinity of an
infinite-dimensional plant is presented and its properties are studied. The
need for defining the structure at infinity stems from the connection be-
tween the solvability of the output regulation problem and the structure
at infinity which is to be established in Chapter 3. The problem has been
that the structure at infinity of an infinite-dimensional plant has not been
defined before. A definition for the structure of a transfer function is
needed because the transfer functions of infinite-dimensional plants are
not meromorphic at infinity, which results into a complicated high fre-
quency behavior. A major part of the results of this chapter has already
been published by the author in [52].

Chapter 3 The topic of this chapter is the (robust) output regulation prob-
lem in the time domain. The restrictions and the trade-offs caused by an
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infinite-dimensional exosystem noticed in the recent literature, for exam-
ple in [34, 39, 72|, are emphasized. The chapter focuses on the required
smoothness properties of the reference and the disturbance signals. The
structure at infinity defined in Chapter 2 is exploited to characterize the
solvability of the output regulation problem with feedforward and error
feedback controllers. In particular, the required smoothness properties of
the reference and the disturbance signals are made precise by using the
structure of the plant transfer function at infinity. The results concern-
ing the solvability of the output regulation problem with a feedforward
controller can be found in articles [52, 53] by the author.

Chapter 4 The topic of this chapter is the robust regulation problem with an
infinite-dimensional exosystem in the frequency domain. The ideas from
the time domain robust regulation are used, i.e., by revising the definition
of robustness and considering the weaker type of stability rather than the
commonly used ones, the robust regulation problem is formulated so that
the theoretical results for rational matrices in [92] can be generalized to a
more general theoretical framework.

The major contributions of this chapter, and the whole thesis, are the
following. First, the internal model principle is formulated and proved for
the proposed problem. This generalizes the results in [67, 92]. Secondly,
it is shown that the Davison’s controller design in [17, 18] for stable plants
can be used with an infinite-dimensional exosystem. Finally, it is shown
how the controllers for stable plants can be exploited if the plant transfer
function is unstable. To the authors knowledge, this result is new even for
finite-dimensional exosystems and plants. The proposed controller design
is shown to be suitable for the functions in Callier-Desoer algebra. The
theory is based on the use of coprime factorizations, but only a left or a
right, not necessarily both, coprime factorization is needed. This extends
the earlier results on robust regulation appearing in the literature, which
invariably assume the existence of both coprime factorizations.

Chapter 5 In this chapter the results of the thesis are summarized and com-
pared. Directions for further research are discussed.

1.3 Notations and Definitions

The sets of complex numbers, real numbers, imaginary numbers, integers, and
natural numbers are denoted by C, R, iR, Z, and N, respectively. Notation 3
is used for the complex conjugate of a § € C. The real and the imaginary parts
of 5 are denoted by R(/3) and (), respectively.
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The extended complex plane C U {0} is denoted by C,.. Notation (CE is
used for the right half-plane {s € C|R(s) > 8} and C* denotes the set CJ. An
so-centered disc {s € C||s — so| < r} with radius r is denoted by B,(s¢). The
closure of S C C is denoted by S.

Let X and Y be Hilbert spaces. The set of all linear operators from X to Y is
denoted £ (X,Y). The set of bounded linear operators from X to Y is denoted
by B(X,Y). Shorthand notations £ (X) and B (X) are used for £ (X, X) and
B (X, X). The domain, the range and the null space of an operator G € L (X,Y)
are denoted by D (G), R (G) and N (G), respectively.

If H is a set, then the set of all n x m-matrices with elements in H is denoted
by H™*™. The set of all matrices with elements in H is denoted by M (H).
Notation || - || is used for vector and operator norms. An inner product in a
Hilbert space is denoted by (-, ).

Let G : C — C™™ be a matrix valued function. If rank (G(s)), the rank of
G(s), is k almost everywhere, then it is said that the normal rank of G is k and
is denoted by nrank (G(s)) = k.

Let G be an n X m-matrix. An ixi-minor of G is denoted by |A|; > Where the
multi-indices r = (rq,79,...,7r;) and ¢ = (¢, ¢a, ..., ¢;), where 1 < 7“; <7Tjiy1 <n
and 1 < ¢; < ¢j41 < m, define the rows and columns selected. The determinant
of a square matrix G is denoted by det(G).

The Hardy space of all analytic functions that are bounded in (C;r is denoted
by Hg°. Shorthand notation H* is used for Hg® and the set of all functions that
belong to Hg® for some 3 < 0 is denoted by H>. The hardy space of analytic
functions f : CZ? — X where X is a Hilbert space such that

s = (sup [ e+ ) < oo

is denoted by HE(X ). The class of Lebesgue measurable and square integrable
functions f : [a,b] — X is denoted by Ly((a,b), X) where X is a Hilbert space.
If X = C, then the shorthand notation Ly(a,b) is used. The class of Lebesgue
measurable and absolutely integrable functions f : [a,b] — C is denoted by
L1 (CL, b)

An ordered sequence with elements x; is denoted by (zx)rez. The class of
bounded complex sequences = (23)rez C C is denoted by ¢*°. Notation (2
is used for the class of complex sequences z = (x)rez C C that are square
summable.






Chapter 2

Structure at Infinity

2.1 Introduction to Structure at Infinity

There are many different zero types, both finite and infinite, in the literature,
for example, transmission zeros, system zeros and different decoupling zeros.
Theory of infinite zeros is closely related to that of finite zeros. Thus, it is not
a surprise that results on finite zeros were soon after followed by corresponding
results on infinite zeros. Most of the work done on different zeros was done in
1970s and 1980s. A review on this research can be found in [86]. Structure at
infinity of finite-dimensional system is related to the infinite transmission zeros
and is thoroughly studied.

Structure at infinity has a central role in many control theoretical problems
of finite-dimensional systems. Solvability of model matching problems can be
characterized in terms of the structure at infinity [58, 59]. Disturbance rejec-
tion and different decoupling problems can be formulated as a model matching
problem, so it is natural that the structure at infinity appears in many related
results [19, 20, 23, 64]. Furthermore, the asymptotic behavior of the root-loci
is dependent on the structure at infinity [38, 47].

Structure at infinity describes the behavior of a rational matrix at high fre-
quencies and there are many equivalent definitions available. Transfer functions
of finite-dimensional systems are rational, so it follows that theory of rational
matrices can be used to study their properties.

The first study to define the zeros and poles at infinity of multiple-input
multiple-output (MIMO) systems was that of Rosenbrock in [81]. His definition
was based on the Smith-McMillan form over the ring of polynomials. Let an
principal ideal domain R be given and let the field of fractions associated with
R be Fg, for definition see for example [92]. Then for every G € FF*™ there

11
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exists such R-invertible matrices U and V in M (R) that

A O
a1 1]
where A has non-zero diagonal elements f; = i ¢ =1,2,... rank (G) =1

Furthermore, n; and d; are coprime, n; divides n;,; and d;; divides d; for all
i=1,2,...,01—1[92, p. 404]. The diagonal matrix is called the Smith-McMillan
form of G. A degree function § is always defined in a Euclidean domain, and
an algorithm based on the degree function can be used to bring a matrix into
the Smith-McMillan form. In the Euclidean domain of polynomials a degree
function is given by the order of polynomials denoted by deg(-). For proper
rational functions a degree function is defined by ¢ (f) = deg(d) —deg(n), where
J =% and n and d are polynomials.

If R is chosen to be the set of polynomials, then Fgr is the set of rational
functions and U and V' above are polynomial matrices. One says, that G has a
zero of order k at sy € C if n; has a zero of order k there for some 7. In this case
one sets ¢;(so) = k. There is a pole of order k at sy € C if d; has a zero there
for some . In this case, one sets ¢;(sg) = —k. If f; has no poles nor zeros at s,
then g;(so) = 0. The defined I-tuple (¢1(so),- .., q(s0)) is called the structure
at sg.

Rosenbrock defined the zeros of G(s) at infinity to be zeros at s = 1 of
G (25/s-1), where a # 0 is not a finite zero of G(s). He also gave another
non-equivalent definition. These two definitions were discussed in [77] where
the structure at infinity was defined to be the structure at 0 of G (1/s). This
definition is equivalent to the Rosenbrock’s definition mentioned above.

An alternative way to define the structure at infinity is to choose R to be the
set of proper rational functions C,,(s), i.e., rational functions with the degree of
the numerator polynomial less than or equal to the degree of the denominator
polynomial. Again, Fgr is the set of all rational functions. The structure at
infinity is the [-tuple with ¢; = deg(d;) — deg(n;), where deg(-) refers to the
degree of a polynomial. The definitions above are equivalent [91].

Other definitions and approaches to define structure at infinity are available.
Structure at infinity can be calculated by using minors [44, 90]. This method
uses the degree function of an Euclidean domain. An alternative method uses
Laurent expansion at infinity and certain Toeplitz matrices to calculate struc-
ture at infinity [76]. A geometric algorithm resulting in the same I-tuple as
above was given in [10]. For a module theoretical definition see [11] and the
references therein.

The above approach, which defines the structure at infinity, is not possible
for infinite-dimensional systems because the transfer functions are not mero-
morphic at infinity in general. Since systems with finite-dimensional input and
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output spaces and bounded operators A, B, C'; and D have a transfer function
analytic at infinity the above definitions generalize for such systems [60]. For
other systems the situation is far more complicated.

For time-delay systems, Malabre and Rabah provided two different struc-
tures at infinity, i.e., strong and weak structures, in a series of articles [61, 62, 63]
and used them in model matching and decoupling problems. Restricting the
way the infinity was approached allowed similar definition to those mentioned
above for certain time-delay systems. For strong structure, the infinity was
approached so that the real part approaches infinity. For weak structure, the
infinity was approached along the positive real line.

2.1.1 Organization and Contributions of the Chapter

Section 2.2: Besides the definitions due to Malabre and Rabah, there are no
other definitions of the structure at infinity suitable for infinite-dimen-
sional systems available. In addition, the existing definitions are only
suitable for infinite-dimensional systems with bounded operators [60] or
for time-delay systems [61, 62, 63], so the class of transfer functions they
cover is not very general. In Section 2.2.4, a new definition of the struc-
ture at infinity suitable for all infinite-dimensional systems with finite-
dimensional input and output spaces is given. The trade-off is that the
definition only describes the size of the transfer function and does not pro-
vide strong enough algebraic properties needed in many related problems.
However, as seen in Chapters 3 and 4, the defined structure at infinity
can be applied to give solvability conditions for certain output regulation
problems.

The definition of the structure of a transfer function given in this thesis
is based on a diagonal form similar to the Smith-McMillan form. An
algorithm diagonalizing a given transfer function is given in Section 2.2.2.
The algorithm resembles to the one proposed in [91] based on the use
of the degree function on the Euclidean domain of the proper transfer
functions. In the algorithm presented in this section, the degree function
is replaced by a majorization relation, which allows a comparison of the
sizes of the elements in the matrix. The majorization relation is presented
and its properties are discussed in Section 2.2.1. In order to simplify the
considerations, the way the infinity is approached is restricted to a set
of paths, which leads to so called directed structure. Examples of the
structure at infinity of infinite-dimensional systems are provided. The
results in this section have been published by the author in the research
article [52], see also [51].

Section 2.3: In this section, calculation of the structural functions is consid-
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ered. The method using minors for finding the structure of a rational ma-
trix at infinity presented in [44, 90] is extended to the infinite-dimensional
systems. In addition, a relation between the structural functions and the
singular values is established. To the author’s knowledge this relation
is new even for finite-dimensional systems. The method for calculating
the structure at infinity of a transfer function has been published by the
author in [52].

Section 2.4: In this section, invariance of the structure at infinity with re-
spect to state and output feedbacks is considered. The results of this
section generalize the well-known properties of the finite-dimensional sys-
tems stated in [24] to infinite-dimensional systems. The main results show
that state or output feedbacks do not change the structure of a system at
infinity of exponentially stabilizable or exponentially detectable systems.
These properties are important since many controllers use different types
of feedback loops.

Section 2.5: Robustness of structure at infinity of linear systems is discussed
in this section. Later in Chapter 3, robustness of structure at infinity is
shown to be related to robustness of output regulation. Examples show
that the structure at infinity has in general poor robustness properties
and that there can be some physically important perturbations that do
not change the structure at infinity.

Section 2.6: In the output regulation problems considered in Chapter 3, one
needs to consider both the finite transmission zeros and the high frequency
behavior of the plant transfer functions. For this, it is convenient to define
the global structure of systems that captures the structure at finite points
as well as the structure at infinity, which is the purpose of this section. The
definition of the global structure is an easy modification of the structure
at infinity defined in Section 2.2.

2.2 Structure at Infinity

2.2.1 The Majorization Relation

The structure at infinity of rational matrices is defined by using the Smith-
McMillan form over the Euclidean domain of all proper rational functions. The
degree function 0 of C,,.(s) is used in an algorithm that constructs the Smith-
McMillan form at infinity [91]. The degree function’s role in the algorithm is
to compare the rates at which the transfer function’s elements vanish at high
frequencies.
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The aim of this section is to present a majorization relation that enables
comparison of high frequency behavior in the class of all complex functions
much like the degree function ¢ of C,,(s) enables the comparison in C,.(s).
This relation enables one to find a structure algorithm that produces a diagonal
form for transfer functions of infinite dimensional systems. The diagonal form
resembles the Smith-McMillan form and defines the structure at infinity for
infinite-dimensional systems.

The set of all complex functions f : C — C4 is denoted by C. The set of
all paths in complex plane approaching infinity is denoted by

P={p:[0,00) > C|VM >0:3p>0:VYa>p:|p(a)]> M}.

oo

For the rest of the thesis the following conventions are used: 2 =1 = ¢,

g =oofora#0and £ =0 for a# co.

Definition 2.2.1. Let f,g € C,and H C P. If

g(p(a))
f(p(a))’ =

it is said that f majorizes g with respect to H. This is denoted by f >y ¢g. If
f>mgand g >y f, notation f =g g is used.

Vpe H:3p>0:sup

azp

Some direct consequences of Definition 2.2.1 are listed in the following
lemma.

Lemma 2.2.2. Let H C P, and let fi, fo, f3, fs+ € C. The relations >y and
=g have the following properties:

L If fi Zu fo and f1 2w f3, then f1 >y fa+ f3.

2. If fr 2 f2 and f3 25 fa, then fifs >u fafs.

3. If fr =u 1, then fifo =n fa.

4. Relation =g is an equivalence relation in the set of all complex functions.

Notation [f], is used for the equivalence class of a function f. Setting
(fly =m 9]y, if f ># g, defines a partial order in C/ =p. In the next section
the fact that there exists the supremum of a finite set of equivalence classes is
needed.

Lemma 2.2.3. Let H C P. The supremum of {[f]y, 9]} ezists with respect
to the partial order >p. Furthermore, the supremum is [|f| + |g|] -
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Proof. Definition 2.2.1 implies that [|f| + |9/l >u [flg and [|f]+ |9lly =&
9], so [|f|+1glly is an upper bound. Let [h], be an upper bound. By
Definition 2.2.1, there exists p > 0 such that

|/ (p(a))] + [g(p())] f(p(e))

g(p(a))
ozp P h(p(a))

h(p(e))

for all p € H. This shows that [h]; > [|f] +19/lg. so [|f]+ gl is the
supremum. ]

< 00,

‘—l—sup

azp

a>p h(p(e)) ‘ Y.

Related to an f € C function sgn(f) : C — CU {oo} is defined by setting

_1f(s)]
)

Recall that conventions % = 1 = % were made, so the above functions is well-
defined for all f € C. This function provides a convenient way to represent the

supremum of {[f]H ’ [Q]H}

sgn(f)(s)

Lemma 2.2.4. One has |f| + |g| =n g + fzgllg; for all HC P and f,g € C.

Proof. The claim follows by the definitions of sgn(-) and =y, since

sgn(f)
sgn(g)

‘g+f ’=‘9+9‘|£J|=|f|+lgl-

2.2.2 The Structure Algorithm

In this section, an algorithm for constructing a diagonal that generalizes the
Smith-McMillan form to the class of matrices with complex function elements
is presented. The algorithm produces two matrices that diagonalize a given
matrix. The diagonalizing matrices satisfy the following boundedness property.

Definition 2.2.5. It is said that M : D (M) C C — C™*" satisfies the uniform
boundedness property with respect to H C P if for all p € H there exists such
a p > 0 that M(p(a)) is invertible for all &« > p and ||M (p(«))]|, || M~ (p())||
are uniformly bounded in [p, 00).

Besides the uniform boundedness property, no other requirements for the
elements of the diagonalizing matrices are set. One can always find the diago-
nal form no matter how the infinity is approached because of the minimalistic
requirements for the diagonalizing matrices. On the other hand, restricting the
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way the infinity can be approached generally leads to simpler functions in the
diagonal form.

Unlike with rational functions, one cannot generally compare the rate of
convergence or divergence at high frequencies of two complex functions. For
example, one cannot say which one of the functions sin(s) and 1/s is smaller
at high frequencies, because sin(s) has infinitely many finite zeros diverging
to infinity but it does not converge to zero, whereas 1/s converges to zero as
s — oo but it does not have zeros at finite frequencies. However, one can say
that in some sense there exists a smallest function majorizing a given set of
functions by Lemma 2.2.3. It is shown in the next theorem that a given matrix
can be brought to a form with an element majorizing all the other elements.

Lemma 2.2.6. Let H C P. A matriz G(s) € C"*™ can be written in the form
G(s) = V(s)F(s)U(s)

where F(s) € C™™ has an element that majorizes all the other elements, and
U and V satisfy the uniform boundedness property of Definition 2.2.5.

Proof. The matrix received by using elementary matrix operations to G is de-
noted by F' = (f;;). Note that F' changes after each operation.

It is first shown how to bring a majorizing element to kth column. Add
the first row multiplied by h = % to the second one. The element at
(2,k)-position now is for + hfix. It majorizes fi, by Lemma 2.2.4.

Add the second row multiplied by h = z‘;zgz’;; to the third one. The element

at (3,k)-position is fs + %, and it majorizes both fi; and fo, by the
transitivity of relation >p. Continuing this way one finds an element f,; that
majorizes all the elements in the kth column.

Use the procedure described above to bring a majorizing element to the first
column, add the first column multiplied by h = % to the second one, and
interchange the first and the last row. The element at (1,2)-position majorizes
all the elements in the first column. Repeat the process to find a majorizing
element to the second column. Note that the elements in the first column may
change. However, they are of the form f;; + hf;+11 where h =g 1, so the found
majorizing element majorizes the elements in the first and the second column
by the first and the third properties of Lemma 2.2.2.

Continuing this way one finally finds an element f,,,,, that majorizes all the
other elements. Interchanging rows and adding row or column multiplied by h
to another corresponds to a multiplication by a square matrix. These square
matrices are invertible. They have the uniform boundedness property because
in every multiplication h =g 1. Thus, one finds the desired F, U and V
by multiplying the matrices corresponding to the elementary row and column

operations appropriately. O
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Theorem 2.2.7. Let H C P. A matriz G(s) € C™™ can be written in the
form

G(s):V(s)[ . o] U(s) (2.1)

where A(s) = diag (¢1(s), - .., ¢-(5)) is a diagonal matriz with non-zero elements,
41 >H Q2 >H - >H qr, the zero blocks may be non-existent, and U and V' satisfy
the uniform boundedness property of Definition 2.2.5.

Proof. The algorithm presented here is similar to the one in [91]. Notation
F = (fi;) denotes the matrix during the algorithm received by using some
elementary matrix operations to GG. Note that F' changes after each operation.
Step 1: At the beginning one has F' = G. If there is no elements majorizing
all the other elements, then use the elementary matrix operations described in
the proof of Lemma 2.2.6 to bring F' to a form with a majorizing element. Bring
the majorizing element to (1,1)-position by interchanging rows and columns.
The element f1; now majorizes all the elements in the first row and column.
It is possible to subtract the first row multiplied by % from the ith one because

1>y % After this operation, f;; = 0. In this way, it is possible to zero out
all the elements in the first row except the first one. Similarly, all the elements
in the first column can be zeroed out except the first one.
After zeroing out the off-diagonal elements in the first row and column the
matrix F' is of the form
F— [ Jiu 0 ] '

0 F

Lemma 2.2.2 implies that the elements in F; are majorized by fi; since fi;
majorized all the elements in the matrix before zeroing out the of diagonal
elements.

Step k + 1: After k steps the following matrix is obtained

[ fu 0 - 0 0]
0 foo ==+ 0 0
F=|: = -~
0 0 -+ fu O

0 0 - 0 B |

If there are no majorizing elements in Fj, then use Lemma 2.2.6 to find one.
By Lemma 2.2.2, f; still majorizes the newly found majorizing element of Fj.
Bring the majorizing element to (k + 1,k + 1)-position. Zero out the first row
and column of the submatrix Fj, as described in the first step. It is easy to see
that frx majorizes fii1 1.
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End of the algorithm: If F} at the beginning of the (k + 1)th step is a
zero matrix or k 4+ 1 > min{n, m}, then the algorithm ends.

Matrices corresponding to an interchange of rows or columns are constant
matrices. The assumption that one of the elements of the submatrix F} ma-
jorizes all the other elements implies that every matrix corresponding to an
elementary row or column operation that adds a row or a column multiplied by
an element to another satisfies the uniform boundedness property. It is there-
fore clear that there exist the matrices U and V such that G is of the form

(2.1). O

It follows from the uniform boundedness property of U(s) and V(s) that
the elements of A(s) describe the behavior of G(s) at infinity. It can happen
that U(s) and V(s) are not continuous. In particular, they are not in any
ring of transfer functions commonly encountered in system theory. Despite this
inconvenience, the diagonal elements describe the rate of convergence to zero
or the rate of divergence to infinity, which is the property needed in Chapter 3.
The next theorem establishes a uniqueness property of the diagonal entries of

A.

Theorem 2.2.8. The elements of A in (2.1) are unique up to multiplication by
element h that satisfies h =g 1.

Proof. Let the matrices

Ax(s) = diag (A (s), - -, Ar(s))

and

Ay = diag (o1(s),...,0.(s))
be as in (2.1). For i = 1,2
G®=%®M®W$=W@Vf)ﬂ@®7

where U;(s) and V;(s) satisfy the uniform boundedness property. Write V(s) =
Vi l(s)Va(s) and U(s) = Us(s)U;'(s). Matrices V(s) and U(s) satisfy the
uniform boundedness property and Li(s) = V(s)La(s)U(s).

By using the Binet-Cauchy formula (A.2) and noting that Ls(s) have non-
zero elements only on the diagonal, it can be seen that

Lu() e = [V(5) La()U ()]s
—ZIV i 1 L2(8) oy [U (8]

—Z\V e 1L2(8) o 1U(5) - (2.2)
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Since all the elements of U(s) and V/(s) are majorized by 1, Lemma 2.2.2
shows that 1 >p [V ()], |U(8)],, for all h and r. Set r = (1,2,...,k), where
k <r. By Lemma 2.2.2, the property 0; >y 0j41 forall j =1,...,r — 1, and
the equation (2.2),

1:[1 oi(s) 2 1:[1 Aj(s). (2.3)

Similarly one shows that

k k
TT () =0 L o). 2.4)
j=1 j=1
The equations (2.3) and (2.4) imply that \; =g o, forall j =1,... 7. O

2.2.3 The Definition for Matrices

The structure at infinity of a rational matrix G is always {s™ %, s % ... s 7},
where r = nrank (G)). The structure at infinity defined by Rosenbrock in [81]
is the set of integers {q1, g, ..., q-}. Henceforth, the integers qi, ¢, ..., q. are
called the structural indices. They are defined for all matrix valued functions
that are meromorphic at infinity [60].

In general, it is impossible to define the structure at infinity as a set of
integers because of the complex nature of the structural functions, e.g., Example
2.2.11 and Example 2.2.18. However, one can use the diagonal form found in the
previous section instead of the Smith-McMillan form to describe the behavior
of a matrix at high frequencies. By Theorem 2.2.8, the structural indices of
a rational matrix just denote the equivalence classes to which the structural
functions belong. These observations lead to the following definition.

Definition 2.2.9. Let A(s) = diag (q1(s), ..., q(s)) be the diagonal matrix in
(2.1). The structure at infinity of G(s) with respect to H is {[¢1]5,- .-, [¢ ]y}
The functions ¢1, ¢o, . .., g, are called structural functions with respect to H.

The structure at infinity with respect to some set of paths is a set of equiva-
lence classes, where a equivalence class can occur multiple times. The structure
at infinity is uniquely defined by Theorem 2.2.8. From now on, notation f is
used instead of [f];; when referring to the structure at infinity if there is no risk
of confusion.

It might be that H consists of all paths in some specified unbounded set
Q CC, ie, H={peP|p(a) €Q}. In this case notations >q, =¢ and [,
can be used instead of >y, =g and [-], respectively. If f > g (f =¢ g), it is
said that f majorizes g along @ (f is equivalent to g along Q). If H is replaced
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by a set () in the above definition it is said that the structure at infinity is
defined along Q.

Actually, a number of different structures at infinity have been defined. The
different structures are related in the following way.

Theorem 2.2.10. Let Hy, H, C P and G € C"™"™. Let the structure at infinity
of G with respect to Hy be {[q1]my,- - [@|m }- If Hy C Hy, then the structure
at infinity of G with respect to Hy is {[q1|my, - - -, [@r) 1, -

Proof. Set H = H; in Theorem 2.2.7, and let U and V' be the matrices in (2.1).
If f >m, g, then f >y, g. Thus, the matrices U and V satisfy the uniform
boundedness property respect to Hy from which the claim follows. O

Example 2.2.11. Consider the time-delay system >p (Ag, A1, B, C') where

1 -1 1 -1 011 1 00 0
1 -1 0 -1 000 1 100
Ao_o 0—10’A1_0000’B_010’
0 0 0 -1 0000 00 1
and
100 0
C=10100
0010

The transfer function of this system is

e 5—1 e 5+1 (e754s)(e™5—1)

g(Si (gjg)Jrl) (S(+715)g(f))

= s+1 —(e s(e™%—

P(s) o5 GO (et
0 < 0

where g(s) = (s +1)? +e % — 1.

The behavior along the imaginary axis becomes crucial in Chapter 3 and
Chapter 4, so the structure at infinity is defined along iR. The structural
functions are found by using the algorithm presented in the proof of Theorem
2.2.7.

It is easily verified that s—l—% majorizes all the other elements of P(s) along iR.
The majorizing element is first brought to the (1,1)-position by interchanging
the first and the last rows, and the first and the second columns. Now

1
00 1 010 e 0 (01)
—(e™*% s+1 s(e™%—
Pi(s)= 0 1 0| P(s) |1 0 0] =|Gige) g6 s+1)9(5)
100 00 1 et el (e7i+s)(e 1)
g(s) g(s) (s+1)g(s)
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The non-diagonal elements in the first row are already zeros so one only needs
to zero out the non-diagonal elements in the first column. Adding the first row

multiplied by

_( 1 )1 —(e*4+1) (e*+1)
s+1/)  (s+1gls)  g(s)
to the second one, and adding the first row multiplied by

_( 1 >1es+1: (e*+1)(s+1)

s+1 9(s) 9(s)
to the last one brings the transfer function to the form
1
( 1+1) 0 0 - 0 ( 0 Y
e ® s+1 s(e™%—
Pa(s) = e LOP) =0 55 e
_ (T +1)(s+1) 0 1 0 e”s—1 (e”*+s)(e”°~1)
9(s) g(s) (s+1)g(s)

The element % majorizes the elements of the submatrix received by deleting

the first row and column. By adding the second column multiplied by

B <S+ 1>_1 se*—1)  s(e"-1)
9(s)

(s+1)g(s)  (s+1)?

to the last column, and the second row multiplied by

_<s+1>1e5—1 _et-1
9(s) g(s) —  s+1

to the last row one, the diagonal form

1 0 0 10 0 - 0 0
s(e™5— s+1
Pi(s)=|0 1 O] Pys)[0 1 - CE =10 @ o
0 - s+1 1 0 0 1 0 0 (s+1)2

is obtained. Multiply the diagonal form by diag (ﬂ %, (8%)2) to get

s

A(s) = diag (s‘l, s7hs (e — 1)) : (2.5)

One gets the matrices

1 0 0 1 0 0l1o 01
Vis)=110 1 of| Sa® 10[]o1o
e 5-1 e™ s s
o i 1) [ o oo
(o) o1 g
ggss>+1 s+1
— _ €
70 Lo
1 0 0
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and
0101t 0 0 st 0o 1\ "
_ s(e”*—1) g(s)
U(S) = 1 00 01 — (s11)2 0 s(s+1) 0 ,
00 1Ijfo o0 1 0 0 LD
[0 3%1 0
| s(s4D) 0 s2(e™5—1)
— | 909 (s+1)g(s)
L 0 0 (s+1)2

for which P(s) = V(s)A(s)U(s) by multiplying the matrices corresponding to
the matrix operations made during the algorithm. It is easy to verify that

0 01
V(iw)— 10 1 0
1 00

and
0
U(iw) — |1

o
o O =
_ o O

as w — £00, so the found matrices U(s) and V (s) satisfy the uniform bound-
edness property along iR.

The diagonal form (2.5) reveals that a part of stucure at infinity of P(s) is
purely rational, but another part is a combination of the periodically behaving
function e=* — 1 and the rational function s=2. Note that the periodic behavior
of the function e™*—1 is essential when considering the behavior at infinity along
the imaginary axis, because the zeros of e™® — 1 on the imaginary axis have an
accumulation point at infinity. Note that the found structural functions are not
structural functions along C because the terms e™* in P(s) grow exponentially
when R(s) — —o0. [ |

2.2.4 The Definition for Linear Systems

Transfer functions of linear systems of the form (2.6) are discussed next, and

the structure at infinity with respect to H C P for a linear system is defined.

First, it is made clear what is meant by the transfer function of a given system.
Notation 3 (A, B,C, D) is an abbreviation for a linear system of the form

i(t) = Ax(t) + Bul(t), 2(0) = 2 € X, (2.6a)
y(t) = Cx(t) + Dul(t), t>0, (2.6b)
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where A : D(A) — X is the generator of a Cy-semigroup in a Hilbert space
X,and Be B(U,X),C e B(X,Y),and D € B(U,Y). The input and output
spaces are U = C"™ and Y = C", respectively. The transfer function of a system
Y (A, B,C, D) is defined to be

P(s)=CR(s,A)B+ D, s € p(A) (2.7)

where R (s, A) = (sI—A)~! denotes the resolvent of A, and p(A) is the resolvent
set of the operator A, i.e., the set where R (s, A) is defined as a bounded linear
operator in X. The spectrum of A is denoted by o (A) = C\ p(A). It is said
that a system X (A, B, C, D) has a transmission zero at sy € C if rank (P(so)) <
nrank (P(s)).

Time-delay systems form a special class of distributed systems and they
appear in some examples of the thesis. A time-delay system

x(t) = Aoz(t) + Ayz(t — 1) + Bu(t), z(0) = o, (2.8a)
y(t) = Cz(t) (2.8b)

where all the operators are matrices of suitable dimensions, is denoted by
Yp (Ao, A1, B,C). A time-delay system can be presented in the form (2.6).
Lemma 4.3.9 of [14] shows that its transfer function is

P(s) = CO(sl — Ay —e*A))'B. (2.9)

The definition of transfer functions adopted here is the most convenient one
to use in Chapter 3. However, there are other definitions available. One can
always define the transfer function of a finite-dimensional system in many equiv-
alent ways and it has a unique closed form expression as a rational matrix. It
was shown in [102] that in the infinite-dimensional case the different definitions
can lead to different transfer functions. Thus, the different definitions of transfer
functions may lead to different structures at infinity.

A transfer function generally is an abstract operator valued function that
has no closed form. The absence of the closed form is not a restriction from the
theoretical point of view.

Definition 2.2.12. Let the transfer function of a linear system X (A, B, C, D)
be P(s), and let H C P be a set such that p(a) C p(A) forall p € H and o > 0.
The structure of ¥ (A, B, C, D) at infinity with respect to H is defined to be
the structure of P(s) at infinity with respect to H.

Remark 2.2.13. Define

Hy,={p:[0,00) = C|Re(p(a)) = +00 as « — oo}
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Consider a delay system Xp (Ao, A1, B, C). The structure at infinity with respect
to Hy (along C" ) is the same as the strong (weak) structure in [62] in the sense
that the integer set called the strong (weak) structure at infinity by Malabre
and Rabah corresponds to a set of functions that is exactly the set of structural
functions with respect to Hy (along C* ).

Remark 2.2.14. The definition of the structure at infinity given here is espe-
cially suitable for those systems that have a transfer function with a closed form
expression that is a combination of fractional and exponential terms, because
it is relatively easy to verify the majorization conditions for them respect to
certain sets of paths. Obviously, the time-delay systems, but also several other
distributed parameter systems [4], are of this type.

Remark 2.2.15. The algorithm that lead to the given definition of the structure
at infinity involved only basic calculations with functions and their absolute val-
ues. Thus, the algorithm can be used in computer aided numerical calculations.

By [13], a transfer function P(s) is said to be proper, if there exists a €
R, such that sup &= p o [IP(s)| < oco. A transfer function P(s) is strictly
proper if sup 7 5 ) IP(s)[l = 0, as @ — +oo. The transfer function is
well-posed if there exists a constant a € R such that sup, ¢+ [|[P(s)]| < oc.
The following theorem gives a necessary and sufficient condition for properness,
strictly properness, and well-posedness of a transfer function in terms of the
structural functions.

Theorem 2.2.16. Let P(s) be a transfer function and let {q1,...,q.} be its
structure at infinity along C} for some p < 0. The transfer function P(s) is
proper/strictly proper/well-posed if and only if q1(s) is proper/strictly proper/
well-posed.

Proof. Only the result concerning properness is proved. The results concerning
strict properness and well-posedness can be proved similarly.

Sufficiency. Assume that P(s) is not proper. It follows, that for all £ € N
there exists r; € Ct \ By(0) such that ||P(zx)|| > k. Define p € P to be such
that p(5) = xzy, for B € [k — 1, k). Now for all a > 0

sup qi(zg)| = sup fqi(wg)]

$€CF\Bq (0) 2x€CT\ By (0)
Rl

> sup M 0 0

2, €CH\ By (0)
> sup M [|P(x)| = oo,
2, €CH\ By (0)
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where the existence of a suitable My > 0 follows since ¢;(s) majorizes all the
other diagonal elements, and the existence of a suitable M; > 0 follows by the
uniform boundedness property of the diagonalizing matrices in (2.1).
Necessity. Assume that ¢(s) is not proper. It follows that for all £ € N
there exists 2, € Ct\ By, (0) such that |g(x;)| > k. It follows that for all a > 0

_sup |[P(s)[[ = sup  [[P(a)]l
CH+\Ba/(0) 2, €ECT\Ba(0)
xke(cj\Ba( )
> sup mulqi(zy)| =
J}kE(CJr\Ba( )

where the existence of a suitable my > 0 follows by the uniform boundedness
property of the diagonalizing matrices in (2.1), and the existence of a suitable
my > 0 follows by the properties of matrix norms. O

Example 2.2.17. Recall the time-delay system Y¥p (Ag, A1, B, C) in Example
2.2.11. By the definition, the structure of Xp (A, A1, B, C) at infinity along iR
is {s71, 571, s7%(e — 1)} |

Example 2.2.18. Consider the metal bar of Figure 2.1. It is heated with
two heaters along the second and the fourth quarters of its length, and the
temperature is measured along the first and the third quarters of its length.
The resulting system can be written in the form (2.6) where D = 0 and the
linear operators A, B, and C' are defined below.

2
Az(z,t) = jf(z t) — x(z, ), with

dh
D(A) = {h € Ly(0,1) |A, =, are absolutely continuous,

322 € Lo(0,1) and 32(0) - ZZ@) - o} ,
(Bu)(2,1) = 4 [113.1)(), 13y (2)] u(t),

y(t) = Catzt) = | : E[[O]](é))] (2, 1)d=

where the state space is X = Ly (0, 1), the input space and the output space is
U =Y = C?, and the characteristic function 1j,(z) is defined to be

R



2.2. Structure at Infinity 27

Figure 2.1: A heated metal bar with two heaters and sensors side by side.

The term —x(z) in A represents the heat transfer to the environment. The op-
erator A is a generator of a Cp-semigroup, and B and C are bounded operators.
The spectrum of A consists of eigenvalues \, = —1 — (n7)? where n € {,1,...}.
The system is exponentially stable.

Calculations similar to those in [14, Example 4.3.11] show that the transfer
function is

P(s) = [911@) 912(5)]

g21(8)  g22(s)

where
4 sinh (i\/s + 1) (sinh (% s+ 1) — sinh (% s+ 1))
gui(s) = 3 . )
(s+1)2 smh( s+ 1)
4 sinh? (i\/s + 1)
gi2(s) =

(s+1)2 sinh (\/8+—1> 7

—4+4cosh( i(s+1))+2cosh( %(5—1—1))
—4 cosh ( s+ 1)) + 2 cosh <\/s+—1)

g21(s) = ,and

(s +1)% sinh <\/s + 1)

g22(5) = gui(s)-

Next the behavior of the transfer function is considered in the right half-
plane C*,. If s € C*; and |s| — oo, then Re (\/s + 1) — —+o00. It is seen that

‘sinh (d\/ s+ 1)‘ and ‘cosh (d\/ 5+ 1)’ where d > 0 behave approximately like

‘edv‘*“‘ near infinity, if s € C*;.
The above arguments show that

_3 3 1
911(8) =1 g22(5) =1 go1(8) =g 572 >y 57273V = gio(s).
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3
2

It follows that in 2.1 the diagonal matrix is A(s) = diag (3_ ,s_%). Thus, the

structure of P(s) at infinity along CT, is {s73,s72}.

Note that the term g15(s) of the transfer function, which describes the effect
of uy on 7, decays much faster towards zero when approaching infinity in C*,
than the other terms. The exponential decay rate e 2V5isa consequence of the
gap of half a unit between the measurement y; and the input uy. Thus, if there
would be an interval of measurement that is not adjacent to any interval that is
heated or vice versa, then there would be an exponentially decaying structural
function of the form e~%* where d > 0. |

2.3 Calculation of Structure at Infinity

In this section, different ways to find the structure at infinity of a given matrix
are discussed. The main result of this chapter is a method for calculating the
structure at infinity by using minors. It generalizes the method of [44, 90] to
transfer functions of infinite-dimensional systems. Computer aided computation
of the structure at infinity is also considered.

Before proceeding to the main result of this section, a technical lemma is
given. The existence of the supremums in the following discussion follows by
Lemma 2.2.3.

Lemma 2.3.1. Let A € C™™ and B € C™*. If1 >y |A|i‘,c for all i, r, and
c, then SUPr,c{|B|i,c} > SUDy . {]AB[Z”} If1 >y |B|fp’C for all i, r and c,
then sup, . {\A[ic} > 1 SUPy. {|AB|;C}

Proof. By the Binet-Cauchy formula (A.2) and Lemma 2.2.2

sup {|Bl. .} > sup {|A[L, |Bl{.} >u sup {Z AL, \BH’,C} =sup{|ABI, }.
r,c r,c 1 r,c

r,cl

One can show that sup, . {]B|ic} > 5 SUP, {|BA|;C} by using similar argu-
ments. [l

Theorem 2.3.2. Let H C P, and denote the supremum with respect to order
>y of all the equivalence classes of i x i-minors of G(s) by [pi(s)]y. Let r be
the size of the largest non-zero minor. A set of structural functions of G with
respect to H is given by qi(s) = ui(s), and g;(s) = ,j_i(ls()s) fori=2...r.

Proof. Let G(s) be of the form (2.1). The uniform boundedness property implies
that all the minors of U and V are majorized by 1. By using Lemma 2.3.1
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repeatedly, one gets

a1+~ il = sp {IA G} o}

> p sup {‘U (s) [Aés) 8] Vi(s)

r,c

_ A 0 B g
> H Sup {‘U Y(s)U(s) [ EJS) 0] V(s)VY(s) } — o aily
Thus, ¢, - - q¢; =g ;- This implies that ¢; =g Hijil. 0

Example 2.3.3. Consider the transfer function of Example 2.2.11. It is obvious
that pq(s) = SJ%I is a 1 X 1-minor that majorizes all the other minors of the

same size along iR. The determinant of the plant is

is(s) = det (P(s)) = (Sil);gl(s) (2.10)

and all the non-zero 2 x 2-minors are

—(e*+1) n e —1 1 i(e_s +s)(e® —1) s(e™s —1)
(s+Dg(s)" (s +1g(s)" gls)’ (s +1)%g(s) (s+1)%(s)’
where g(s) = (s + 1)?+e~* — 1. The minor p(s) = = majorizes all the other

9(s)
2 x 2-minors. The following structural functions along iR are found by using

Theorem 2.3.2:

, and

s+ U u(s) g(s) pa(s) — (s+1)%

,Ul(s) _ 1 IU’Q(S) s+1 and :[1’3(8) e’ -1

These are the ones also found in Example 2.2.11. [ |

Remark 2.2.15 shows that the computer aided calculation of the behavior of
structural functions is possible — at least in theory. In practice, the calculations
involved are heavy for large systems. Luckily, there is a more convenient way
to do the calculations.

Let G(s) be a matrix valued function. The matrix G(sg) has singular value
decomposition U(sg)A(so)V (so) where U(sg) and V(sg) are unitary matrices at
a given point so. The axiom of choice allows one to define U(s) and V(s) by
fixing the unitary matrices at each point of the domain of G(s). Since U(s)
and V' (s) are unitary for all s, they satisfy the uniform boundedness property.
Thus, the structural functions are given by the singular values, and one has the
following theorem.
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Theorem 2.3.4. Denote the singular values of a n X m-matrix valued function
G(s) by o1(s),02(5),...,0.(s) for all s, and assume that the singular values are
in decreasing order. The structure at infinity of G(s) with respect to H C P is

o)y lo2(8)] g5 [on(8)] g}

The above theorem enables numerical calculation of the structural functions,
if one is able to calculate the value of the transfer function at a point. One gets
the following interesting relation between the singular values and the structure
at infinity for rational matrices.

Corollary 2.3.5. Let G(s) be a rational matriz with nrank (G(s)) = k, and
denote the non-zero singular values of G(s) by 1(s) > o9(s) > ... > op(s). Let
G5 G2, - - -, qx be the structural indices of G(s). There exist positive constants M,
m, and p such that % < 04(s) < 2L fori=1,2,... k and for all s € C such

ol ol
that |s| > p.

Proof. Every structural index ¢; corresponds to a structural function for form
s~%. Theorem 2.3.4 shows that s™% =¢ 0;(s). The claim follows by Definition
2.2.1. ]

2.4 Invariance of Structure at Infinity Under
Feedback

2.4.1 Invariance under State Feedback

The invariance under a constant state feedback of form
u=Kz+v

is studied in this section. The results generalize the well-known results on
structural properties of finite-dimensional systems presented in [24] to infinite-
dimensional systems. The closed loop system with the constant state feedback
is

&= (A+ BK)z + Bv, z(0) =z (2.11a)
y=(C+ DK)x + Dv. (2.11b)

Its transfer function is

Pk (s) = (C+ DK)(s] — (A+ BK))"'B+ D.
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Substitute X = sl — A, Y = —BK,and Z =1 =1V to (A.1) to see that

Px(s) = (C+ DK)(sl — (A+ BK))'B+ D
=C(s] —(A+BK))'B+D+ DK (sl — (A+ BK))™'B
=C(sI —A)'B+D+(C(sI —A)'B+ D)K(sl — (A+BK))"'B
=P(s)(I + K(sI — (A+ BK))™'B).

Consequently, the state-feedback does not alter the structure at infinity with
respect to H C P if I+ K (sI —(A+ BK)) !B satisfies the uniform boundedness
property with respect to H. This leads to the following lemma.

Lemma 2.4.1. Choose € R. The structure at infinity along CE is not affected
by the state feedback uw = Kx + v, if there exists p > 0 such that

sup ||K(sI —(A+ BK)'B|| <1. (2.12)
secg\Bp(o)

Proof. Assume that the condition (2.12) holds for some p > 0. In that case,
I+ K(sI — (A+ BK))™'B is invertible in C} \ B,(0), and both I + K(sI —
(A+ BK))™!'B and its inverse are uniformly bounded there. Thus, I + K (sl —
(A+ BK))™'B satisfies the uniform boundedness condition along C; and the
claim follows. O

Lemma 2.4.2. If the system ¥ (A, B,C,0) that has finite-dimensional input
and output spaces is exponentially stabilizable or exponentially detectable, then
there exists f < 0 such that sup =, ||P(s)|]| = 0 as p — 0.
SGCZ

Proof. Only the case where the system is exponentially stabilizable is proved.
The proof for exponentially detectable systems follows by similar arguments.

By [14, Theorem 5.2.6] there exists a constant ¢ > 0 such that the state-
space can be decomposed into a direct sum X = X, & X_ where X, is a
finite-dimensional space corresponding to the finite point spectrum of A in C*_.
Denote the decompositions of the operators C, B, A, and R (s, A) with respect
to the decomposition of the state-space by C' = [C+ C'_},

_ |By AL 0 _ |R(s,Ay) 0
B_[B_],A—[O A_],andR(s,A)—[ 0 R(S,A_)]’

respectively. The transfer function is of the plant is
P(s)=C+R(s,Ay) B +C_R(s,A_)B_ =P,(s) +P_(s).

Since ¥ (A4, By, C4,0) is a finite-dimensional plant, P, is a strictly proper
rational matrix, and [|P4(s)|| — 0, as s — oo. By the triangle inequality, it
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remains to show that there exits a constant § < 0 such that |P_(s)|| — 0, as
s — oo in Cj.

The operator A_ is an infinitesimal generator of an exponentially stable Cjy-
semigroup 7 (), so there exist constants M > 0 and ¢y > 0 such that [|T_(¢)|| <

Me=< for all t > 0. Thus, C>fOHeEtC,T,(t)B,H2 < o0 if 0 < € < €. This shows
0

that e*C_T_(t)B_ € Ly([0,00), L (C™,C™)). By the Paley-Wiener theorem

[14, Theorem A.6.21], P_(s —€) = [* e *e?C_T_(t)B_dt € HZ(L(C",C™)).

Choose 0 < # < e. By [36, Theorem 6.4.2], ||[P_(s)|| = 0, as s = co in C; [

Theorem 2.4.3. If X (A, B,C, D) is exponentially stabilizable, there exists <
0 such that a state-feedback of the form uw = Kxz+wv does not change the structure
at infinity along CE.

Proof. Since X (A, B, C, D) is exponentially stabilizable ¥ (A + BK, B, K, 0) is

too. Lemma 2.4.2 shows that K(sI — (A + BK)) !B satisfies the condition
(2.12), so the claim follows by Lemma 2.4.1. O

2.4.2 Invariance under Output Feedback

Consider output feedback of the form
u= Ly +v. (2.13)
The resulting closed-loop transfer function is
Pr(s) = (I —P(s)L) "P(s). (2.14)

The structure at infinity is not invariant under output feedback — not even
in the finite-dimensional case — as it is shown in the following example. In the
example the feedback takes one finite pole to the infinity. However, the zeros at
infinity are invariant under output feedback in the finite-dimensional case [24].
The next theorem generalizes the result to infinite-dimensional systems.

Example 2.4.4. Set A= B=C=D=L=1. Now P(s) = -5 +1 and
Pr(s) = —s, so the structure at infinity was changed by the output feedback.
|

Theorem 2.4.5. Let X (A, B,C,D) be such that I — DL is invertible and
CR(p(a),A)B — 0, as a« — oo, for allp € H C P. The output feedback
(2.13) does not change the structure at infinity with respect to H.

Proof. Fix p € H. Since CR (p(a),A) BL — 0, as a — oo, it follows that
I —P(p(a))L - I — DL. Thus, I — P(p(«))L has the uniform boundedness
property, and the claim follows by (2.14). ]
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A direct consequence of Theorem 2.4.5 and Lemma 2.4.2 is given by the
following corollary:

Corollary 2.4.6. If ¥ (A, B, C, D) is exponentially stabilizable or exponentially
detectable and I — DL is invertible, then there exists a 5 > 0 such that the output
feedback (2.13) does not change the structure at infinity along CE.

2.5 Robustness of Structure at Infinity

Robustness properties of the structure at infinity are studied in this section.
It is seen that the robustness properties are generally very weak. Nonetheless,
there might exist some important classes of perturbations that do not change
the structure at infinity. The robustness properties are of importance since in
Section 3.3 it is shown that the robustness properties of the structure at infinity
are related to the robustness of regulation.

The next example illustrates that small perturbations may change the struc-
ture at infinity of a linear system. Actually, almost every perturbation changes
the structure at infinity of certain systems. However, for systems with bounded
operators and one dimensional input or output space there exists a neighborhood
where the perturbed transfer functions cannot vanish faster than the original
plant transfer function as shown by Theorem 2.5.3. Example 2.5.2 shows that
this property fails even for finite-dimensional MIMO-systems.

Example 2.5.1. Let X (A, B,C, D) be a finite-dimensional plant with one
dimensional input and output spaces that satisfies D = CA™'B = 0 for
i=1,...,j—1and CA’B # 0. Since P(s) = D+>.32, 1/ssC A"~ B the structure
at infinity is 1/s7. Any perturbation to D changes the structure at infinity. In
addition, it is easy to see that certain arbitrarily small perturbations change
CA™!B to be non-zero. Such perturbations change the structure at infinity. W

Example 2.5.2. Consider the system 3 (A, B, C,0) where

o O OO

1 00
000
0 01
000

Let the output operator be subject to the additive perturbation

000 —e
Aczlo 00 01‘



34 Chapter 2. Structure at Infinity

The transfer functions of the original and the perturbed systems are

=0 |m

P(s) = l%’ ?] and P'(s) = HQ 32] ;

s2

and the structures at infinity are {s72, 572} and {s7!, s73}, respectively. Thus,
even an arbitrarily small perturbation can increase the order of the zero at
infinity. [ |

In the above example, the number of zeros at infinity counting multiplicities
remains the same. The perturbation lowers the order of the first zero and
increases the order of the second one. This is not possible if there is only one
input or output.

Theorem 2.5.3. If the input space or the output space of ¥ (A, B,C, D) with
bounded operators is one dimensional, then there exists € > 0 such that the
structural functions of ¥ (A, B',C", D") majorize the structural functions of
Y (A, B,C,D) for all systems ¥ (A", B',C", D') such that |A — A'|| <€, ||B —
Bl <€ ||C=C"|| <€, and |D — D'| <e.

Proof. The plant transfer function has the following Laurent expansion at in-
finity:

P(s)=D+)> ;CA"IB.
=1

Denote the lowest order non-zero coefficient in the Laurent expansion by W. This
term determines the structural index of P. If ¥ = D and 0 < € < ||DJ|, then
D' # 0 whenever | D—D’|| < e. Thus, the structure at infinity remains invariant.
Assume, that ¥ = C A" B for some ¢ > 1. Since ¥ is a continuous function of
A, B, and C, it is clear that there exists ¢ > 0 such that W' = C"(A’)""'B’ #£ 0,
if [A—A'|| <e, ||B—B|| <e¢ and [|[C —C"| < e. It follows, that the structural
index cannot increase. ]

The next examples illustrate that arbitrarily small perturbations can change
the structure at infinity of infinite-dimensional SISO-systems. In the first ex-
ample, an infinite number of finite transmission zero locations are perturbed.
The perturbation changes the structure at infinity, because the zeros have an
accumulation point at infinity. The second example shows that in small pertur-
bations can result in a big difference in the structural properties of a system.
It also illustrates that structure at infinity can be robust with respect to some
important class of perturbations.
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Example 2.5.4. Consider the time-delay system Xp (Ao, A1, B, C, D) with

0 -1 0
—AO_Al_[O 0],3_[1],0_[1 o} and D = 0.

The transfer function is P(s) = 1/s2(1 —e™*). There is a finite transmission
zero at 2mki for all k € Z.

Consider an additive perturbation of form AAy, = (e™* — 1)A,. Since
AAy — 0 as € — 0 the norm of the perturbation can be chosen to be arbi-
trarily small. The perturbed transfer function is P'(s) = 1/s2 (e7' —e™%), so
the finite transmission zero locations have been perturbed to (27k + €)i where
k € Z. The two transfer functions are not comparable at infinity along iR by
the majorization relation, so the structure at infinity has changed. |

Example 2.5.5. The heated bars of Figure 2.2 have one heater u and one
measurement y, and there is some uncertainty in the location of the heater.
Let the heat transfer be modelled by using models similar to that in Example
2.2.18. Let the transfer functions of the systems be Pi(s) and Po(s), first of
which is related to Figure 2.2(a) and the latter of which to Figure 2.2(b).

0 1/5 2/5 T e . v . v
%/_’y(t) 3/5 /s 1

u(t)

1/3+6 2./3+6 1
y(®)
(b) Collocated

Figure 2.2: Two heated bars: one with a non-collocated heater and sensor pair
[2.2(a)] and one with a collocated heater and sensor pair [2.2(b)].

The structure at infinity along iR of Pi(s) is S—xl/gef(éﬁ)\/m. It is seen,
that an arbitrarily small perturbation in the location changes the structure at
infinity. Furthermore, the perturbations that move the heater farther away from
the measurement make the transfer function to vanish faster as the infinity is
approached along the imaginary axis. The perturbations that move the heater
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closer to the measurement make the transfer function to vanish slower. The
change in the decay rate between the perturbed and the original plant transfer
functions is e Vst Thus, even a small perturbation changes the decay rate
by an exponential degree.

The structure at infinity along iR of Ps(s) is % as long as § < % Thus, the
structure at infinity is robust with respect to small perturbations in the location
of the heater. Similar robustness property is also evident with respect to the
location of the measurement. |

2.6 Global Structure of Transfer Functions

The structure at infinity describes the rate of convergence or divergence as the
frequency approaches infinity, However, it does not take into account the finite
structure, i.e., the finite poles and zeros. In Chapters 3 and 4, the finite structure
and the structure at infinity are of interest. That is why it is convenient to
combine these two. This is done next by defining the global structure.

If one carefully examines the way the structure at infinity was defined, it is
easy to see that one only needs to take the finite zeros and poles into account
when defining the majorization relation. This leads to the following global
majorization relation.

Definition 2.6.1. Let f,g € Cand H C P. If

g(p(a)) ~
f(p(oz))‘ -

it is said that f globally majorizes g with respect to H. This is denoted by
f2ng U f2ygand g 2y f, notation f =g ¢ is used.

Vp € H : sup

a>0

Actually, all the properties of Lemma 2.2.2 hold for the relations 2y and
=y. Furthermore, if [[f]];; denotes the equivalence class of f with respect to
relation =y, then Lemma 2.2.3 and Lemma 2.2.4 hold if [-], is replaced by
[[]]4, and =5 by =g. This means that the structure algorithm in the proof
of Theorem 2.2.7 constructs diagonalizing matrices U and V' having the global
uniform boundedness property defined below. Thus, the same proof shows the
stronger version of Theorem 2.2.7 that is stated in Theorem 2.6.3.

Definition 2.6.2. It is said that G : D(G) C C — C™*" satisfies the global
uniform boundedness property with respect to H C P if M(p(«)) is invertible
and || M (p(a))]|, [|M~(p(a))|| are uniformly bounded in [0, 00) for all p € H.
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Theorem 2.6.3. Let H C P. A matriz G(s) € C™™ can be written in the

form
G(s) = V(s) [A(OS) 8] U(s) (2.15)
where A(s) = diag (q1(s), - - ., q-(8)) is a diagonal matriz with non-zero elements,

G1 2H Q2 25 - 2H qr, the zero blocks may be non-existent, and U and V' have

the global uniform boundedness property.

The result of Theorem 2.2.8 generalizes to the diagonal elements of A in
(2.15), so they are unique up multiplication by elements f =y 1, and it makes
sense to define the global structure in the following way.

Definition 2.6.4. Let A(s) = diag(¢1(s),...,q:(s)) be the diagonal matrix
in (2.15). The global structure at infinity of G(s) with respect to H is the
set {[[¢1]lg - -, [l@r]]}- The functions g1, qo, . . ., g, are called global structural
functions with respect to H.

Consider the global structure along a set () C C. A matrix valued function
G with full normal rank can have a transmission zero at so € @ if and only if
global structural function ¢,(s) has a zero at sg. Similarly G can have a pole at
sp € @ if and only if ¢;(s) has a pole at s¢. Since the global structural functions
are also structural functions it is evident that the global structure captures the
finite structure and the structure at infinity:.

The reason for defining the global structure was explained in the beginning
of the section. One might wonder where is the structure at infinity needed. The
reason for defining the structure at infinity are the invariance properties found
in Section 2.4. The global structure does not have the invariance properties,
because feedback affects the finite structure even though the structure at infinity
remains intact.






Chapter 3

Regulation in the Time Domain

3.1 Introduction to Robust Regulation in the
Time Domain

In this section, the time domain output regulation problem is introduced. The
purpose is to review the related results appearing in the literature so that the
time domain and the frequency domain problems and their solvability conditions
can be compared and that the smoothness properties of the reference and the
disturbance signals required for solvability can be studied.

The output regulation problem is to find any controller that is capable to
asymptotically track the reference signal. The two controller configurations
considered in this thesis are the feedforward control configuration of Figure
1.2(a) and the error feedback control configuration depicted in Figure 1.2(b). It
is also possible to combine these two controller designs [42].

The robust regulation problem studied here is the one from [34] where the
exosystem is an infinite-dimensional diagonal system with an infinite number
of unstable poles on the imaginary axis. The state spaces as well as the input
and the output spaces are assumed to be Hilbert spaces. This is not the most
general formulation appearing in the literature, see for example [39, 70], but is
the closest one to the frequency domain regulation problem studied in the next
chapter.

3.1.1 The Plant
In the time domain, the plants have the following state space formulation:

& = Az + Bu + dj, z(0) = x9 € X, (3.1a)
y = Cx+ Du+ ds. (3.1b)

The state disturbance dy and the measurement disturbance ds are defined be-
low. The state operator A is assumed to be an infinitesimal generator of a

39
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Co-semigroup on a Hilbert space X. In addition, B € B(U, X), C € B(X,Y),
and D € B (U,Y) where the input space U and the output space Y are assumed
to be Hilbert spaces. Choosing the spaces to be Hilbert spaces is not crucial.
Most of the results appearing in the literature hold in some form even if X, U,
and Y are Banach spaces.

3.1.2 The Reference and Disturbance Signals

It is clear that no controller can regulate every possible reference signal, nor
can it get rid of every disturbance signal. However, usually only a certain
class of reference and disturbance signals needs to be regulated at a time. The
allowed reference and disturbance signals are often assumed to be generated by
an exosystem.

The exosystem considered in this thesis is of form

0 = Sv, v(0) =vy € W, (3.2a)
yr = Fo, (3.2b)
dy = Eyv, (3.2¢)
dy = Fyv, (3.2d)

where F; € B(W,Y) and Ey, € B(W,X), E, € B(W,Y), and S is a linear
diagonal operator

keZ
with domain
D(S)= {U eWI|d [(v, ) > < OO}
keZ

in a Hilbert-space W with an orthonormal basis (¢x)rez. The operator has
point spectrum iw, on the imaginary axis. The following standing assumption
states that there is a uniform gap between the poles of the exosystem.

Assumption 3.1.1. The constants wy € R in (3.3) are in increasing order and
there exists such a positive constant v > 0 that wy — w1 > 4y for all k € Z.

In the frequency domain, one often considers only input disturbances, be-
cause the transfer functions give only an input-to-output description and the
output disturbance can be seen as a part of the reference signal. The input
disturbance signal can be written in the form dy = Eyv. If there are no other
types of disturbances, the disturbance to the state of the plant is d; = Bd
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and disturbance to the measurement dy = Ddy; therefore, one has £, = BE
and Fy = DE in (3.2). In this thesis, there are no other types of disturbances
affecting the system at the same time with an input disturbance.

With exosystems of the proposed form one can generate the class of almost
periodic signals. Particularly, all periodic signals belong to this class of signals.
More general signals can be generated if Jordan blocks are allowed in S. In
this case, the signals can be polynomially increasing. The simple form of the
exosystem makes controller design easier. A very general generator that can
generate all the bounded periodic signals with one generator was considered in
[40, 39], but actual controller design for such a controller is very difficult.

The smoothness of the reference and disturbance signals is crucial in regu-
lation. There are two ways to control the smoothness of the signals, either by
setting conditions on the allowed initial states of the exosystem [70, 68] or by
setting conditions on the reference operator F} and disturbance operators E
and Fj [34]. However, the latter approach allows different smoothness proper-
ties of the reference and disturbance signals to be set, while the former does
not. This is why the latter approach is adopted here.

3.1.3 The Controller

There are two controller types considered in this thesis. The first one is feed-
forward controllers with a stabilizing feedback loop. A feedforward controller is
a control law

u= Kz + Lo, (3.4)

where K € B(X,U) and L € B(W,U).
The second controller type is error feedback controllers. It is a dynamic
controller of form

zZ =Gz + Gae, 2(0) = 2o, (3.5a)
u= Kz, (3.5b)
where G; is an infinitesimal generator of a Cy-semigroup on a Hilbert space
Z, Gy € B(Y,Z) and K € B(Z,U). The input of the controller is the error
e =y, — y between the reference and output signals. The transfer function of a
dynamic controller is C(s) = KR (s,G) Ga.
Combining the plant and the error feedback controller gives the extended
closed loop system

T, = Acxe + Bev, 2e(0) = e = [ﬁol , (3.6a)
0

e=C.x,+ D.v, (3.6b)
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where C, = [—C’ —DK}, D, = F| — Es,

L[4 BK
" |-GC G -G DK

From now on denote £ = E; and F' = F; — Es.

] and B, = l%(FlEl_ E2)] . (3.7)

3.1.4 The Feedforward Output Regulation Problem

The feedforward output requlation problem is to find a feedforward control law
(3.4) such that

1. A+ BK is a generator of an exponentially stable Cp-semigroup, and
2. the tracking error e(t) = y(t) — y,(t) = 0, as t — oc.

Feedforward controllers are widely used in applications, if not by themselves,
along with feedback controllers to improve performance. Thus, it is important
to understand their possibilities and limitations. The most severe weakness of
feedforward controllers is the lack of robustness properties. However, the output
regulation problem without robustness is solvable by a feedforward controller
if and only if it is solvable by a feedback controller under certain stabilizabil-
ity conditions [6]. Consequently, if the stabilizability conditions are satisfied
the solvability conditions of the output regulation problem with a feedforward
controller are necessary for the robust output regulation problem too.

Necessary and sufficient conditions for the solvability of the output regula-
tion problem with a feedforward controller in the finite-dimensional case have
been known since the 1970s [16]. Since then, many authors have generalized
these results to infinite-dimensional plants with finite-dimensional exosystems,
see for example [6, 73]. A case study with a feedforward controller and an
infinite-dimensional exosystem in [5] revealed a connection between the solv-
ability of the problem and the behavior of the plant transfer function at high
frequencies. In principle, the faster the transfer function approaches zero the
smoother the reference and the disturbance signals should be for the problem to
be solvable. This connection was later studied in [41]. A similar phenomenon
was reported with dynamic error feedback controllers in [34, 70].

An instrumental tool in the study of the feedforward regulation problem are
the so called regulator equations:

NS =AS+Br+E  inD(S) (3.8a)
F=CY+DI. (3.8b)

These equations are from [6] where they were used with a finite-dimensional
exosystem and no feed through term, i.e., D = 0. Later, Immonen used the
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equations with an infinite-dimensional exosystem [39, 41]. In this thesis, the
plant is required to be exponentially stabilizable and the solvability of the equa-
tions is actually a necessary and sufficient condition for the feedforward output
regulation problem to be solvable. If only strong stability of the plant is needed,
then the solvability of the regulator equations is only a sufficient condition for
the solvability of the feedforward regulation problem [39].

3.1.5 The Error Feedback Output Regulation Problem

The error feedback output regulation problem is to find an error feedback con-
troller (3.5) such that

1. A, is strongly stable, and

2. the tracking error e(t) = y(t) — y,(t) — 0 as t — oo for all initial states
Teo € X. and zg € W.

Denote the set of all 7-tuples
(A", B',C', D' F|, E{, E}),

where A’ € £ (X) is a infinitesimal generator of a Cy-semigroup, B’ € B (U, X),
C'eB(X,)Y), D eB(UY), Fle BW,)Y), E, € B(W,X)and E}, € B(W,Y)
by Q. The nominal plant (3.1) and the unperturbed reference and disturbance
operators in (3.2) corresponds to the 7-tuple

(A,B,C,D,F\,Ey, E,) € Q.

In this thesis, perturbations are allowed in the operators of the plant and in
the reference and the disturbance operators. When the nominal plant or the
reference and the disturbance operators are subject to a perturbation the re-
sulting plant and the operators are assumed to be an element of a subset V
of Q2. Thus, V defines the class of allowed perturbations. It is assumed that
(A,B,C,D, Fy, Ey, Es) €V, but, at this point, no further assumptions on this
set are made. The robust error feedback output requlation problem is to find an
error feedback controller (3.5) such that

1. it solves the error feedback output regulation problem for the nominal
plant (3.1), and

2. it solves the error feedback output regulation problem for all plants in V
preserving strong stability of the closed loop.
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For finite-dimensional linear systems and finite-dimensional signal genera-
tors, the error feedback output regulation problem and the robust error feedback
output regulation problem were solved during the 1970s. Francis, Wonham,
and Davison had a central role in this work [15, 18, 28, 29, 97]. The results for
finite-dimensional plants have been generalized to infinite-dimensional plants by
several authors [2, 33, 70, 74, 75, 80, 89]. In what follows, the focus is on the
robust regulation problem with an infinite-dimensional exosystem. For a more
comprehensive list of references and some discussion on their contributions an
interested reader should see [32, 39, 68].

A fundamental result called the internal model principle first stated by Fran-
cis and Wonham in [28] gives a necessary and sufficient condition for a controller
to be robustly regulating. Roughly stated, a controller can robustly regulate
the dynamics generated by an exosystem if and only if it contains a suitably
reduplicated copy of the exosystem.

This famous result was generalized to infinite-dimensional exosystems in the
form of a repetitive control system by Hara et al. in [35, 99]. The idea of the
repetitive control is that since all L-periodic function can be generated by using
a free time-delay loop with delay length L, including such a loop in a controller
would make it robustly regulating. Hara et al. formulated the internal model
principle in frequency domain terms. However, the results in [35, 99] suffered
from relatively narrow applicability.

In his thesis and articles, Immonen provided a state space formulation of
the internal model principle that is suitable for infinite-dimensional systems and
exosystems, see [39] and the references therein. His formulation of the internal
model principle was called the internal model structure. The controller is said
to possess the internal model structure of the exosystem if for all A € B(W,Y")
and for all such I' € B(W, Z) that I'D (S) C D (G)

It was shown that a controller possessing the internal model structure solves
the robust regulation problem. Furthermore, the internal model structure is a
necessary condition for a controller that exponentially stabilizes the extended
system to be robustly regulating in the traditional sense, by which it is meant
that small enough bounded linear additive perturbations do not destroy the
output regulation. In other words, the controller solves the error feedback reg-
ulation problem for all systems in V containing all 7-tuples

(A',B',C',D' | F|,E}, E}) € Q

satisfying |A — A'|| <€, [|B—B'|| <€ ||C—=C'|| <€ and ||[D — D'|| < € for
some small enough € > 0. Since linear additive perturbations were considered
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the operator A— A’ is a bounded operator, although A and A’ can be unbounded
operators, and its norm is well defined.

Despite the nice robustness results with exponential stability, Immonen pre-
ferred strong stability. This is because he used an infinite-dimensional exosys-
tem. If one wants to find a robustly regulating controller, an internal model
of the exosystem should be build into the controller. Consequently, with an
error feedback controller this infinite-dimensional exosystem becomes a part of
the closed loop, so it is often impossible to exponentially stabilize the extended
system. This difficulty was already pointed out by Hara et al. in [35], who
showed that it is impossible to obtain exponential stability with their repetitive
control system if the transfer function is strictly proper.

The lack of exponential stability in the closed loop results in weaker robust-
ness of stability. It is possible that an arbitrarily small perturbation destroys
strong stability, e.g. [39, Example 6.5], and it is difficult to find classes of pertur-
bations preserving strong stability. This is why Immonen merely considered the
robustness of regulation under the assumption that the allowed perturbations
preserve the strong stability of the closed loop. Immonen called this "condi-
tional robustness”, but later Paunonen used the term somewhat differently as
seen below. In this thesis, conditional robustness is to be understood in the
sense of Paunonen, and robustness of regulation is considered under the as-
sumption that the perturbations preserve closed loop stability as was done in
(34, 68, 70, 72].

Another characterization of the internal model principle suitable for infinite-
dimensional setting was given by Hamaéldinen and Pohjolainen in [34]. This
characterization originates from a proof in [27] and was called the G-conditions
by Paunonen since the conditions are related to operators G; and Gy of the
controller [70]. For the diagonal exosystem in (3.3), the controller is said to
satisfy the G-conditions if for all k € Z

R (il — G1) NR(Gs) = {0}, (3.9a)
N (G2) = {0} (3.9b)

This characterization was extended for exosystems that were allowed to contain
non-trivial Jordan blocks by Paunonen in [70] who also showed that the two
characterizations above are equivalent. Related to the size of the non-trivial
Jordan blocks, an additional G-condition was needed. Under an additional as-
sumption o (A,) N o (S) = 0, Paunonen was able to show in [70] that what he
called the n-copy internal model is equivalent to the afore mentioned charac-
terizations of the internal model principle. For the exosystem with diagonal
operator (3.3), the controller is said to contain an n-copy of the exosystem if
forall k € Z

dim (iwg — G;) > dim (Y) .



46 Chapter 3. Regulation in the Time Domain

Perhaps the most important contribution of [70] was that it was shown that
the internal model structure and the G-conditions, which were known to be
sufficient conditions for a controller to be robustly regulating, are also necessary
provided the class of allowed perturbations is appropriately chosen. The class
of perturbations considered in [34, 70] was chosen so that the Sylvester equation

£2S=AX+B. on D (S5) (3.10)

has such a unique solution ¥ € £ (W, X,) that ¥D (S) C D (A,.) for all per-
turbed plants. It was noted that the solvability of the above equation is related
to the smoothness of the reference and the disturbance signals. In principle, the
smoother the signals the easier it is to solve the equation (3.10). The required
smoothness of the signals is related to the high frequency behavior of the plant
transfer function [34, 39]. Conditions on the smoothness of the signals can be
imposed by restricting the set of initial conditions of the exosystem [70] or by
restricting the set of allowed reference and disturbance operators Fy, E;, and
E5 [34]. Tt should be noted that the solution ¥ does not need to be unique in
order a controller with an internal model to solve the robust output regulation
problem.

In his thesis [68], Paunonen presented yet another equivalent condition called
conditional robustness for a controller to be robustly regulating. A controller is
said to be conditionally robust if the implication

YS=AYX+B.=CX+D.=0 (3.11)

is satisfied for all operators A., B, C., and D, in the extended system (3.6)
with fixed controller parameters Gy, Go, and K and exosystem state operator S.
Paunonen allowed the reference and the disturbance operators to be arbitrary,
and restricted the set of the allowed initial values of the exosystem. If the set
of initial states is restricted, then it is possible to consider the solvability of the
Sylvester equation (3.10) in a related subspace of W. In this thesis, the set of
initial values is not restricted but the reference and the disturbance operators
are; consequently, one needs to consider the solvability of (3.10) in W. However,
as seen later, this is not a restriction to theory and the two approaches to control
the smoothness of signals can be used interchangeably.

In [49], it was shown that if o (A.) No (S) = 0, then (3.11) is satisfied for S
defined in (3.3) if and only if

Pe(iwk) = CER (iwk, Ae> Be + De =0 (312)

for all £k € Z. This is called the blocking zero condition and generalizes the
finite-dimensional result in [26] to infinite-dimensional systems and exosystems.
If there are non-trivial Jordan blocks in the exosystem, then the orders of the
blocking zeros should correspond to the sizes of the blocks.
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Actual time-domain controller design for infinite-dimensional exosystems can
be found in [34, 40, 72]. The controllers Immonen proposed in [40] generalizes
the finite-dimensional controllers of Davison [17] and Francis [29]. The design
procedure of controllers proposed by Immonen requires equations similar to the
regulator equations (3.8) to be solvable. An observer-based controller design
procedure in [34] by Hamélainen and Pohjolainen gives a definite method of how
one can implement an infinite-dimensional internal model into a controller and
simultaneously stabilize the closed loop system. For finite-dimensional input
and output spaces, Haimélainen and Pohjolainen were able to strongly stabilize
the closed loop system, but they had to settle for weak stability in regard to
infinite-dimensional input and output spaces. Later similar controller design
was used by Paunonen and Pohjolainen for SISO-systems. They used pole
placement to stabilize the system and under the assumption

[P (iwr)] = M (1 + |we])®

for some o« > 0 and M > 0, and they were able to achieve polynomial stability in
addition to strong stability. Requiring polynomial stability in addition to strong
stability is advantageous since recent results show that this type of stability
has relatively good robustness properties, see [69] and the references therein. It
should be noted that the controllers in [34, 72] are designed assuming conditions
implying existence of a unique solution to (3.10).

This introduction section is concluded by emphasizing some important as-
pects of the robust regulation problem and its solvability. First, the charac-
terizations of the internal model principle are just properties of the controller
under which asymptotic tracking is guaranteed if the closed loop system is sta-
ble. Since the characterizations of the internal model principle provide the
necessary and sufficient conditions for a controller to be robustly regulating,
it follows that the robustness of regulation should be understood in the sense
that the closed loop stability should imply asymptotic tracking. Secondly, it is
often impossible to simultaneously obtain exponential stability and asymptotic
tracking if the exosystem is infinite-dimensional. Consequently, some weaker
stability types should be considered. A wvalid choice would be strong stabil-
ity, but, if possible, additionally requiring polynomial stability would improve
robustness of stability. The third and final point to be emphasized is that it
is customary to assume that there exists a solution to the Sylvester equation
(3.10) when designing controllers in order to guarantee sufficient smoothness of
the reference and disturbance signals.

3.1.6 Organization and Contributions of the Chapter

The purpose of this chapter is not to give a detailed study of the robust regu-
lation problem but merely to understand the trade-off between solvability and
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generality of the classes of possible plants and signals when one has an infinite-
dimensional exosystem. The introduction above gives a fairly complete picture
of what kind of limitations an infinite-dimensional exosystem causes. It was
pointed out that the solvability and the smoothness of the reference and the
disturbance signals are related. The rest of this chapter is dedicated to study
this relation and is organized as follows.

Section 3.2: In this section, the solvability of the feedforward regulation prob-
lem is studied in detail. Special attention is paid to the relation between
the solvability of the problem and the high frequency behavior of the
plant transfer function. The results of this section can be found in articles
[52, 53] by the author of the thesis.

In Section 3.2.1, new sum conditions for the solvability are presented and
discussed. These sum conditions generalize the similar result in [41] where
the input space was assumed to be one dimensional. The sum conditions
to be presented in this thesis allow even infinite-dimensional input and
output spaces. In addition, the sum conditions exist in terms of the ex-
osystem and the original plant, in contrast with the results in [41] where
the sum conditions were given in terms of the exosystem and the stabilized
plant.

Section 3.2.2 is dedicated to the study of the required smoothness prop-
erties of the reference signals. A relation between the solvability of the
feedforward regulation problem and the high frequency behavior of the
plant transfer function is made precise. An instrumental tool in this work
is the global structure defined in Chapter 2. This leads to a characteriza-
tion of all the reference signals generated by the proposed exosystem for
which the output regulation problem is solvable by using a feedforward
controller.

Section 3.3: As mentioned in the introduction, it is customary to assume that
there exists a solution to the Sylvester equation (3.10) when designing con-
trollers in order to guarantee sufficient smoothness of the reference and
disturbance signals. The purpose of the section is to clarify the smooth-
ness properties such an assumption implies. For simplicity, the plants
are assumed to have one dimensional input and output spaces. A simple
relation between the smoothness of the signals and the solvability of the
Sylvester equation is found and the connection to the structure at infinity
is established. It is also shown that the robustly regulating controller in
[72] works under the found smoothness condition, which is more general
than the one used in [72].
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3.2 Solvability of the Feedforward Output Reg-
ulation Problem

The purpose of this section is to characterize the solvability of the feedforward
output regulation problem. The plants are supposed to satisfy the assumption
given below.

Assumption 3.2.1. 1. The pair (A, B) is exponentially stabilizable.
2. The spectrum of S is contained in the resolvent set of A, i.e., iwy € p(A).

3. The transfer function P(iwgy) = C(iwi] — A)"'B + D is left or right in-
vertible for all k € 7.

The following useful characterization of bounded operators is used exten-
sively.
Lemma 3.2.2. Let W and V be Hilbert spaces and let (¢x)rez be an orthonor-
mal basis of W. A linear operator T : W — V is bounded if and only if
sup|p <1 ez | (T'ér, h) |* < o0
Proof. Necessity. Assume that 7' is bounded and let hy be an arbitrary fixed el-

ement of V' satisfying ||hol| < 1. Set wy = X j5j<n (T'éx, ho)¢r. By boundedness
of T

IT[[[lwn | = [Twx]]

= sup | (Twy, h) |
s!

> ’ <T’U}N, h0> ‘
= Y [(Tow, ho)l*.
|k|<N
Since uxl? = ey | (T, ho) [2 one has Sey [(Toe, ho)f* < [T for all
N € N. Thus, supy,<; Xgez | (Tér, h) |* < oc.
Sufficiency. Assume that M = supy, <1 Zgez | (T'0r, h) | < 0o, Let w € W.

Since (¢x)rez is an orthonormal basis, one can write w = Yz (w, ¢k) ¢r. By
Cauchy-Schwartz inequality

[Tw|| = sup |{Tw, h)|

a1

< sup Y [(w, o) || (T, h) |
IRI<1 ez

< sup (Z | {w, or) ‘2> (Z | (T'px, h) |2)
IRII<1 \ ez keZ

= VM |wl|
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O

In what follows the following two sum conditions turn out to be crucial for
the solvability of the feedforward output regulation problem:

sup Y (g, w)|* < 00 (3.13a)
lull <1 ez

and
sup Y (e, 2)|* < o0 (3.13b)
[2]1<1 kez

where v, = P (iwg)(F — Ciwp] — A)7LE) ¢y, mp = (iwpd — A)"H( By + Egy),
and P (iwy,) is left or right inverse of P(iwy,), which ever exists.
By Lemma 3.2.2 operators

D= (k) m (3.14a)
and

are bounded linear operators if and only if the sum conditions (3.13) hold. These
operators in turn satisfy the so called regulator equations. The regulator equa-
tions in [6, 41] give a necessary and sufficient condition for the solvability. The
following result was given only for the single output case in [41, Theorem 3.1].
However, the proof is valid also in the current case with minor modifications.

Theorem 3.2.3. The feedforward output requlation problem is solvable by a
state-feedback control law of form (3.4) if and only if A+ BK is exponentially
stable and there exists a decomposition L = T' — KII, where I' : W — U and
IT: W — X are bounded linear operators such that for all k € Z

Fo¢ = Cllgy + DI'¢y. (3.15b)
Proof. Denote
Ae = [AjLOBK BL;E ELX xW).

The operator A, generates the Cy-semigroup

T (t) = [TA%K@) Jo TA+BK(5)(B:]{;(J;)E)TS(75 —s)ds| (3.16)
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If the regulator equation (3.15a) holds and L =TI — K1I, then
and

Aﬁth@xBL+Eﬂg@—swws

-/ o (s)(BL + EYTs(t — 5) 3" (00, é0) duds

= Z(U(b ¢k> /Ot TA+BK(S)(BL + E)Ts(t — S)gbkds

kez
= > {(vo, ¢) /t Taspi(s)(BL + E)e“ =)y ds

keZ 0
= 5" (vo, &) / Gt o (8) (1wl — (A + BK))gyds

kEZ 0

t ,

= ];Z<UO’ ¢k> /0 % (—elwk(t_S)TA+BK(S)) Hgbkds
= > (vo, ¢x) (eiwkt[ - TA+BK(S)) oy,

kez
= HTS(t)UO — TA+BK(t)HU0. (317)

Changing the order of the integration and the summation above is justified by
the Lebesgue dominated convergence theorem. Furthermore, by substituting
(3.17) into (3.16), one finds out that

e(t) = [—(C +DK) F — DL} Ta.(1) ﬁg]

= (C' + DK)Taspi(t) (Tvg — x0) + (F — DT — CI) Ts(t)vo.  (3.18)

Necessity. Assume that the feedforward regulation problem is solvable by the
feedforward control law (3.4). By the problem formulation A + BK is expo-
nentially stable. The growth bound of Taypk(t) is strictly negative and the
growth bound of Ts(t) is zero so [96, Corollary 8| states that there exists a
unique solution IT € B (W, Z) to the Sylvester equation

IS — (A+ BK)Il= BL+E

on D (S). By choosing I' = L+ KI one sees that the regulator equation (3.15a)
is satisfied. Thus, the error is given by (3.18). Since Tu;pk(t) is exponentially
stable one must have that (F' — DI' — CII) Ts(t)vy — 0 for all vy € W, as
t — oo. This is possible only if ' — DI' — CTI = 0, so the regulator equation
(3.15b) also holds.
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Sufficiency. Assume that A + BK is exponentially stable and that the
regulator equations (3.15) hold. By (3.15b) F' — DI"' — CII = 0, so (3.18) and
exponential stability of T4, g (t) implies e(t) — 0, as t — 0. O

Before proceeding, the regulator equations are formulated so that the plant
transfer function is present. This is done in the next lemma.

Lemma 3.2.4. The operators I' and 11 satisfy the regulator equations (3.15a)
and (3.15b) if and only if for all k € Z they satisfy

¢y = (iwpl — A)"YBT + E)¢y,. (3.19b)

Proof. Necessity. Assume that the regulator equations (3.15) hold. By noting
that ¢, is the eigenvector of S corresponding to the eigenvalue iw, one can
write (3.15a) in the form

H¢k = (1wkl — A)_I(BF + E)¢k

Left multiplying the above equation by C', add DI'¢y to both sides and use
(3.15b) to see that

Cley + DTy, = P(iwp) Ty + Ciwpl — A) ' E¢p = Foy.

Sufficiency. Assume that the equations (3.19) hold. The equation (3.19b)
implies

[1S¢y, — Allgy, — BU'¢y = (iwpd — A)llg, — B¢y, = By
By (3.19), one sees that
CTlgy, + DTy, = P(iwg)Tx + Cliwg] — A) ' Egy, = Fo,.

3.2.1 Solvability Conditions

Next it is shown that the sum conditions (3.13) are crucial for the solvability of
the feedforward output regulation problem. The sum conditions are similar to
the one given in [41, Corollary 4.7] for SISO plants. However, the sum conditions
given here cover general Hilbert spaces as input and output spaces, and they
give solvability conditions directly in terms of the original plant instead of the
closed loop plant.

It is clear that if one has less control than measurements, then it is practically
impossible to solve the feedforward output regulation problem. This is why the
case of right invertible transfer functions is more interesting. However, for
thorough analysis the case when P(s) is left invertible is also considered. This
is done next.
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Theorem 3.2.5. Assume that the plant transfer function is left invertible at
iwg for all k € Z. The feedforward output requlation problem is solvable if and
only if the equations (3.13) hold for some choice of P (iwg) = P'(iwy) and

(I — P(iwp) P (iw)) (Fop — Cliwpl — A)" Ey) = 0. (3.20)

Proof. Necessity. Assume that the feedforward output regulation problem is
solvable. It follows that (3.19a) and (3.19b) hold. Left invertibility and the
equation (3.19a) show I'¢yp = 7. The equation (3.19b) implies that I1¢y = .
The sum conditions (3.13) hold by Lemma 3.2.2. Since (3.19a) implies F¢y —
C(iwpI — A)"'E¢y, € R (P(iwy)) and P(iwy)P'(iwy) is a projection operator on
R (P(iw)), condition (3.20) holds.

Sufficiency. Under the sum conditions (3.13) Lemma 3.2.2 shows that the
operators (3.14) are bounded. By Assumption (3.20), it is clear that (3.19a)
and (3.19b) are satisfied by the defined operators. ]

Condition (3.20) is natural. One has less control than measurements with
non-square left invertible plants. As the reference signals live on the measure-
ment space, it is clear that one cannot have control over all the reference signals.
Roughly speaking, (3.20) means that the part of a reference signal that is not
controllable must be compensated by the error signal.

Remark 3.2.6. No matter how one chooses the left inverse P'(iwy,), one has the
same value for vx. Thus, the operators I' and 11 solving the regulator equations
are uniquely determined.

In the remaining part of this section, the case of right invertible transfer
functions is considered. The solvability condition in this case turns out to be
similar to the one given in the case of left invertible transfer functions, but no
additional assumptions need to be made.

Theorem 3.2.7. Assume that the plant transfer function is right invertible at
iwg for all k € Z. The feedforward output requlation problem is solvable if and
only if for some choice of P (iwy) = P"(iwy) the sum conditions (3.13) hold.

Proof. Necessity. Assume that the feedforward output regulation problem is
solvable. It follows that (3.19a) and (3.19b) hold. By (3.19a) I'¢y, = 7, for
some choice of right inverses P (iwy) where k varies over Z. From (3.19b) one
gets [l¢y = . The sum conditions (3.13) hold by Lemma 3.2.2.

Sufficiency. Under the sum conditions (3.13) Lemma 3.2.2 implies that the
operators in (3.14) are bounded. It is a matter of trivial calculation to verify
that (3.19a) and (3.19b) are satisfied by the defined operators. O
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For right invertible transfer functions, the operators I' and Il are not in
general defined uniquely since different choices of right inverses P" (iwy) lead to
different operators. However, the sum conditions (3.13) can be used to charac-
terize all the regulating controllers of form (3.4). The next corollary follows by
the proof of the above theorem and Lemma 3.2.4.

Corollary 3.2.8. If the sum conditions (3.13) hold for a choice of P (iwy) =
P(iwy), k € Z, then the feedback control law (3.4), where K exponentially
stabilizes the pair (A, B) and L = I'— K11 with the operators I and II in (3.14),
solves the feedforward output requlation problem. All the feedback control laws
solving the feedforward output requlation problem are of this form.

It have been seen above that the solvability of the feedforward output regula-
tion problem is characterized by two sum conditions. Both of them are needed,
as shown by the following two examples.

Example 3.2.9. In this example, the plant and the exosystem are chosen so
that the sum condition (3.13a) fails while the sum condition (3.13b) is satisfied.
Setwp =k, fork € Z,andU =Y = X =C. Choose E=0,D=0,B=C =1,
A= —1,and F = (-,w) where wy = Ypez (o) 10 € W. Assumption 3.2.1 is
now satisfied and

ik +1

e = (ik + 1) (¢p, wo) = and 7, = (P, wo)

for k € Z \ {0}. It is clear that

sup > [(y, u)|* = o0
lull <1 ez

and

sup Y [y, 2)|* = [Jwo|® < oo
lel<1 iz

Example 3.2.10. In this example, the plant and the exosystem are chosen so
that the sum condition (3.13b) fails while the sum condition (3.13a) is satisfied.
Let wy =k, for k € Z,and U =Y = X = Z. Choose X to be a Hilbert space
with an orthonormal basis {¢y, € X |k € Z}. Choose B=D =FE=F =1,

A=) (ik— |k|1+1> (-, Bx) Dx

kEZ
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with
D(4) = {(wmez € 0\ kP e 64) " < oo} ,
and
=2 Wlﬂ (- 0) O

Elementary calculations show that

1 (|k] +1)(s —ik) + 1
P =2 (|k| + 1)(s — ik) + 2 (s @) O

kEZ

All the standing assumptions are now satisfied and

|k| +1
2

1
Vi = _§¢k and m, = O

It is now clear that supy, < Zrez (e, w)|* = 3 < 00. Since Yjez (i, o)|” =
W, the sum condition (3.13b) fails. u

Since the supremum over an infinite number of series is hard to find in
practice, one seeks some additional conditions that simplify the situation. This
is what is done in the remaining part of this section.

Lemma 3.2.11. Let B be a finite rank operator and let ey |k||* < 0o. The
sum conditions (3.13) hold if and only if

sup Y ‘<(iwkI — A)’1E¢k,x>‘2 < 0. (3.21)

Izl <1 pez

Proof. By assumptions of the lemma, it follows that

sup > [ {y,u) [F < 3 sup [ {y,u) [P =3 [wll® < oo

lull<1 kez kez llull<1 keZ

The exponential stabilizability of (A, B) implies that X can be decomposed
as X = X, ® X_, where X, is finite-dimensional. The operator A has a
Ay 0
0 A}
semigroup in X, and A_ is a generator of an exponentially stable Cy-semigroup
in X_ [14, Theorem 5.2.6]. By [14, Lemma 2.1.11], ||(s] — A_)~!|] is uniformly
bounded in some right half-plane including the imaginary axis. Since A, is an
operator on a finite-dimensional space ||(iwl — A,)7'|| — 0, as |w| — oo. Tt

corresponding decomposition A = [ where A, is a generator of Cy-
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follows that there exists M > 0 such that ||(iw,] — A)7'|| < M for all k € Z,
because iwy do not cluster at any finite point. Since B is bounded,

sup | ((wil — A)7 By, u) [P < 3 [[(wrd — A) ' Bye|)”

lull<1 kez, keZ
< MBI Il < oo.
keZ
It follows that supy,<; Xgez | (T, u) | < oo if and only if (3.21) holds. O

Theorem 3.2.12. If the output space Y is finite-dimensional and B is a finite-
rank operator, then the feedforward output requlation problem is solvable if and

only if

o lwll? < o (3.22a)
kEZ
and
sup Y ‘<(iwk1 — A)_1E¢k,x>‘2 < 00 (3.22Db)

=<1 kez
for some choice of P (iwy) = P (iwg), k € Z.

Proof. By Lemma 3.2.11, it is sufficient to show that supy,<; Xyez | (v, 7) [* <
oo if and only if Y ez [|[7k]|> < oo, which is true by the Riesz representation
theorem. O

It is obvious that the latter sum condition is satisfied, if the disturbance
operator is of finite-rank. This leads to the following corollary.

Corollary 3.2.13. Let the output space Y be finite-dimensional and the oper-
ators B and E be of finite-rank. The feedforward output requlation problem is
solvable if and only if

> 1l < o0

kEZ

for some choice of P (iwy,) = P"(iwy), k € Z.

3.2.2 On the Required Smoothness Properties of Refer-
ence Signals
In this section, the required smoothness properties of the reference signals for

the feedforward output regulation problem to be solvable are characterized in
terms of the global structure of the plant transfer function. The focus is the
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smoothness of the reference signals, and the disturbance signals are assumed to
be smooth enough. In what follows, all the reference operators for which the
feedforward output regulation problem is solvable are characterized.

Since the global structure is only defined for such plants that have finite-
dimensional input and output spaces, choice U = C™ and Y = C" is made.
In the case of right invertible transfer functions, the operators I' and II were
shown to be non-unique. The question arises whether there is a systematic
way to choose I'" and II such that the feedforward output regulation problem
is solvable if and only if the chosen operators satisfy the regulator equations.
The next theorem gives a positive answer to this question. Using the global
structure of plant transfer function is convenient here, but the result can also
be formulated by using the structure of plant transfer function at infinity since
the convergence of the sums defined in Section 3.2.1 depends only on the high
frequency behavior of the plant transfer function if Assumption 3.2.1 holds.
Since only the behavior of the plant transfer function along the imaginary axis
is of interest, one defines

H={peP|pla)€iR for all a € [0,00)}. (3.23)

Theorem 3.2.14. Write P(s) as in Theorem 2.6.3 with H from (3.23). The
feedforward output requlation problem is solvable if and only if the sum condi-

. . . 17+ _1/: A_l(l(,k)k-) —1y-
tions (3.22) hold with the choice P™ (iwg) = V' (iwg) 0 U= (iwg).

Proof. Sufficiency is obvious, so only the necessity remains to be proved. By
Corollary 3.2.12 there exists a choice P"(iwy) for all k& € Z such that (3.22)
holds. Now one needs to show that (3.22) holds if P"(iwy) is replaced by

73+(iwk.) = U_l(iwk) [A_léiWk)] V_l(iwk).

Every right inverse of P(s) can be written in the form

Pr(s) = U (s) [Ajgs(ﬂ Vs).

It is sufficient to show that there exists an M > 0 such that [|[P"(s)y| >

M||Py(s)y|| for any y € Y.
—1
Let y be an arbitrary element of Y and set yl(S)] = [A (8)] V=(s)y.

ya(s) J(s)
-1
Now [A (5)1 Vl(s)y = [yl(s)] so the problem is reduced to showing that

0 0
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there exists M > 0 such that 0

U (i) [yl(?wk)

]| = s ot [P0

any invertible matrix U one has

1 U1 Y1 yl‘|
— U < <
wil? Lo <[5 <[
— U—IU y1‘|
Y2
awie )
Y2

Since U (s) satisfies the global uniform boundedness property respect to H, there
exists M > 0 such that HU(iwk)llHlU—l(iwk)H > M and the claim follows by the above
inequality. O]

The previous theorem shows that the solvability of the feedforward output
regulation problem is closely related to the global structure of the plant transfer
function. The next lemma gives a simple solvability condition in terms of the
plant transfer function and the smoothness of the reference signal, provided that
the disturbance signal is smooth enough. To guarantee the required smoothness
for the disturbance signal, it is assumed that

Z "7’+(1wk)0(1wkf — A)_IEQS]CH2 < 09, (324)
kEZ
A‘l(iwk)

where P, (iwy,) = U~ (iwg) [ 0

orem 2.6.3 with H from (3.23).

] V~(iwy,) and U, A and V are from The-

Lemma 3.2.15. Write P(s) as in Theorem 2.6.3 with H from (3.23). Set

Prl(iwk) = 73+(iwk) = U_l(iwk) [A_léiWk)] V_l(iwk).

Assume, that the sum conditions (3.21) and (3.24) hold. The feedforward output
requlation problem is solvable if and only if Yyey || Py (iwr) Fo | < oc.

Proof. Sufficiency. Assume that Y,y ||Pys(iwi) Fér|® < co. By the triangle
inequality,

Il < 2 (IP" o) Pl + [P (o) il — 4) B )

By Theorem 3.2.12, sufficiency follows.



3.2. Solvability of the Feedforward Output Regulation Problem 59

Necessity. Assume that the feedforward output regulation problem is solv-
able. By the reverse triangle inequality,

S 1P o) Fll — || P (en) Cliond — A7 By < 3 lll? < oo

keZ keZ
Since Ypey | Py (iw)Ciwp ] — A) " E¢y||” < oo, the claim follows. O

It is now possible to characterize all the reference signals that can be reg-
ulated by a feedforward controller (3.4) under the assumption that the distur-
bance signals are smooth enough or nonexistent. To this end, write the reference
operator F': W — Y in the form

(1, Pr)
F=73 () V(iw) : : (3.25)
hez <fn> ¢k>

where V(s) is from Theorem 2.6.3. That every bounded operator from W to
Y can be presented in this form follows from the Riesz representation theorem,
boundedness properties of V (iwg) and Lemma 3.2.2.

Theorem 3.2.16. Let the global structure of P(s) respect to H from (3.23) be
{1(s),...,qu(s)} and write F as in (3.25). Assume that the sum conditions
(3.21) and (3.24) hold. The feedforward output regulation problem is solvable if
and only if (%)kez cl? forallj=1,...,n.
Proof. By Lemma 3.2.15, the feedforward output regulation problem is solvable
if and only if Yz | Py (iwk) Fér||> < oo, where

Pefion) =0 n) [ 9| Vi)

with U, V and A from Theorem 2.6.3. The result follows immediately by writing
F as in (3.25) and noting that ||[U~!(iwg)|| < M < oo and ||U(iwg)|| < M < oo
for some M > 0. n

The following example illustrates the importance of the above theorem. It
shows that for certain signals the required smoothness properties are far stricter
than for others.

Example 3.2.17. Consider the metal bar of Figure 3.1 that is heated with
two heaters and its temperature is measured along two intervals. The resulting
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uy(t) us(t)
0 AR L (R L S (SN
yi(t) y2(1)

Figure 3.1: A heated metal bar with two heaters and sensors.

system is
Ox 0*x
a(z, t) = 9. (z,t) —x(2,t) + 7~ 1[%’%](,2)1“(25) + 7 1ps gy (2)ua(?),
)= [ x(z,t)d
n() = [ (=1,
w(t) = [ a(zt)dz,

where 1(,4(2) is the characteristic function of [a, b].

Calculations similar to those in [14, Example 4.3.11] show that the transfer
function is

P = [t} hato]



3.2. Solvability of the Feedforward Output Regulation Problem 61

where

—cosh (v/s + 1) + cosh (gﬁ)
— cosh % s+1
1 + cosh g% s+ 1;
pu(s) = 9 +7 2(s + 1)*2sinh (v/s 1 1) ’
7 sinh(3v/s+1)sinh (3v5+1)
Pia(s) = (e sinb (v 7 1) /
— cosh (g@) — 2 cosh (%\/m)
+ cosh (%\/8—1-70
+2cosh (%\/m) —4
pai(s) =7 2(s + 1)3/2sinh (V5 + 1)
7sinh (L5 +1) (sinh (2v/5+1) —sinh (/5 1))
pa(s) = (5 + 192 sinh (Vs T1) |

The global structure P(s) along the imaginary axis is

1 1 —% s+1
s+1 (s+ 12" |

Consider the feedforward output regulation problem with wy = k£ and E = 0,
and define the following two reference operators:

, and

F= 3 G v V),

kEZ

and

sz@mw%ﬂmhﬂ’

keZ

where V() is the matrix valued function in (2.15). The boundedness properties
of V(ik) imply that the smoothness of the reference signals generated by using
the reference operators F; and Fb are essentially the same, if f; = f;. By
Theorem 3.2.16, the feedforward output regulation problem with the reference
operator Fy is solvable if and only if ({fi, ¢x) (ik + 1)), € €. Similarly, the
feedforward output regulation problem with the reference operator F; is solvable

if and only if (<f2, or) (ik + 1)3/26Vik+1/7) rez © (%, The required smoothness of

the reference signals generated by using F; is of exponential type, while using
F} only polynomial smoothness is required. |
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In [6], results answering to the question when it is possible to solve the feed-
forward output regulation problem for all reference and disturbance operators
were presented. By this it is not meant that a single controller is able to do the
task, which would mean the controller to be robustly regulating. The exosystem
considered in [6] was finite-dimensional. Even if Assumption 3.2.1 is satisfied,
Theorem 3.2.16 shows that there exists reference operators for which the prob-
lem with infinite-dimensional exosystems is not solvable. However, there is a
controller solving the problem for all the reference signals if the set of reference
operators is restricted appropriately as shown by the following corollary.

Corollary 3.2.18. Write P(s) as in Theorem 2.6.3 with H from (3.23) and F
n (3.25). Assume that the sum conditions (3.21) and (3.24) hold. Choose a
sequence of strictly positive real numbers (zx)rez, € €°° and denote

Y (2) = {F e B(W,Y)

> Lzl I Fgk]* < OO} :

kEZ

The feedforward output regulation problem is solvable for all F' € Y (zx) if and

only if (ak Qnékwk)>kez € (2 for all sequences (ag)rez € £* of positive real numbers.

Proof. By Theorem 3.2.16, the feedforward output regulation problem is solv-
able for all F' € Y (z) if and only if

kez|%<1wk)|2 keZ 2 g (ion)]?

The claim follows by noting that (%)kez € (2 and for each (ag)pez € 2
there exists such an F' € Y (z;) that ay = % O

Example 3.2.19. Let [ be an infinite subset of Z, and set w; = % for k € 1.
It is assumed that wy are in strictly increasing order. Consider the solvability of
the disturbance free feedforward output regulation problem with the time-delay
system from Example 2.2.11 and the reference operators from Y (z;) defined in
Corollary 3.2.18 with index set I. The system is already exponentially stable
as det(s] — Ap — e ®Ay) # 0 when s € {x € C|R(x) > 0} [14, Theorem 5.1.5].
Thus, Assumption 3.2.1 holds if there are no transmission zeros at frequencies
iwg = 2“’“ , k € I. The determinant of the transfer function, readily calculated
n (2.10), Shows that the time-delay system has finite transmission zeros on the
imaginary axis at s = i2nl, [ € Z.

Assume that wy # 2xl for all £ € [ and | € Z. Since the structure of the
system at infinity is {(s+ 1), (s +1)7!, (s +1)"2(e~* — 1)} and the structural
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functions do not have zeros at iwy, k € I, Corollary 3.2.18 gives a necessary and

sufficient condition
2

V(aw)her € 223 af [(iw) (e — 1) 2 < o0
kel
which is equivalent to
k22a?
V(aw)her € 22 )y < 00 (3.27)
kel o= p — 1]

for the problem to be solvable for all F' € Y (z;). Note that changing the index
set from Z to I or using the structure at infinity instead of global structure is
not a problem here, because the transmission zeros are assumed to be separate
from iwy. In particular, if one chooses p = 2 and I = {2k+ 1|k € Z} the
points iw, and transmission zeros both lie on the imaginary axis, but they do
not cluster at infinity. Thus, the term |e“* — 1] remains bounded and bounded
away zero for k € I and a necessary and sufficient solvability condition is

> aik*z; < oo for all (ay)kez € 7.

kel
Consequently, > k327 < oo is a necessary condition for the solvability.

To show that finite transmission zeros are a crucial part of the infinite struc-

ture, set p = 27 and consider an infinite set I C Z of elements k € 7Z that

satisfy |27l — k| < ﬁ for some | € Z, k # 0 and fixed p > 0. Such a set [ exists,

because there are infinitely many pairs of integers (k, ) such that ‘i — é‘ < #
[84, Corollary 5.4.].

Now the transmission zeros and terms iwy, cluster at infinity, i.e., the mini-
mum distance of iwy to transmission zeros approach zero as k — oo. It follows
that limy_, 400 €“* — 1 = 0. The faster the rate of convergence the more unlikely
it is that the condition (3.27) holds.

One cannot say for sure at which rate iw; approaches the set of transmission
zeros. Irrationality measure gives insight into the rate of convergence. It is
believed that the irrationality measure of 7 is 2 in which case e“* — 1 — 0 by

rate proportional to ﬁ and (3.27) is equivalent to

> aikb2; < oo for all (ay)kez € 7.
kel
So far the best approximation for the irrationality measure is 7.6063 ... due to
Salikhov [83]. Thus, by approximating the irrationality measure of = by 8 it is
seen, that s72(e™* — 1) >y s71%. Corollary 3.2.18 gives a sufficient condition
> k*227 < oo.

kel
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In the above discussion, it was assumed that the disturbance signal is smooth
enough or even nonexistent. One may wonder what happens if the roles of the
disturbance signals and reference signals in the discussion are changed. Assume
for a moment that the reference operator is zero and the plant transfer function
is right invertible at iwy, for all k € Z. Now vy = P"(iwy,)C (iwr ] — A)" E¢y,
and 7, = (iwpl — A)"Y( By, + E¢y). Tt is seen that the smoothness of the
disturbance signals is not related to the boundedness of the operator I' in such
a direct manner as the smoothness of the reference signals is due to the term
Cl(iwgl — A)~1. This is why there is no such a simple characterization for the
required smoothness properties of the disturbance signals than there is for the
smoothness of the reference signals. However, generally one would expect the
required smoothness properties to be less strict for the disturbance signals since
the resolvent operator (iwyl — A)~! of an exponentially stabilizable operator A
generally smoothens the term ;.

3.3 Solvability of the Error Feedback Robust
Regulation Problem

The robust regulation was studied in [34, 70] under the assumption that the
solvability of the Sylvester equation (3.10) is preserved by the perturbations.
However, no research on the robustness of this assumption was made. Here
the connection between solvability of the regulation equation (3.10) and the
smoothness of the reference and disturbance signals is considered with a diagonal
exosystem and SISO plants. The main aim is to study the smoothness of the
signals. However, the found results are simply conditions for solvability of the
Sylvester equation (3.10) and are important as such. They also provide insight
into what perturbations are allowed to the parameters.

It is quite straightforward to include an internal model into a controller, but
it is hard to stabilize the controller [34, 72]. For stabilization of the extended
system to be as simple as possible it is advantageous if the plant is exponentially
stabilizable and detectable and if the internal model is not complicated. The
assumed properties of the nominal plant are given in the next assumption. Then
some assumptions on the controller are made.

Assumption 3.3.1. The nominal plant (3.1) is assumed to satisfy the following
conditions:

1. The plant has one dimensional input and output spaces,
2. the pair (A, B) is exponentially stabilizable,

3. the pair (A, C) is exponentially detectable, and
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4. the plant transfer function P(s) is right invertible at iwy, for all k € Z.

Assumption 3.3.2. The controller (3.5) is assumed to satisfy the following
conditions:

1. iwy is an isolated spectrum point of Gy for all k € Z,

2. if v is a simple closed curve that separates iwy from the rest of the spec-
trum and P, = —ﬁ [, B(s,G1)ds, then Zy, = PpZ is finite-dimensional,
and

3. the controller satisfies the G-conditions (3.9).

Remark 3.3.3. If item 1 of Assumption 3.5.2 holds Py, in item 2 is a projection
and Z is a direct sum of Zy, and Z;, = (I — Py)Z by [45, 11I-§4].

When the robust error feedback regulation problem was formulated in Sec-
tion 3.1.5 a class of allowed perturbations was defined by a set V of 7-tuples.
However, the V was not defined explicitly. This is due to the fact that for a
given controller it is not a trivial task to describe all the perturbed plants for
which the controller is stabilizing or regulating. In the recent literature, it have
been customary to assume that the Sylvester equation (3.10) is solvable for all
the perturbed plants. With the exosystem (3.2) a solution to (3.10) is always
unique provided that the controller strongly stabilizes the extended system [71,
Theorem 8]. To see why such an assumption was made note that if the Sylvester
equation has a solution, then the error can be written as

e(t) = CuTo(t) (zeo — Do) + (C.3 + D )u(t),

where T,(t) is the Cy-semigroup generated by A.. A robustly regulating con-
troller is conditionally robust, so (C.X + D.)v(t) = 0 by (3.11). Since T,(t)
is strongly stable e(t) — 0. The solvability was assumed in [34, 72] for all
perturbations, but the robustness of solvability was not explicitly studied.

In [34, 72|, a simplifying assumption that iw, € p(A.) was made. This
assumption allows one to give an explicit formula for the unique solution of the
Sylvester equation (3.10). By [34, Lemma 6], the unique solution to (3.10) is

%= (-, r) R (iwp, Ac) By,

kEZ

and it exists as a bounded operator in W if and only if

sup Y (R (iw, Ae) Boop, )|* < 00 (3.28)

zell<1 kez

by Lemma 3.2.2. This sum condition relates the operators F and F' to the
closed loop system consisting of the plant and the controller. Thus, it gives a
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relation between the solvability and the smoothness of the reference and the
disturbance signals. This connection is to be clarified later in this section.

It is assumed in this section that the spectrum separation condition iwy €
p (Ae) holds for all perturbed plants. The sum condition (3.28) relates the
smoothness of the signals and the behavior of the plant transfer function at
high frequencies. In [70, 72] the smoothness of the signals was controlled by
restricting the set of initial states of the exosystem. A class of initial states of
the exosystem is defined by a set

j(fk {’UEW

3w, )| <oo} (3.29)

keZ

where (fx)rez is a fixed bounded sequence of strictly positive real numbers.
In this thesis, the smoothness is controlled by restricting the set of allowed
reference and disturbance operators. To this end, one defines

Y(fr) = {F e BW,Y) | X Iful 2 Fonl? < OO} (3.30)
and
D(fi) = {E e B(W,X) | > 1ful *El” < OO} , (3.31)

where (fx)rez is a fixed bounded sequence of strictly positive real numbers. In
order to clarify the relation between the two approaches to control the smooth-
ness of the reference signals note that the reference signal generated by the
exosystem (3.2) are of form

yr(t) =Y (vo, dr)e“* Figy. (3.32)

keZ

Assume that a reference signal y,.(f) can be written in form (3.32), where vy €
I(fx) and Fy € B(W,Y). If one defines

vé:ZM and F{ =Y fi(-, ox) F oy,
keZ Ji kez

then it is easy to see that v, € W, F| € Y (fx) and

yr(t) = Z<’06, ¢k>eiwktF{¢k. (333)

keZ

Analogously, for every pair v, € W and F| € Y (fr) there exists such a pair
vo € J(fx) and Fy € B(W,Y) that (3.32) and (3.33) define the same reference
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signal. Similar observation holds also for the disturbance signals. It is not
required that one chooses the same sequence (fx)rez in (3.30) and (3.31). Thus,
the only difference between the two approaches to control the smoothness of the
reference and the disturbance signals is that the control through the reference
and the disturbance operators allow one to set different smoothness properties
for the reference and the disturbance signals.

In what follows, the robustness of regulation is considered under the as-
sumption that iw, € p(Ae) and that certain smoothness of the reference and
the disturbance signals is guaranteed. In addition, it is assumed that the spectra
of the exosystem is contained in the resolvent set of the perturbed state operator
of the plant and that the perturbations preserve the exponential stabilizability
of the plant. This extra assumption is made in order to simplify the results and
does not restrict the generality much. The assumptions made define the set of
allowed perturbations, or in other words, one is now able to define the set V.

Definition 3.3.4. Let an error feedback controller (3.5) be given and fix S
to be the operator in (3.3). Fix two strictly positive sequences of real numbers
(fe)rez € £ and (gi)xez € £*°. The class of perturbed plants and the perturbed
reference and disturbance signals V C € is defined to be the set of all 7-tuples

(A", B',C", D', E', E}, F]) for which
1. F,Ey € Y(fi) and B} € D (q1).
2. dwy € p(A),
3. iwg € p(A)),
4. Al generates a strongly stable Cy-semigroup, and
5. the Sylvester equation (3.10) is solvable.
Here A’ is the perturbed state operator of the extended plant in (3.7). A

In the above definition of V, the perturbations were defined with respect
to a controller. It would be interesting to know what kind of perturbations V
allows in the plant. In general, the second and the third property in the above
definition tolerate perturbations relatively well, especially if the perturbations
preserve strong stability. The smoothness of the reference signals can be seen as
a matter of choice and the smoothness of the disturbance signals may be justified
by some other arguments, e.g., by physical restrictions in a modelling problem.
The robustness of strong stability is out of scope of this thesis. Thus, what is
done in this thesis is that one tries to identify a conditions for perturbations
that preserve the solvability of the Sylvester equation.
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Some preliminary results are given before proceeding. First, the resolvent
R (s, Ae) B is written in terms of the plant and the controller transfer functions,
which simplifies the analysis. In p (A),

A= [—ngé(s,A) (I)] [SIO— ! 81—91+22P(3)K] lé _R(S’IA)BK]-
Denote W (s) = (sI — G + GoP(s)K) . Now,
)= {é R<S’§DBK] [R(%’A) WO(J ngoé(s,m ﬂ

_ [R(S,A) (1 (%fgvgézsgg )R(S,A)) R(s,AV%/iI)(W(s)]. (3:34)

Set X = sl —G,Y =Gy, Z =1,and V = P(s)K in the inversion formula
(A.1) to get
W(s) = R(s,G1) — R(5,G1) G2 (I + P(s)KR (5,G1) Go) ™ P(s)KR (s,G1)
= R(s,G1) — R(5,G1) G2 (I + P(s)C(5)) " P(s)K R (s,G1)

and

W (s)Ga = R (s,G1) Ga (I — (I +P(5)C(s)) " P(s)C(s))
= R(5,G1) G (I + P(s)C(s)) "

Substitute this into (3.34) to get

R(s,Al) Bo = [R(S,A) (I = BC(s)(I +P(s )C)(s)) ICR (s, A))] .

—R(5,G1) G2 (I +P(s)C(s)) " CR(s, A)
R (s, A) BC(s)({ +P(s)C(s))~
*[ R(5,G1) G (I + P(s)C(s))~" ]F

For the input disturbance case, one substitutes ¥ = BEy and F' = F; — DE,
into (3.35) and gets

(3.35)

R(s.A,) B, = lR (s, A) B (I - C(s)(I + P( )Sc)<s)1>

$C(s) " P(s >>] .
—R(5,G1) G2 (I +P(s)C(s)) P(s) 0

R (s, A) BC(s)({ +P(s)C(s))~

[ R(s,G1) G (I +P(s)C(s)) ™" 1F1- (3.36)

The last preliminary result shows that one can divide the sum condition
(3.28) into two parts and analyze both of them separately.
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Lemma 3.3.5. Let X and Z be Hilbert spaces with inner products (-,-) and
(-,:) 4, respectively. Define the inner product of the product space X, = X x Z
by setting ((x1, 21), (T2, 22)) = (x1,T2) x + (21, 22) 5. Let the norms || - ||x, || ||z,
and || - || be induced by (-,-)x, (-,) 5, and (-, -), respectively. For a fized sequence

((zk, 2k)) ez C Xe,
., 2 )

(@< kez

2
< 00

if and only if

{ SUD|4 | <1 2-keZ {2k, ) < |” < o0,
2
SUP|yp, <1 kez | {2k, 2) 4]” < 00.

Proof. Necessity. By the definition of the inner product,

sup 3 [z, 2)x[* = sup 37 <[§:Hﬂ>

el x <1 kez [(z,0)I<1 kez
T
Z

I@2)l<t kez | \ L7
Similarly one can show, that supy. <y Ykez [{zk, 2),|* < oo.
Sufficiency. By the assumptions,

2

2

< sup < 0.

2

| |z 2
s S Y = s Syt ol
l@)I<1 ez | \ [PR] L* l(2,2)I<1 kez
<2 sup > [z @)y + [z, 2)
Iz,2)I<1 fez,
<2 sup > a,x) P +2 sup S [(zh, ),
lell x <1 hez, Il <1 bz,
< 0
where the inequality |a + b]* < 2(|al? + |b|?) was used. O

3.3.1 Solvability of X5 + A.> = B, and Smoothness of
Reference Signals

Here the relation between the solvability of the Sylvester equation (3.10) and the
smoothness properties of the reference signals is considered for SISO-systems.
The next theorem makes the connection between the smoothness of the reference
signals, the controller and the plant apparent. Since the focus is the reference
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signals, one sets £ = 0. It is justified to consider the smoothness properties
of the reference and disturbance signals separately since perturbations in the
operators F' and F are allowed. It is clear that the measurement disturbance
and the reference signal have similar effect on the error. This is why the case
with no measurement disturbance needs not to be considered separately.

Theorem 3.3.6. Assume that iwy € p(A) for all k € Z, o (S)No (A.) =0,
and U =Y = C. Let the controller satisfy Assumption 3.3.2. Write K = (-, ko)
and Goy = yga where ko, g2 € Z. If E =0, then the sum condition (3.28) holds
if and only if

2

— i d ukflp
(G — iwg]) k925 2) 7 < 00, (3.37)

((G1 — iwp D)1 Prga, ko) 4
where vy is the order of the pole of R (s,G1) at iwy.

Proof. 1t follows from Assumption 3.3.2 that the resolvent R (s,G;) has a pole
at iwy. Substituting (3.35) into (3.28) and using Lemma 3.3.5 gives the following
necessary and sufficient pair of sum conditions.

sup
l2l2<1 kez

2‘ Foy,

2

sup 3 <lim R(s, A) BC(S)(I+P(S)C(s))_1ngk,x> < o0, (3.38)
ol x <1 ez | N7k X

sup Y < lim R (s,G1)Gs (I +P(s)C(s)) " F(bn,z> i < 00. (3.38b)
2l z<1 ez | \F771k z

The limits above exist because iwy, € p (A.).

The next step is to calculate the limits. Fix & € Z. By [70, Lemma
6.4.] there exists exactly one eigenvector z; at iwy. Since Zj in the second
item of Assumption 3.3.2 is finite-dimensional, it follows by [45, III-§5] that
Zy, = span{zy,..., 2, } where z;, i = 1,..., 14, are the generalized eigenvectors.
Furthermore, in a neighborhood of iwy, the resolvent has the Laurent expansion
R(s,G1) =X, m(gl —iwpD)TLP, + 3502, (s — iwg ) R; where matrices R;
are of no interest.

It is easy to see that Z = span{z,, } ® R (iwgl — G1). For (3.9a) to hold it
is necessary that g» = az,, + z, where z € R (iwy] — G1) and « # 0. It follows,
that (G — iwpI)* ' Prgs = az;. By [70, Lemma 6.4.], K(G; — iw,[)"* 1 Ppgy =
aKz #0.

If P(iwx) # 0 the above arguments show that

).
)

lim C(s)(I +P(s)C(s)) " = = (3.39)

s—riwy, P (iwg)

and

. -1 (G1—iwg )" Prgo
Sljfj}k Rt (s,61) G (I+P(s)C(s)) ~ = ((Gr—iwi D)+ Pyga, ko) , P(iwk)

(3.40)
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Note that the sum condition (3.38) holds if and only if P(iwy) # 0 or Fi¢y, = 0.
Since R (iwg, A) exists for all k € Z it is seen by (3.39) and (3.40) that (3.38)
can be written as

R (iwk, A) B > 2
sup ——F¢p, < 00, (3.41a)
||m||xs11§2 < P(iwr,) X
(G1 — iwp )"+~ Prgs > ?
su - - Fop, 2 < 0. 3.41b
P <<<g1 i) Prga, o) Pli) T %), (8.415)

The condition (3.41b) is (3.37) in a slightly different form. Thus, the claim
follows if (3.41a) follows from (3.41b). Substituting z = ko gives a lower bound

2
> kez ’%‘ for the supremum in (3.41b). By the Cauchy-Schwarz inequality

2
Shez |2

< o0 is a sufficient condition for (3.41a) to hold. O

The above theorem shows how the solvability of the Sylvester equation is
dependent on the choice of the controller, the plant and the smoothness of the
reference signals. In particular, it shows that the degree of robustness can be
increased by setting stricter smoothness requirements on the reference signals.

Theorem 3.3.6 establishes a direct link between the smoothness of the signal
class and the robustness of the structure of the plant transfer function at infinity.
Unfortunately, as was seen in Section 2.5, an arbitrarily small perturbations may
change the structure at infinity drastically, so the solvability of the Sylvester
equation (3.10) has weak robustness properties.

3.3.2 Solvability of X5 + A.X = B, and Smoothness of
Disturbance Signals

The required smoothness of the disturbance signals is studied next. The smooth-
ness properties of the output reference signals are already discussed above, so
only the smoothness of the state disturbance and the input disturbance are of
interest. The required smoothness properties of the state disturbance signals
are considered first.

Theorem 3.3.7. Assume that iwy, € p(A) for allk € Z, o (S)No (A.) = 0,
and U =Y = C. Let the controller satisfy Assumption 3.3.2. Write K = (-, ko)
and Goy = ygo where ko, g2 € Z. If F =0, then the sum condition (3.28) holds
if and only if

sup Y (R (iwy, A) E¢p, ) |* < o0, (3.42a)

l=llx<1kez
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and
2

<(g1 - iwk)yk_lpkg% Z>Z < 00 (3.42b)

((G1 — iwk)* "L Prga, ko) 5

where vy, is the order of the pole of R (s,G1) at iwy.

sup
l22<1 kez

2 CR (1wk, A) E(]ﬁk

Proof. Substituting (3.35) into (3.28) and using Lemma 3.3.5 results in the
following necessary and sufficient pair of sum conditions:

sup 2:<1m1R@gAMI—BC@XI+P@XX$Y*CR(&Aﬂﬁwmx> <00,
lzllx <1 ez, | N7k X
(3.43a)
sup Y < lim R (s,G1) Gy (I +P(s)C(s)) " CR(s, A) E¢k,z> < 00.
llzllz<1 ez | N7k z
(3.43b)

The limits above exist because iwg € p (Ac). Use (3.39) and (3.40) to show that
(3.43) is equivalent to

. 2
sup Y (R (iwg, A) E¢y, ) — Cr (MIC,?A) Eo (R (iwg, A) B,z) 5| < 00,
lallx <1 ez P (iwr)
(3.44a)
((Gy — iwg)"" L Pyga, 2) , CR (iwg, A) E¢y|?
< 00. 3.44b
IIZS\EI;1 é ((G1 — iwk) ==L Prga, ko) P (iwg) > ( )

Conditions (3.44b) and (3.42b) are the same, so it remains to show that (3.42a)
and (3.44a) are equivalent if (3.42b) holds. Exponential stabilizability implies
uniform boundedness of terms (R (iwy, A) B,x)y. Substituting z = kg into
(3.42a) shows that

2

sup (R (iwp, A) B, ) | : :

||xuxs1;§ ol Pliws)

which in turn shows that (3.42a) and (3.44a) are equivalent provided (3.42b)
holds. O]

Generally, the resolvent operator R (iwy, A) smoothens the reference signal
so it is natural that the smoothness requirements for the reference signals tend
to be stricter compared to those of disturbance signals. Since the disturbance
operator E is not a finite-rank operator in general, the condition (3.42a) is
required, and the stricter smoothness requirements for the reference signals
may occur. The condition (3.42a) always holds with finite-rank disturbance
operators, so for input disturbances the smoothness requirement are very mild
as shown by the following theorem.
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Theorem 3.3.8. Assume that iwy, € p(A) for allk € Z, o (S)No (A.) = 0,
and U =Y = C. Let the controller satisfy Assumption 3.3.2. Write K = (-, ko)

and Goy = ygo, where kg, go € Z. If F1 = 0 and there is only input disturbance,
then the sum condition (3.28) holds if and only if

((G1 — iwg)"* " Prga, 2)
((G1 — iwk)" =1 Prga, ko) 5

2
sup |Eor|* < o0, (3.45)

lzlz<1 ez,

where vy, is the order of the pole of R (s,G1) at iw.

Proof. By using (3.36), (3.39), and (3.40), one can show that

lim R(s,Ae) Be =

s—iwg

0
(G1—iwg) "k~ Pyga IO
{(G1—iwr) " Pega ko) , = °

It follows that (3.28) holds if and only if (3.45) holds. O

3.3.3 Solvability of the Robust Regulation Problem

The aim of Sections 3.3.1 and 3.3.2 was to study the type of robustness defined
by the perturbation class V from Definition 3.3.4. In this section, the solvability
of the robust regulation problem is studied.

It is sensible to assume that a controller solves the output regulation problem
for all the reference and the disturbance signals that can be generated by the
exosystem (3.2) with any operators Fi, Fs € Y (fx) and Ey € D (gx). A sufficient
condition can be found by using the results from the preceding two sections.

Theorem 3.3.9. Assume, that the pair (A, B) is exponentially stabilizable,
o(S)Cp(A)Np(A) and U =Y = C. In addition, assume that (fi)rez € €
and (gi)rez € 0 are sequences of strictly positive real numbers. Let the con-
troller satisfy Assumption 3.5.2. Write K = (-, ko) and Goy = ygo where
ko,g2 € Z. The Sylvester equation (3.10) is solvable for all Fy,Ey € Y (f)
and Ey € D (gi) if only if for all sequences (ax)rez € €* of positive real numbers
and all E' € B(W, X)

(G — iwp)" " Prga, 2) |
((G1 — iwg) 1 Prga, ko) 4

fi
[P (i)

D ag

keZ

< 00 (3.46a)

and

D ag

keZ

2

2
. / g
|CR (iwy, A) E ¢k|27| (1cik)|2 < 0o. (3.46b)

((Gr — iwg)"* " Pega, 2) 4
((Gr — iwg)* 1 Prga, ko) 5
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Proof. 1t is easy to see that the Sylvester equation is solvable if the conditions
(3.37) and (3.42) hold simultaneously. By the exponential stabilizability of
A and the assumption o (S) C p(A), the sum condition (3.42a) holds for all
E; € D(gr). Since the zero operators belong to Y (fx) and D (gx) it is clear
that it is sufficient to show that (3.46a) is a necessary and sufficient condition
for (3.37) to hold for any F = Fy — Ey € Y (fi), and that (3.46b) is a necessary
and sufficient condition for (3.42b) to hold for any E' = E;, € D (f).

Note that F' = Y,ez fi ' (o) Fp € BW,Y) if F € Y(f.) and that
(H¢p)rez € £2 if and only if H € B(W,C). By writing

[Forl* _ [Fol> SR
[Plwe)l*  fi [Pliwe)?

one sees that (3.46a) holds if and only if (3.37) holds for all F' = Fi—FEs € Y (fx).
By similar arguments, one can show that (3.46b) holds if and only if (3.42b)
holds for all £ = E; € D (gy). O

The above theorem gives a condition for a controller to be regulating for
all the signals with certain smoothness. The theorem shows that if one is able
to construct a stabilizing controller satisfying Assumption 3.3.2 and conditions
(3.46) hold, then the controller is robustly regulating in 'V from Definition 3.3.4.

Theorem 3.3.10. Let (fi)rez € € and (gx)kez € * be bounded sequences of
strictly positive real numbers and let U =Y = C. If the plant (3.1) satisfies
Assumption 3.3.1 and

| fil? + gx]?
> < 00
kez \/ 1+ |k||P(iwg)|?

the robust requlation problem is solvable for the perturbation class V from Defi-
nition 3.3.4.

(3.47)

To prove the above theorem, a robustly regulating controller needs to be
constructed. This section is concluded by proposing a robustly regulating con-
troller for a plant satisfying the assumptions of the theorem. To that end,
recall the observer based robustly regulating controller from [72]. Only a minor
modification is needed to make the controller design work under the current
assumptions.

Consider the controller (3.5) where Z = X x W, K = {Kl Kg},

A+ BEK, + L(C + DK;) (B+ LD)K —L

The operator L is chosen so that A + LC' is exponentially stable. In addition,
Gou = uge, where gy is chosen so, that (go, @) # 0 for all k € Z. Let A+ BKy;
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be exponentially stable. By [72, Lemma 14], the unique solution ¥, to the
Sylvester equation

SY¥ =Yo(A+ BKy1) + Go(C + DKyq)
that satisfies 3o (D (A)) C D (S) is given by

EQU = Z<G2(C + DKH)R (iwk, A + BKH) v, ¢k>¢k’ (348)

kEZ

Setting K1 = K1 + K33, where Ks is chosen so that S + (3¢B + G2 D) K, is
strongly stable and o (S)No ((XoB + G2 D) K3) = 0, yields a strongly stabilizing
controller that satisfies the G-conditions [72, Theorems 12 and 13].

The problem is now reduced to choosing K5 such that it strongly stabilizes
(S, By), where By = Y0B + G2D. In [72], it was desired that the spectrum
approaches the imaginary axis polynomially in order to get a nice polynomial
bound for the resolvent of the closed loop system. This assumption is not
necessary for the strong stabilizability. It is enough to find an operator K,
such that S 4+ ByK> is a Riesz spectral operator and the spectrum of S + By K>
is in the open left half plane {s € C|R(s) < 0}. If that is the case, then the
strong stability follows by Arendt-Batty-Lyubich-Phong theorem [1, 57]. An
appropriate operator K, can be found by using Theorem A.2.1. It is easy to
verify that the hypotheses H1 — H3 of the theorem hold. Set

. | fil? + lgnl®
e = w, — ————(
1+ k|

Denote the transfer function of the plant ¥ (A + BKy1, B,C + DKy, D) by
Pr(s). Since iwy, € p(A)Np(A+ BK11), and P(iwg) # 0 by (3.47), the transfer
function of the stabilized plant cannot have a transmission zero at iwy [42,
Lemma 4.3]. By using (3.48), one easily shows that (By, ¢r) = (92, &k ) Pr (iwg).
Now,

92, Px)|- (3.49)

Z /vbk_iwk2_z |fk|2+|gk|2 < 00
iz | (Bo,dk) | £z /1 + |k||Pr(iwg) |2

by Theorem 2.4.3 and (3.47). Theorem A.2.1 is now applicable and if Ky =
(-, h), where

— —iw iwg —
b= hiér, where fy = L& —F T == F
keZ (Bm ¢k> ez Wk — Wy
I#k

(3.50)

then S + ByK, is a Riesz spectral operator, has spectrum o (S + ByK3) =
{pu | k € Z} and is strongly stable.



76 Chapter 3. Regulation in the Time Domain

The closed loop system is now strongly stable and the controller satisfies the
G-conditions. Thus, the controller solves the robust regulation problem if one
can show that the Sylvester equation (3.10) has a solution for all F, Ey € Y (f%)
and E; € D (gx). To this end, note that (3.37) is equivalent to (3.38b). Denote
R1 =A + BKl + L(C + DK1>, Ro =B+ LD, and Co(S) = KQR (S, S) GQ. One
has

. —R (S, Rl) L + R (S, Rl) R()Co(S)
R(S,g>92—l R(s,5) G, ]

Furthermore, C(s) = —K1R(s,R1)L + (1 + KiR (s, Ry) Ry)Co(s). Since
(Ry, Ry) is exponentially stabilizable, KR (iw, R1) Ry — 0 as w — oo by
Lemma 2.4.2. For large enough |k| one has 1 + K R (iwg, R1) Ry # 0 and

P(iwg)

lim R (s,G1)Go(I +P(s)C(s)) ' =
<¢k7h>P(iwk)¢k

s—riwg

R(iWk Rl) R (14+ K1 R(iwg, Rl)Ro)]

where h is from (3.50). Substitute this into (3.38b) and note that the discussion
above shows that 1 + KR (s, R1) Ry =g 1. By Lemma 3.3.5, the condition
(3.38b) holds if

2

(1, 2) < . (3.51)

(@, )P (iwp,)

Note that (¢g, h) = hy, defined in (3.50). By using (3.49) one can write

sup Foy,

I212<1 kez

dwg — 1+i(\fl]2~l— |9i*)[{g2, o0)| 1ty
lwg, — 1wy 1+ |l](wl—wk)
Clearly 1::’“ ’”’ > 1, so Hlez 1‘5: l’:}’l > 1. Apply the estimate for infinite
k

products from [82, Lemma 15 3] to see that

H M < exp Z | Uk

ez 1WE — 1w ez
1k I#k

5 (Lfil* + 191*) (g2, &)1

I€z L+ [lf|wr — wi]
12k

= exp

< exp OZ”g;’_gb;d < M < 0
LEZ

£k
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2 2
where one has used estimate 0 < % < My. The existence of a bound

M > 0 that is independent of k£ € Z follows by Lemma 4.3.2. This shows, that
whether (3.51) holds does not depend on the infinite products in terms hy.

Substituting (z, o) = 2 and (¢, h) = hy into (3.51) and removing the
infinite sums appearing in hy, which is allowed by the above discussion, shows
that (3.51) is equivalent to

F¢k PK(lwk) 2 9
sup Z . |2|? < o0.
S lonl2<t ke /1 + [k (fl? + |gx)2) | Pwr)
Note that <\/1+k52k|2+9k|2)>kez is a bounded sequence, since F' € Y (fx). The

supremum above is finite since P(s) =i Pk(s) by Theorem 2.4.3. Thus, (3.46a)
holds. By similar arguments, (3.46a) holds. The controller is robustly regulating
by Theorem 3.3.9.






Chapter 4

Regulation in the Frequency
Domain

4.1 Introduction to Robust Regulation in the
Frequency Domain

The robust regulation problem considered in the previous chapter has an alter-
native formulation in frequency domain terms. Powerful yet simple results in
the frequency domain that allow simple parametrization of all robustly regulat-
ing controllers and quantitative measurement of robustness of stability in terms
of a metric, for example graph metric [92], make the frequency domain approach
appealing. A survey on stabilization and regulation in the frequency domain
was given in [56] where several related topics including especially robustness of
regulation were addressed.

The purpose of this section is introduce the robust regulation in the fre-
quency domain and review related literature. In addition, some necessary pre-
liminary results concerning stability are stated.

4.1.1 Stability

As was seen earlier, the stability type chosen in the robust regulation problem
is of importance in the time domain. It is even more important in the frequency
domain, since the plants and the controllers considered are determined by the
stability type. First, one chooses a ring of stable functions R that is assumed to
be commutative, to have no zero divisors, and to have a multiplicative identity
element. The field of fractions over R is denoted by Fr. The plant P and the
controller C considered are the matrices in M (Fr). A transfer function is said
to be R-stable if it is in M (R). If the ring of stable transfer functions is clear
from the context, then R-stability is meant when speaking of stability.

79
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There are several rings of stable transfer functions that all have special
features; some are more suitable for certain problems than others [56]. The
transfer functions of finite-dimensional plants are proper rational matrices. In
this case, one can choose R to be the set of all proper rational functions with
poles in some prescribed set H C C~ = {s € C|R(s) < 0}. Then Fg is the set
of all rational functions. For infinite-dimensional plants, commonly used rings
of stable transfer functions are the rings of H> and H? functions, i.e., the set of
bounded and analytic functions in C* and the Hardy space of square integrable
functions. In the Callier-Desoer class of transfer functions, the stable functions
A_ are Laplace-transforms of a certain impulse responses, see Section A.3. The
transfer functions in the Callier-Desoer algebra are of form %, where f € A_
and d € A, - A_, so it is a proper subset of F, .

Stability in the frequency domain is an input-to-output property, but stabil-
ity in the time domain involves internal dynamics of the plant. Roughly speak-
ing, the frequency domain stability is a weaker property. For finite-dimensional
plants, the frequency domain stability implies stability in time domain provided
that the plant is stabilizable and detectable. The result generalizes for plants
with transfer functions in Callier-Desoer -algebra [14]. However, for more gen-
eral transfer function classes or weaker stability types than exponential stability
the connection between time domain and frequency domain stability is not so
clear.

Note that if one considers only a proper subset of Fgr, one might be able
to prove stronger theoretical results. For example, in the Callier-Desoer class
M (1’5’(5)) transfer functions have coprime factorizations while this is not the

case for all elements in M (F A,)-

4.1.2 Coprime Factorization Approach to Stabilization

An algebraic approach to stabilization of a frequency domain plant was given
in [94] where coprime factorizations were used. The assumptions made on the
ring were exactly the same made in the previous section for R except that R
was assumed to be a topological ring when robustness was considered. The use
of coprime factorizations is a restriction, e.g., in F g~ there are functions with
no coprime factorization [54]. In addition, it might be hard to find a coprime
factorization for a given plant even if it exists. Therefore, it would be more
sophisticated to use theory that is not based on the coprime factorizations. For
stability results using non-coprime factorizations approach see [66, 79] and the
references therein. In this thesis, the coprime factorization approach is used
in stabilization because the focus is regulation and the coprime factorization
approach provides simple and strong stability results. In addition, many plants
of interest have coprime factorizations, e.g. all stable plants. Results for plants
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with either a right or a left coprime factorization are available [65]. A review of
results from [94] is given next.

A pair of transfer functions (N, D) € R™™ x R™ ™ is called a right
coprime factorization of P € FR™ if P = N, D!, det (D,,) # 0 and (Np,, D,
is a right coprime pair of matrices, i.e., there exist such matrices X € R™*"

and Y € R™*™ that
XN, +YD,, =1

Similarly, a pair of transfer functions (N, D) € R™™ xR is a left coprime
Jfactorization of P € FE™ if P = D_'Ny, det (Dy) # 0 and (Ny, Dy) is a
left coprime pair of matrices, i.e., there exist such matrices X € R™*" and
Y € R™" that

N, X + D, Y =1I.

It is easy to characterize all coprime factorizations once one of them is known
[92, Lemma 8.2]. A square matrix G in M (R) is said to be R-unimodular if
there exists a matrix G™' € M (R) such that GG™! = G7'G = I.

Lemma 4.1.1. Let G € FE*™ be given.

1. If G has a right coprime factorization (N, D), then the set of all right
coprime factorizations of G is the set

{(NU, DU) ‘ UeR™™ isR — um’modular} :

2. If G has a left coprime factorization (N, D), then the set of all left coprime
factorizations of G is the set

{(UN7 UD) ‘ UeR"™ isR — um’modular} :

Consider the feedback loop of Figure 1.3. The transter function from com-
bined vector (d, ) of the disturbance and the reference signals to the combined
vector (1, é) of the input and error vectors is

H(P.C)— [I —C(I+PC)'P C(I+ PC)ll

—(I+P0)'P  (I+PO)!
:[ (I+cP)”! (I+cP)~'c ]

_P+CP) I-PI+CP)'C (4.1)

A controller C is said to be R-stabilizing, or shortly stabilizing if the ring R is
clear from the context, for P if H (P,C) is R-stable and det (I + PC) # 0.
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The following lemma is a version of [94, Lemma 3.1]. The roles of the P
and the C can be changed, so the lemma also gives a necessary and sufficient
condition for a plant to be stabilizable with a controller having a coprime fac-
torization. The proof is included since it provides valuable insight into how to
find a coprime factorization of a given stabilizing controller.

Lemma 4.1.2. 1. If (Ny., D) is a right coprime factorization of a plant
P, then the following are equivalent:

1. The controller C R-stabilizes P.

it. There exists such a left coprime factorizations (Nu, Do) of C that
Ncler + Dchpr =1

iii. C has a left coprime factorization and NgNy, + DDy, is R-unimod-
ular for all left coprime factorizations (Ng, Do) of C.

2. If (Npi, D) is a left coprime factorization of a plant P, then the following
are equivalent:

1. The controller C R-stabilizes P.

it. There exists such a right coprime factorizations (Ng., De) of C that
NplNcr + Dpchr =1.

ii. C has a right coprime factorization and NyNe + Dy De, is R-uni-
modular for all right coprime factorizations (N, D) of C.

Proof. The proof is for a plant having a left coprime factorization. The case
with a right coprime factorization is similar. By using Lemma 4.1.1, it is easy to
show that the second item and the third item are equivalent. Next, it is shown
that the first and the second one are equivalent.

Assume, that the second item holds. Then

(I +PC)" = (Dy' DyDer D' + Dy NNey DY) = Doy Dy

It follows that

I — Ncerl Nchpl

Dcerl Dchcl < M (R) ‘

H(P,C):[

Thus, the second item implies the first one.

It remains to show, that the first item implies the second one. To this end,
assume that C is stabilizing. Denote D, = (Dy+ N,C)~" and N, = CD,,. It is
shown that (N, D) is the desired right coprime factorization of C guaranteed
by the second item. Since

det (Der) = det (I +PC)~" D) = det (I +PC)™") det(Dy) # 0
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the matrices D, and N, are well defined. Since

NplNcr + Dpchr = Dpl (D;llelNcr + Dcr)
= D, (PC+1) D,,
=Dy (I+PC)(I+PC)"' D' =1,

the proof is completed if the defined matrices are in M (R).

It is shown that D, and N, are in M (R). By stability (I + PC)~! =
DDy € M(R) and (I+PC)"'P = DNy € M (R). Since (N, D) is a left
coprime pair of matrices, there exist X,Y € M (R) such that Ny X + D, Y =
I. Thus, D, = Dep(NyX 4+ DpY) = DNy X + Do DyY € M (R). Since
C(I+PC) ' =Ng,Dy € M(R)and C(I+PC)'P = NNy € M (R), similar
arguments show that N, € M (R). O

It was seen in the proof of the previous lemma that the closed loop transfer
function H (P,C) has a simple representation provided that there exists a left
coprime factorization of P. Corresponding representation can also be found if
there exists a right coprime factorization. This observation is used later and is
stated as a separate lemma.

Lemma 4.1.3. 1. If (Ny, D,y) is a right coprime factorization of a plant
P and (Ng, Dy) is such a left coprime factorizations of C that NyN,, +
DuD,, =1, then

PI+CP)"' I-PI+CP)'C

. DprDcl DprNcl
n _NprDcl [_NprNcl '

?“PxD:[_U+CPY1 u+cwr%z]

2. If (Npi, Dy) is a left coprime factorization of a plant P and (N, D) is
such a right coprime factorizations of C that Ny Ne, + Dy Do = I, then
I-CI+PC)y"'"P Cc(I+PC)™"
P,C) = - -
HP.C) [ (1+PC)'P (1+PC)
_ I — Ncerl Nchpl
N Dcerl Dchpl .

The set of all stabilizing controllers can be parametrized in a simple manner
provided that the plant possesses both right and left coprime factorizations.
This lemma was presented in [94, Lemma 3.2, where [21] was cited as proof.
For ease of reference, proof is provided here.



84 Chapter 4. Regulation in the Frequency Domain

Lemma 4.1.4. Let (N, D)) and (Ny, Dy) be a right and a left coprime fac-
torization of P. Let XY, XY € R be such, that XN, + YD, = I and
NuX + D,y =1.

p

1. A controller C stabilizes P if and only if it possesses a left coprime fac-
torization (N, Dy) where

N. =X + RDy,
and

Dy =Y — RNy,
for some R € M (R) for which det(Y — RN,) # 0.

2. A controller C stabilizes P if and only if it possesses a right coprime
factorization (Ng, D) where

~

Ny = X + DR
and
Da=Y — N,.R,

for some R € M (R) for which det(Y — RN,;) # 0.

Proof. The proof is provided only for the first item since the proof of the second
item is analogous. Assume first that D, possesses a left coprime factorization
(Nety Do), where Ny = X + RD,; and Dy = Y — RNy. The controller is
stabilizing by Lemma 4.1.2 since

(X + RDpl)Npr + (Y - RNpl)Dpr =1+ R(Dpler - Npler)
=1+ RDPZ(P — P)Dpr = 1.

Assume that C is stabilizing. By Lemma 4.1.2 it has such a left coprime factor-
ization (N, D) that NyN,, + DyD,, = I. Denote

U1 = Y X and UQ = Dpr ;X
—Nyp Dy Ny Y
By direct calculation
B I Ry
U3 - Ul U2 - [0 T ] )
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where Ry = XY — YX. It follows that Uy = U; 'Uy. Since [Du Nu| U =
[I RQ}, where Ry = Nd}; — Dd)N(, one has

Y X
_ -1 _
[Da Na| =|I Ro|U;'=|I R [_ N, Dpz] ,
where R = Ry — R;. This is exactly what was claimed. O

4.1.3 Reference and Disturbance Signals

In the time domain, all reference and disturbance signals were generated by an
exogenous system. In the frequency domain, it is customary that the reference
and disturbance signals are generated by using transfer functions ©; and Os.
This is to say, that the reference and the disturbance signals are

9 =019, and  d= Oudy,

where jp and dy varies over all stable vectors of appropriate size. The simplest
generator would be of form 6711 where § € R. This kind of generator was
used for example in [101]. In [30, 92] robust regulation was considered for
rational matrices and therefore the generator had a left coprime factorization
©=D"!N.

Another approach is to simply define the sets of reference and disturbance
signals. The choice of the signal class is usually motivated by certain time
domain signals that can be generated by a finite-dimensional exosystem, see
[33, 80]. Thus, the corresponding generator in the frequency domain is a rational
matrix. An appropriate choice of generator is not evident for a more general
class of signals.

4.1.4 Robust Regulation

Let Y and D be sets of reference and disturbance signals, respectively. Let
P € M (Fr) be given. The output requlation problem is to find such a controller
CeM (FR), that

1. C stabilizes P.
2. Forallgreganddeﬁ

d

T

e=|I+Pe)'P ([+PC)‘1H ]EM(R).
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If a plant-controller pair (P,C) is such that the second item holds, then it is
said that C requlates P.

It is desired that a regulating controller of a given plant also solves the
regulation problem for all plants near the given nominal plant. To define what
being close means one must define a topology. Let a topology 7 on the set of
plants be given. A controller C is said to be robustly regulating if it solves the
output regulation problem for all the plants in a neighborhood of P.

It makes sense to set some restrictions for the topology. At least closed
loop stability should be a robust property. For general topological rings, the
weakest topology having this property was introduced in [94], and, for rational
transfer functions, this topology is called the graph topology [92]. It is also
possible to measure the degree of robustness. This is done by introducing a
metric that induces the topology. There are several known metrics inducing
the graph topology, e.g., Graph metric [92, 93], gap metric [22], pointwise gap
metrics [78], and v-metric [31, 95].

4.1.5 Solvability of the Robust Regulation Problem

Solvability of the robust regulation problem is well known for rational matrices
with graph topology [30, 92]. Stability is a robust property in graph topology,
so a stabilizing controller solves the robust regulation problem provided that
it regulates every plant it stabilizes. Consequently, one can see the problem
is divided into stabilization and regulation parts. The regulation part finds
conditions under which regulation follows from stability, which is exactly the
same characterization of robustly regulating controllers that was adopted in the
time domain.

Every rational generator © has a left coprime factorization D~'N. It was
shown in [92] that if 6 is the largest invariant factor of D, then a stabilizing C
is robustly regulating if and only if 6 divides D,,., where D,, is the denominator
of a right coprime factorization (N, D) of C. This is the frequency domain
version of the internal model principle. The robust regulation problem was then
shown to be solvable if and only if the pair (61, N,,) is left coprime, where N,
is the numerator of a right coprime factorization (N, D) of P. The set of
all stabilizing controller for a plant P was shown to be the set of all stabilizing
controllers for the plant 6~1P.

The solvability conditions mentioned above are based on the coprime factor-
izations, which is an obstacle when generalizing them for more general trans-
fer function classes. However, the theory generalize to some transfer function
classes very straightforwardly, e.g., the Callier-Desoer class of transfer functions
[7]. In addition, for stable transfer functions both coprime factorizations exist,
and the stability results of Section 4.1.1 hold. Then it is possible to parametrize
a simple robustly regulating controller for certain sets reference and disturbance
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signals. This was done in [33] for stable plants in the Callier-Desoer class of
transfer functions with a rational generator of form © = §~'I with unstable
poles on the imaginary axis. The results of [33] were later generalized for H>°-
stable plants with Hilbert spaces as input and output spaces and a rational
generator in [80] and for H>-stable plants with a generator having an infinite
number of poles on the imaginary axis in [101].

4.1.6 Robust Regulation with a Generator Having an In-
finite Number of Poles

Generalizing the theory of rational transfer matrices to the H*-setting was
discussed in Chapter 8 of [92] on a general level, but no detailed study was made.
While many of the results can be generalized in a straightforward manner, there
are some unavoidable problems. As mentioned, the theory relying on coprime
fractions is restrictive. Another problem is that the Smith form is guaranteed
to exist only in a principal ideal domain. Consequently, the invariant factors
cannot be defined for all stable matrices, and the frequency domain version of
internal model principle becomes superfluous with some generators.

The repetitive control system considered by Hara et al. in [35, 99] is the first
attempt to tackle the robust regulation problem in the frequency domain terms
with an infinite-dimensional exosystem. The main obstacle turned out to be
that a controller designed for a strictly proper time domain plant cannot have
an exponentially stabilizing realization. A similar restriction was encountered in
[101] where the robust regulation problem with H*-stable plants and generators
having an infinite number of poles on the imaginary axis was discussed. The
pole locations iwy were assumed to have a uniform gap; therefore, they approach
infinity as k approaches infinity. It was shown that there should be a uniformly
bounded sequence of right inverses of P(iwy), where k € Z, in order the robust
regulation problem to be solvable. This means that the plant should not vanish
at infinity at the zero locations. For example, if P(s) = C(s[ — A)"'B+ D is
the transfer function of an exponentially stabilizable time domain plant, then D
should be invertible. The problem is caused by a conflict between stability type
and requirement that the controller possess an internal model, which is evident
for SISO-systems. Indeed, if a controller C is to be stabilizing for a H*-stable
plant P, then PN,, + D.. = I. But if D,, is to posses an internal model, then
D, (iwg) = 0 for all k € Z, so P(iwg)Ne-(iwg) = I. Since N, is bounded, P
should be bounded away from zero in a neighborhood of each iwy.
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4.1.7 Relation of the Time Domain and Frequency Do-
main Robust Regulation Problems

Some remarks on the connection between the time domain and frequency do-
main robust regulation problems are made before proceeding. The two prob-
lems are very similar, although the mathematical tools to tackle the problems
are quite different. The theories are based on the same basic ideas, such as
the internal model principle, the need for sufficiently weak concept of stability
when the signals contain infinite number of unstable dynamics, and the proper
characterization of robustness.

The connection is well-understood for finite-dimensional systems. In the
finite-dimensional framework, the time domain robust regulation requires the
closed loop transfer function have a blocking zero of suitably high order, and
this should be a robust property [26]. This implies that the controller transfer
function contains a frequency domain internal model of the unstable dynamics
produced by the exosystem. Since the time domain stability implies stability in
the frequency domain, the robustness of regulation is inherited from the time
domain to the frequency domain. Consider the converse problem where a proper
rational plant transfer function and a robustly regulating controller for it are
given. For any realizations the regulation property is conserved since ¢ € R
implies e — 0, as t — o0o. Here R is the set of all proper rational functions not
having poles in C+ and e the inverse Laplace-transform of é. It is well-known
that the R-stability of the transfer function guarantees exponential stability
of the realization only for minimal realizations, so one has to pay attention to
stability part. If one assumes minimality one also fixes the dimension of the
state space, and the robustness of exponential stability and conservation of the
regulation property imply robust regulation in the time domain.

For infinite-dimensional framework the situation is in general more compli-
cated. For the Callier-Desoer class of transfer functions the connection between
the time domain and frequency domain problems is much like in the finite-
dimensional case [7], but in general stability issues may rise. The conditional
robustness implies the blocking zero condition [49], so the controller transfer
function would contain an internal model in some sense. This would mean
that in certain cases the time domain robustness would be inherited to the fre-
quency domain. When infinite-dimensional realizations are considered, there
are at least two problems to deal with. First, € € R does not generally imply
e — 0,ast — oo, eg., if R = H*. This may not be such a big problem
from the physical point of view, e.g., it R = Hg® with § < 0 this would im-
ply fast convergence of the energy [80]. In addition, the implication can hold
under certain smoothness assumptions on the signal generators [25]. A similar
situation occurs in the time domain theory where certain smoothness properties
were needed. Secondly, a minimal realization of R-stable functions is not always
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exponentially stable, e.g. if R = H* [55]. However, one can restrict the class
of transfer functions so that the exponential stability is implied by minimality,
see [100] and the references therein, or it might be that some weaker stability
type is inherited. Here one should point out that the stability properties trans-
mitted from the frequency domain to the time domain are dependent on the
time domain topology chosen [103].

4.1.8 Organization and Contributions of the Chapter

An introduction to the robust regulation in frequency domain terms and a
review of related results are given in this section. The author of the thesis has
written two research articles based on the theory to be presented in this chapter
[48, 50]. The rest of this chapter is organized as follows:

Section 4.2 A new ring P of stable transfer functions is introduced to be used
in the robust regulation problem. The new stability type is motivated
by the polynomial stability in the time domain. The rationale behind
the ring is to relax the boundedness requirement of H*°-functions on the
imaginary axis in order to allow polynomial growth there.

The motivation to use such a ring of stable transfer functions dwells from
observation that in the time domain the exponential stability is too strong
for the robust regulation problem to be solvable. It is seen in Section
4.6.1 and Section 4.6.2 that choosing P-stability instead of H*-stability
makes the robust regulation problem solvable for a wider class of transfer
functions. The resulting field of fractions contains most of the fractions
over H*°. In particular, P contains all transfer functions from Callier-
Desoer algebra B(0). The ring P appeared for the first time in the article
[49] by the author of the thesis.

Section 4.3 In this section, signals to be regulated are defined. They are
Laplace transformations of the signals generated by the exosystem (3.2).
Thus, a reference signal is a superposition of infinitely many sinusoidal
signals. The smoothness properties of the signals are discussed in Section
4.3.1. Two different generators for the signals are introduced and com-
pared in Section 4.3.2. The introduced generators are of simple form and
have infinite number of poles on the imaginary axis.

The found generators are natural frequency domain counterparts of the
exosystem (3.2) as is seen in Theorem 4.3.3 and Theorem 4.3.4. They
give a concrete way of generating the desired signals. In addition, they
are minimal in the sense that any other generator generating the desired
signals generates a larger class of signals than the ones in question, see
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Theorem 4.3.6. These results are new and unlike [101], where the gen-
erators were defined through a set of assumptions, they provide a link
between the time domain and the frequency domain signals and address
the minimality of the generators. The importance of the generators is
revealed by the internal model principle, see Section 4.5.1.

Section 4.4 The output regulation problem and the robust output regulation

problem are introduced in this section. The problem formulations are
motivated by the time domain problems studied in Section 3.1.5.

Section 4.5 In this section, the solvability of the robust regulation problem is

considered. It is seen in Section 4.5.1 that a robustly regulating controller
should contain a generator generating the reference signals. This general-
izes the frequency domain internal model principle [92] for the reference
signals that are superposition of infinitely many sinusoidal signals. It is
also shown that partial internal model can be sufficient for robust dis-
turbance decoupling. In Section 4.5.2, the solvability condition given by
(92, Theorem 7.5.2] for rational transfer matrices using the largest invari-
ant factor of the generator and coprime factorization of the plant transfer
function is generalized to plants in M (Fp) and the class of signals defined
in Section 4.3 with an infinite-number of poles.

Only a left or a right coprime factorization of a given plant is assumed to
be known. This is important since it is not entirely sure if a P-stablizable
plant has both coprime factorizations, as is the case with H*-stabilizable
transfer functions. Furthermore, choice R = P plays a role only when
proving the internal model principle in Section 4.5.1, so the results of
Section 4.5.2 generalize to a any algebraic setting where the internal model
principle holds.

Section 4.6 In this section, design of robustly regulating controllers is con-

sidered. First, a robustly regulating controller is designed for H>-stable
plants in Section 4.6.1. Then a general design procedure is given in Sec-
tion 4.6.2 for unstable plants with a right or a left coprime factorization.
Finally, in Section 4.6.3, it is shown that the proposed controller design
is well-suited the transfer functions in the Callier-Desoer class, and an
example is provided.

The controller design in Section 4.6.1 is based on the work by Davison
[15, 17, 18]. The Davison’s controller structure was generalized to infinite-
dimensional systems in [33, 80] where the signals only had a finite num-
ber of poles on the imaginary axis. A similar controller was designed in
[101] for signals with infinite number of poles on the imaginary axis. In
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[101], H°°-stability was considered, and the solvability of the robust reg-
ulation problem set severe restrictions on the allowed plants. Use of the
P-stability solves such a problem, and Theorem 4.6.5 shows that polyno-
mial decay is allowed on the imaginary axis.

The controller design for unstable plants presented in Section 4.6.2 shows
that a robustly regulating controller can be found in a very straightforward
way provided that one has left or right coprime factorization and one
can design a robustly regulating controller for stable plants. The design
procedure combines nicely with the simple controller design of Section
4.6.1. In addition, it shows how to generalize the controller design of
stable plants in [33, 80] to unstable plants.

Section 4.7 A cursory study on the meaning of the smoothness of the refer-
ence and disturbance signals is made in this section. Using examples, it
illustrates that while the smoothness of the signals does not play a role
in the solvability of the robust regulation problem, it might be of use if
some smoothness of the error term is required.

Section 4.8 A new ring S of stable transfer functions is introduced and the ro-
bust regulation is considered with S-stability. The idea behind S-stability
is to remove the polynomial boundedness assumption of P-stability on the
Imaginary axis.

The results of Section 4.5, including the internal model principle and the
controller design of Section 4.6, are also applicable with S-stability. The
use of S instead of P allows the design of a robustly regulating controller
for a more general class of transfer functions.

The blocking zero condition of the robust regulation problem first intro-
duced by Francis and Wonham in [26] for finite-dimensional systems is
generalized here for the generator with an infinite number of poles. The
blocking zero condition was later generalized for infinite-dimensional sys-
tems in time domain terms and the frequency domain counterpart of the
condition was also considered with P-stability in [49] by the author of this
thesis and his coauthors. However, the blocking zero condition was not
shown to be sufficient for the robust regulation with P-stability. With
S-stability it can be shown that the blocking zero condition is a sufficient
condition for a controller to be robustly regulating.

4.2 P-stability

This section introduces a ring of stable transfer functions that allows polynomial
growth on the imaginary axis. Choosing such a ring of stable transfer functions
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instead of the more commonly used H* is justified by the discussion in Section
4.1.5.

To overcome the aforementioned difficulties with solvability of the robust
output regulation problem, one should relax the boundedness conditions near
the poles of the reference signals. In this thesis, the reference and disturbance
signals have unstable poles only on the imaginary axis, so it is sufficient to relax
the boundedness conditions there. Unfortunately, there are no suitable rings of
stable transfer functions readily available.

In [3, Theorem 2.4}, the following two conditions were shown to be equiva-
lent:

lT®A|=0 (=), t - o, (4.2)
and
IR (iw, A)|| = O (jw|*), w — oo, (4.3)

where a > 0 is fixed, T'(¢) is a bounded Cy-semigroup on a Hilbert space, and A
satisfying iR C p (A) is the generator of T'(t). The growth condition (4.2) shows
that sufficiently smooth initial states are guaranteed to vanish at a polynomial
rate. Thus, certain polynomially stable systems have polynomially bounded
transfer functions by (4.3). Thus, a complex function f is said to be P-stable if
it satisfies the following conditions:

1. f is analytic in an open set containing CT,
2. [ e Hy forall 8> 0, and
3. there exists constants M > 0 and a > 0 such that | f(iw)| < M (1 + |w])*.

The set of all P-stable functions is denoted P. It is a matter of an elementary
exercise to show that P together with the pointwise addition and multiplication
forms an integral domain with an identity. The following lemma establishes
relations between Fp and some classes of transfer functions that frequently
appear in the control theory literature.

Lemma 4.2.1. One has the relations
1. C,.(s) C Fp,
2. B(0) C Fp,
3. Fy~ € Fp,

4. {f € Fux| f is analytic on iR} C Fp, and
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5. Fy~ C Fp

Proof. The set of proper rational functions can be presented as a fraction of
two proper rational functions with no poles in C* from which the first item
follows. The second item follows by noting that f € A_(0) is bounded and
holomorphic in CF so A (0) € A_(0) € P. The third item holds since a
H> function need not be analytic on the imaginary axis. A function f in
{f € Fge | f is analytic on iR} is a fraction of two H* functions that are ana-
lytic on the imaginary axis, which shows the fourth item. The fifth item follows
from the fourth one. [

4.3 The Reference and Disturbance Signals

The reference and disturbance signals considered in this chapter are generated
by a diagonal exosystem defined in (3.2). To make the frequency domain anal-
ysis possible, the Laplace transforms of the time-domain reference and distur-
bance signals are considered. Note that in the frequency domain the plant is
subject to input disturbance.

Laplace transforming the reference and disturbance signals in (3.2) gives

1

9r(s) = Fi(sI = 8)"wg = Y (vo, b1 P L (4.4a)
kez k
and
d(s) = do(s) = Bo(sI — S) oo = 3" (v, 68) ——— Eoiy (4.4b)
keZ S — Wk

The following standing assumption is made:
Assumption 4.3.1. For all k € Z terms F¢ # 0.

The assumption is made to guarantee that all the terms corresponding to
any mode iwy are present in a reference signal for some initial state vy. This is
important when formulating the frequency domain version of the internal model
principle.

Rewriting the signals (4.4) yields

gr(s) = a ag (4.5a)

keZ S — WWg

and

d(s) =Y Oy, (4.5b)

s — iwy
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where i = (vo, &) [ Fidull, ar = gy and Bi = (vo, x) | Eodil- If Eodr. # 0,
then b, = ||§3£Z||' Otherwise b, = 0.

In this thesis, robust regulation is studied in two separate cases. In the first
case, I] and Ejy are allowed to vary arbitrarily. The set of reference (disturbance)
signals in this class of signals is denoted by Yo (@0). It is clear that there exists
such I} that Assumption 4.3.1 is satisfied. This is why the above assumption
does not reduce the generality. In the second case, F} and Ej are assumed to

be fixed. Assumption 4.3.1 is crucial in that case.

4.3.1 Smoothness of the Reference and Disturbance Sig-
nals

In the time domain regulation the smoothness of the reference and disturbance
signals becomes crucial. There are two ways to control the smoothness of the
reference and the disturbance signals, either by conditions on the allowed initial
states of the exosystem [68, 70] or by conditions on the operators F' and E [34].

By setting conditions on the allowed set of initial sates vy, one can affect the
rate at which |(vo, k)| approaches zero as |k| approaches zero. Conditions on
F and E would affect the rate at which ||F'¢x|| and || E¢y|| approach zero as |k|
approaches infinity. Both approaches forces the terms a; and Sy to approach
zero at some rate. However, the latter approach allows different smoothness
properties of reference and disturbance signals to be set while the first one does
not. This is why the latter approach is adopted here.

In the frequency domain, the smoothness of reference and disturbance signals
in (4.5) means the rate at which «; and () vanish as |k| approaches infinity.
Consider the size of the term |ay| in (4.5a). The sequence (|(vo, Px)|);ez is
square summable since {¢y |k € Z} is an orthonormal basis. The sequence
(|1 F¢rl|)gez is square summable since F' is a linear operator from an infinite-
dimensional space to a finite-dimensional space. It follows that > ¢z |a| < 0.
Similar justifications show that >°.c7 | 8| < co. Thus, (o), and (Bi),c, are
at least absolutely summable. However, the signals in (4.5) are well defined as
frequency domain signals if (ay),c, and (Bi),cz are square summable, because

there is a uniform gap between the poles iwy which implies that (sfiwk)kez is
square summable for all s ¢ {iwy | k € Z}.

In this thesis, the smoothness of the reference and disturbance signals are
controlled by a sequence (fi)rez € % of strictly positive real numbers. The

following sets of reference and disturbance signals with respect to (fx)rez are

defined:

Y(fi) = {g, in (4.5a) | ax € C", ||lag] = 1,3IM >0 : aj, < M f;,} (4.6a)
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and
D (fi) = {din (4.5b) | b € C™, bl = 1,3M > 0: B < Mfi}.  (4.6D)

The above sets of signals corresponds to the case where F; and Ejy subject to
arbitrary perturbations. This means that a; and b, can have arbitrary direc-
tions. If F7 and Ej are fixed, then a; and b, are fixed. In that case the following
two sets are defined

Y (fr,a) = {§ in (4.52) |IM > 0: aj, < M f,,} (4.72)
and
D (fi,bx) = {d in (4.5b) |IM > 0: B < Mfi}. (4.7b)

Note that the sequence (fg)rez does not need to be the same in (4.6a) and
(4.6b) (or in (4.7a) and (4.7b)), because one can choose different smoothness
properties for the reference and disturbance signals independently of each other.

To justify the requirement that (f)rez is square summable, note that if one
chooses fi, = ﬁ‘k‘ say, then the sets (4.6) contains all the Laplace transforms of
the signals generated by the diagonal exosystem (3.2). Furthermore, if (fx)rez
is some absolutely summable sequence, then there exist exosystems of the form

(3.2) that generate reference signals not in Y (f).

4.3.2 Generators for the Reference and Disturbance Sig-
nals

Consider a rational signal generator O, and let (NN, D) be its left coprime fac-
torization. The internal model principle can be formulated for rational transfer
functions by using the largest invariant factor # of D. The element 6 has the
property that the generator 6711 can generate all the signals the generator ©
can. In addition, 6 is minimal in the sense that, if 6, is an element with the
same property, then 6 divides 6.

The purpose of this section is to find an generating element 6 resembling
the largest invariant factor, i.e., the generator of form #~'I needs to generate
the signals in the signal classes from the previous section, and it needs to be
minimal in the afore mentioned sense. In what follows it is seen that the internal
model principle can be formulated by using such an element even if there is no
concrete signal generator given. A repeatedly used technical lemma is given
before proceeding.

Lemma 4.3.2. Consider a series Y ez sf—i’;k, where Ay € M (C). Let w, € R
be such that wyi1 — wy > 47 for a constant v > 0. If || Ay| € 2, then
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1.
< [T IR S o < o0
kez S Wk keZ n=11""T
2.
: ! , < i < 00
i (5 —iwg) (s — iwg +€) = y*n?

for all s € Ct \ Upez B, (iwk) and € > 0.

Proof. Fix s € C, and denote the integer for which mingez{|s —ws|} is attained
by {. By assumptions, |s —iwg| > (|[k — | + 1)y for all k # [. If |s — iwg| > 7,
then by the Cauchy-Schwarz inequality

>

kez S T Wk

| Al
pr |s — iwg|
|| Al
_kez’y ([k—=1]+1)

2
< ALll? )
];“ k” Z ’)/2TL2

The second item follows from the first one by noting that |s —iw| > |s —iw + €|
in €y \ Upez By (iw). H

In the next theorem, an element # such that the signal generator =1 gen-
erates all the signals of interest is presented. It is called a generating element.
It becomes handy when parameterizing the robustly regulating controllers and
giving solvability conditions for regulation problems.

<

Theorem 4.3.3. Let (hy)rez € (? be a sequence of strictly positive real numbers
in 0. Define

0(s) (1 +e Y — 1wk> , (4.8)

where the real numbers wy satisfy wii1 — wg > 4y for some fixed v > 0 and for
all k € Z. Denote @1, = (14 ¢ L and Do (8) = Y iez th—llwl The constant
Ik

€1 > 0 is chosen so that

1= 1wk)

1| Buu(5) s (5)| < (1.9

for allk € Z and s € B, (iwy,) N CT.
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1. There exists a choice of €1 such that (4.9) is satisfied.
2. 0 is in H*® and is analytic in an open set containing C+.

3. If (fx) is a sequence of strictly positive real numbers such that f, < Mohy

for some My > 0 and for all k € Z, then the signals in Y (f,) and D (f,)
are of the form 0wy, where wy is a H>®-vector that is analytic in an

open set containing Ct.
Proof. If R(s) > 0, then R (Jﬁ) > 0. Thus, |1+ els_hi’;k‘ > 1, and || P1x(s)|| <

1 in B,(iw) N C*. There exists M > 0 such that [®y(s)| < M for all s €
B,(iw)NC* and k € Z by Lemma 4.3.2. Thus, choosing €, = 5= completes the
proof of the first item.

To prove the second item note that 1+ €1 >,z Sfﬁ is analytic everywhere

except at iwy, where k € Z. It is clear that (s) is analytic in C* provided that
it is bounded there. Since R (%) > 0 whenever R(s) > 0, it follows that

s—iwy,
‘1 + €1 ez s—hﬁ > 1. This in turn implies the boundedness of 6.
The third item is proved by showing that the claim holds for an arbitrary
9r € Y(fr). The proof for disturbance signals is identical. Write §,(s) =
Y okez sfﬁkak- One needs to show that wy = 609, is in H*, and that wq is

analytic in an open set containing C*.

Again, wy is analytic, if it is bounded. Denote U = Ujez B, (iwy). There
exists M; > 0 such that ||§,.|| < M, for all s € C+ \ U by Lemma 4.3.2. Since
16(s)|| < 1in C* it follows that |[wy(s)|| < M; for all s € C+\ U.

The claim follows if one can show that wq is bounded in U. To this end, fix
k € Z. Using the decomposition § = &y, (1 + 61(131].3(8)(1)2]@(8))71 one can write

wols) = | Prils)— X —ay + Byp(s)

s — iwy, e
14k

0%}

5 _ iwl a; (1 + 61@1]6(8)(1)2]6(8))71 .

(4.10)

The inequality (4.9) shows that |(1 4+ €;®11(s)Pax(s)) ™! < 2 for all s € B, (iwg).

It is also easy to verify that ||> ez S_a.llalH < My in B, (iwg).
17k

1w,

Since |ag| < M fi, < M Myhy, for some M, My > 0 independent of k € Z,
and |lax|| = 1,

|| —1
= < MM,
‘8 — iwk + €1hk| - 061

6973

ak

ot

s — iwy
for all s € Ct N B, (iwy). By (4.10),
lwoll < (M Moer* + M) 2
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in s € Ct N B, (iwy,). Since €1, M, My and M, are independent of k € Z, wy is
bounded in U, which completes the proof. ]

In the above generating element a sequence (hy)rez must be fixed. A gen-
erating element with no such restriction is proposed below.

Theorem 4.3.4. Define

0(s) = (1 +3 “ )) , (4.11)

e (s —iwg) (s — iwg, + €

where the real numbers wy satisfy wpi1 — wx > 4y for some fixed v > 0

2 —1
and for all k € Z. Denote ®yi(s) = (1 + (S_iwk)(?_iwﬁﬁz)) and Por(s) =
D iez # The constant €3 > 0 is chosen so that
Ik (57w (s—iw;+e€2)
1 1

2

€ : ; < = 4.12

2 é(s—lwk)(s—lwk—l—ez) 2 ( )
for all s € CF \ Upey, B, (iwk), and

1
€2 Par(s) Pan(s) ]| < 5 (4.13)

for all s € B, (iwy) NC*t and k € Z.
1. There exists a choice of €3 such that (4.12) and (4.13) hold.
2. 0 is in H*® and is analytic in an open set containing C+.

3. If (fr) € €2, then all the signals in'Y (fy) and D (f) are of the form 0~ wo,

where wy is a H*-vector that is analytic in an open set containing C+.

Proof. Denote U = Upez By (iwg). By Lemma 4.3.2, there exists a constant
M > 0 such that )Zkez (s—iwk)(sl—iwk+52) < M for all s € C*\ U. Thus, the
equation (4.12) holds if €5 < ﬁ and the first item is shown if for small enough
€2 > 0 equation (4.13) holds. To this end, set z = =k Now

B 1 71_ 2(z+1)
‘1’1’45)—(”42“)) = Eiail

z(z2+1)

Since the poles of 22+ z+1 have real part —% and the rational function ;-7 is
strictly proper, M; = sup, e(cj{ ;;i?l ‘} < 00. The function ®y; is bounded in

B, (iwg) by a constant M; > 0 independent of k since £(s) > 0 implies R(z) > 0.
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The existence of My > 0 such that |®94(s)] < M, for all s € B, (iw) N C*t and
k € Z can be proved by using Lemma 4.3.2. The choice €5 < min {ﬁ, m}
completes the proof of the first item.

Boundedness of § in CT \ U follows by (4.12). Since the boundedness of ¢
in O+ implies that 6 is analytic in CT, the second item follows if one is able to
show the boundedness of # in U. Observe that § = ®q (1 + 62<I>1k<1>2k)_1. Since
®qy, is bounded in B, (iwy) by a constant independent of &k € Z, the boundedness
of § in U follows by (4.13).

The proof of the third item is analogous to the proof of the third item in
Theorem 4.3.3. O

The two generators above are very similar, but in the first one a choice of a
sequence must be made. Such a choice naturally affects the class of signals the
generator can produce. A natural question arises whether the sets of signals the
above signal generators can produce are different. The next theorem answers
this question.

If 6 is an element in R denote the set of signals #~! generates by 6 'R =
{07 wy | wy € R}. Before proceeding to the theorem, a simple lemma is given
that illustrates the relation between the generators and the sets of the reference
signals they generate.

Lemma 4.3.5. For 6,0, € R, ;'R C 6;'R if and only if 0,0, € R.
Proof. Necessity. If 07'R C 65 'R, then there exists wy € R such that
9201_1 = 02(01_1 . ]_) = 02(02_111}0) =Wy € R.

Sufficiency. Write 07wy = 050,07 wy = 05 vy for a wy € R, where
vy = 0207 'wy. If 6,071 € R, then vy € R. Thus, 6;'R C 6;'R. O

Theorem 4.3.6. Fiz (h)rez € (2, and denote the functions (4.8) and (4.11)
by 01 and 0y, respectively. Assume that wy, € R satisfy wgi1 — wp > 4y > 0 for
some fized v and all k € Z. With these assumptions the following are true.

1. 07T H™ C ;' H*,

2. If hy > M(|wg| + 1)~ for some fixzed o, M > 0 and for all k € Z, then
67'P = 6;'P.

3. If there exist no a > 0 and M > 0 such that hy > M (|lwg| + 1)~ for all
k € Z, then 07'P C 6;'P.

4. If 0 € P generates all the signals in (4.6a), where fi, > M (Jwg|+ 1)~ for
some fized constants M,a > 0 and for all k € Z, then 0 = 61wy = Oy1y
where wq, vy € P.
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Proof. Theorem 4.3.4 shows that there exists such wy € H* that 65 Lwe =
€1 kez S_hi’;k. Thus, 05 (0 +wo) = 1+ €1 Xpen = 67!, By Theorem 4.3.4,
0, € H®. Thus, 6,0, € H®. Lemma 4.3.5 shows that 6;'H> C 6, H*>.
Since wy and @, are analytic on the imaginary axis 6; 'P C 65 'P.

Next it is shown that the inclusions in the first and third items are proper,
and that the sets are equal in the second item. Consider 6,65 "'. Note that it is
uniformly bounded in CTNUjez B, (iwy). Decompose 6; = @y (1 + 61<I>1kq>2k)_1
where ®;, and &9, are the functlons defined in Theorem 4.3.3. By the choice
of €, one has ‘(1 + 1D Por) ‘ > 1 for all s € Ct N B, (iwg). Thus,

2
€5

(s —iw) (s — iw; + €2)

2
€

(s —iwg) (s — iwg + €2)

1
= || Pw(s) | 1+ §
2 lEZ

12k
< |o(s)05 ()] < ; 1(5)65(5)]. (4.14)

— <I>1k(s)

s—iwg ) (s—iwg+€2) erh
the arguments presented in the plfroofs of Theorem 4.3.3 and T heorem 4.3.4,

‘Cblk S (1 + Zlez W) is bounded by a constant independent of k.

Thus, 60;(s)05 ( ) ¢ H°°. The first item holds by Lemma 4.3.5.
If there exists no o > 0, M such that hy > M (|wg|+1)"%, then there exists no

62
a > 0, M such that lek < M~(Jw|+1)*. The supremum of ’CI)lk(s T

is attained at iwy, and is _7-. It follows that 6;(s)6 '(s) ¢ P. The third item
follows by Lemma 4.3.5.

To prove the second item, assume that hy > M (|wg|+1)~* for some o, M >
0. The uniform boundedness of 5" in C, \ Ugez Ba(iwy) for all a > 0 follows
by Lemma 4.3.2. Furthermore, 056, € Hg for all 8 > 0 since ¢; € H*. Tt
remains to show that 656 is polynomially bounded in Uyez B, (iwg). The first
absolute value on the first line of (4.14) is uniformly bounded in Uycy B (iwy).
The second absolute value on the first line of (4.14) is bounded by M (|wy|+1)"¢
in B, (iwy) since its supremum in B, (iw;) is ~%-. The polynomial boundedness
on the imaginary axis follows since there 1s a umform gap between the real
numbers w; where k € Z. Thus, 6,0,' € P. The second item holds by Lemma
4.3.5

The fourth item is shown next. Assume, that 6 € P generates all the
signals in (4.6a). In particular, this means that there exists wy € P satisfying
0wy = Ypez < {Zk This implies that 071(0 + wy) = 1 4+ Ypez == Mk =0;!
It is clear, that 6 € P is another generator of form (4.8) for an approprlate

choice of €. By the second item, Hf Vo = Dgez 3 1luf for some vy € P. Thus,

0710 + wo) (0 + vo) = 07", from which the assertion follows. O

The supremum of ‘q)lk(s)( G Lover Ct N B, (iwg) is =2-. By
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Remark 4.3.7. Although the Theorem 4.53.6 states the result only for the scalar
case, it can be trivially generalized to the case where wy is a vector.

The second item in Theorem 4.3.6 reveals when the the function 6 defined
in (4.8), is a generating element for all the signals that are of form (4.5a) with
an absolutely summable sequence (ay)gez. The fourth item shows that this
element is actually minimal in the sense that if 6, ' generates all the signals of
form (4.5a), then 6 divides 6. Thus, it comes as no surprise that in Section 4.5
the generator serves as an internal model.

4.4 Problem Formulation in the Frequency Do-
main

4.4.1 The Regulation Problem

In this section, regulation of the signals defined in the previous section is con-
sidered in frequency domain terms. The basic setup is as in Section 4.1, but
the ring of stable transfer functions is fixed to be P. To avoid confusion, the
regulation problem to be considered is specified below:

Let Y and D be sets of reference and disturbance signals, respectively. Let
P € M (Fp) be given. The (Y, D)-regulation problem is defined in the following
way:

Find a controller C € M (Fp) such that

1. C is P-stabilizing, and
2. forall §, € Yand d € D

A

¢=|-(I+Pe)y'P (1+PC)7] M e M(P).

Yr

The above regulation problem is called the (9, @)—regulation problem to distin-
guish it from the general case. The regulation problems considered in this thesis
are with respect to four different sets of reference and disturbance signals; those
that are the Laplace transforms of the signals generated by the exosystem (3.2)
with fixed F} and Ej, those that are the Laplace transforms of the signals gen-
erated by the exosystem (3.2) with any F} and Ej satisfying certain smoothness
properties, those that are the Laplace transforms of the signals generated by
the exosystem (3.2) for completely arbitrary Fy and Ey, and those generated by
an generator of form 6§11 where 6 is the one in (4.8). The corresponding sets of
the reference and disturbance signals defined in the previous section are denoted
by Y (fi, ) and D (hy, B), Y (fx) and D (hy,), Yo and Dy, and 611, P and
011, «mP, respectively.
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Lemma 4.4.1. Let (fy)rez € (%, and let 0 be the generating element defined in
(4.8) with hy, = fr. A controller C solves the (Y (fx),{0})-regulation problem if
and only if it solves the (0~'P, {0})-regulation problem.

Proof. By Theorem 4.3.3, Y (fi) C 07'P, so the sufficiency follows. Assume
that C solves the (Y (fi),{0})-regulation problem. Then, (I +PC)™" 4, is sta-

A

ble for all §. € Y (fi), in particular, for §, = Yyez ;L5-e; where ¢; the ith
natural basis vector of C". It follows that Y., —— (I + PC)™" € M (P) so

s—iwg

(1 + €1 Y peg Lk ) (I+PC)™" =0 (I+PC)"" € M(P), which shows the

claim. o O
Theorem 4.4.2. Let 0 € P, and let P € Fp have a left coprime factoriza-
tion (Np, Dpi). If C is a stabilizing controller with a right coprime factoriza-
tion (Nep, De), then it solves the (07'P,071P)-requlation problem if and only
if 0~'D,, € P.

Proof. One can assume that N, N, + D, D, = I by Lemma 4.1.1 and Lemma
4.1.2. By Lemma 4.1.3,

¢=|I+PC)'P (I+PC)] [d] =07 [DerNp Der Ny [ﬂ . (4.15)
y’l" yo

so clearly & € M (P) for all stable dy and g if 0 D,, € P.
If C solves the (§~'IP,0 ' IP)-regulation problem, then ¢é is P-stable if one

chooses czo = N.,v and 99 = D.,v where v is an arbitrary constant vector.
Thus, 0~'D.v € M (P) for all constant vectors v by (4.15). This implies that
0~'D.. € M (P). O

Remark 4.4.3. It is easy to verify that the proof of the above theorem is valid
if P is replaced by any ring of stable transfer functions as long as the results
concerning stabilizability presented in Section 4.1.1 hold.

In the time domain, an internal model is not needed in regulation, but the
above theorem shows that this is not the case for (§7'P,0~'P)-regulation prob-
lem. The reason for this is that the time domain counterpart of (6~'P,0~'P)-
regulation problem would be a regulation problem where the output regulation
problem should be solved for all F} and Ej simultaneously. Any controller that
solves this time domain problem should contain an internal model.

4.4.2 The Robust Regulation Problem

Let Y and D be sets of reference and disturbance signals, respectively. Let
P € M (Fp) be given. The (9, D)-robust regulation problem is defined in the
following way:

Find a controller C € M (Fp), such that
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1. C P-stabilizes P, and
2. C solves the (9, @)—regulation problem for all the plants it stabilizes.

Here the robustness is understood in the sense that the closed loop stability
should imply regulation. This type of robustness have been already considered
in the frequency domain in [7] where a design of robustly regulating controllers
was proposed for the transfer functions in the Callier-Desoer algebra. However,
the main motivation for choosing such a definition is due to the observation
that, in the time domain, infinite-dimensional exosystems force one to settle for
stability types that have bad robustness properties.

4.5 Solvability of the Robust Regulation Prob-
lem

4.5.1 The Internal Model Principle

Some results from [65] are needed in order to formulate the internal model
principle for plants having only a right coprime factorization. These results
generalize the stabilization results of Section 4.1.2 to plants with left or right
coprime factorization but not necessarily both. They are stated here without
proofs.

nxm _ T £ (n+m)xm o
Lemma 4.5.1. Let P € Fp"™. Denote P, = [77 O} € Fp and Py =
[7? 0} e Fpeintm),

1. If P has a right coprime factorization, then Py has both right and left
coprime factorizations.

2. If P has a left coprime factorization, then Py has both right and left co-
prime factorizations.

T
Lemma 4.5.2. Let P € Fp*™. Denote Py = [PT O} € FIHmXm and Py =
[P 0] e R

1. If P has a right coprime factorization (N, D,,.) that satisfies Y N, +
XD, = 1 for some X,Y € M(R), and (Ny,D1) is a left coprime
factorization of Py that satisfies N1Y, + D1 X, = I for some X1,Y; €
M (R), then C stabilizes P if and only if it has a left coprime factoriza-

tion <Y + RD, [I O}T , X — RN1> for some R € M (R).
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2. If P has a left coprime factorization (Ny, Dy) that satisfies Ny Y +Dpu X =
I for some XY € M(R), and (N, Dy) is a right coprime factoriza-
tion of Po that satisfies YIN1 + X1D; = I for some X5,Ys € M(R),
then C stabilizes P if and only if it has a right coprime factorization
(Y +[I 0] DiR, X = N\R) for some R € M (R).

Remark 4.5.3. One can use Lemma 4.1.4 and Lemma 4.5.2 to parametrize
all the plants a controller stabilizes by changing the roles of the plant and the
controller.

Definition 4.5.4. Consider a controller C € Fp*™.

1. If C has a right coprime factorization (N, D.,), then it is said that it
contains ¢ € P as its internal model if 6~'D,. € M (P).

2. Let C have a left coprime factorization, and let (Kf e be) be a right coprime
factorization of C, = {C 0} which exists by Lemma 4.5.1. It is said that

C contains 6 € P as its internal model if §~* [[ 0] lN)e e M(P).
A

To be precise, one needs to give a concrete definition of the internal model
principle. In this thesis, the internal model principle for the (Y, D)-robust reg-
ulation problem is formulated as follows:

The internal model principle. It is said that the internal model principle
holds if there exists such an element 6 € P that C solves the (9, D)-robust
regulation problem for a given plant with left or right coprime factorization
if and only if it contains # as its internal model.

In the next two theorems, the internal model principle is shown to hold
for the (Y (fi),{0})-robust regulation problem. The first theorem states the
necessity and sufficiency of an internal model for plants that have a left coprime
factorization, and the latter for those with a right coprime factorization. It
should be noted that the existence of both right and left coprime factorizations
is not assumed. A technical lemma is given before proceeding to the theorems.

Lemma 4.5.5. Let G € PP*™. Fir a sequence (fi)rez € 2, and let 0 be the
function (4.8) with hy, = fr. If GQy. € M(P) for all g, € Y (fx,ar) and
Q € M (P) of appropriate size, then 071G € M (P).

Proof. Recall that g, is a n-vector. Choose ) = ez-ef, where e; is the ith natural
basis vector of C™ and ef denotes the transpose of the jth natural basis vector e;

sS—

~ eTay
of C". In g, = > ez “i’;k ax choose o, = fk|€§7ak| and denote zj;, = f ‘e?ak‘. By
J
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varying ¢ and 7, one can show that every element of GG is divisible by 3.7 sf’lz -
Since fr = fillakl| < Xj-; zjk, it is shown that 35,7 - divides every element

of G. Thus, 071G = (14 € Yyez 1) G € M (P). O

s—iwg

Theorem 4.5.6. Let P have a left coprime factorization (Ny, Dy) and fir a
sequence (fi)rez € (2. If 0 is the function (4.8) with hy, = fi, then a sta-
bilizing controller C with a right coprime factorization (Ne., D) solves the
(Y (fr, ar) , {0})-robust requlation problem if and only if 6D, € M (P).

Proof. Since 6 generates all the signals in g (fr,ax), the sufficiency follows by
Theorem 4.4.2 and Lemma 4.4.1. It remains to show the necessity.

Assume that C solves the (Y (fi,ax),{0})-robust regulation problem. One
can assume by Lemma 4.1.1 and Lemma 4.1.2 that NN+ Dy D, = I. Choose
Q= ﬁQO where Qo € M (P) and «,d > 0 are such that det(D, + Q) # 0
and [|Q(8)]|[|Der(s)|| < € for all s € C+ and for some fixed € < 1. Such constants
exist because Qo, D, € M (P).

Consider the plant P’ = (D, — Q) 'N,. Since [|Q(s)De(s)]] < € < 1
Ny Ne+(Dp—Q) Do = I —QD,., is P-unimodular so the controller stabilizes P’
by Lemma 4.1.2. By using the Neumann series of (I —QD,,.)"* and (I —D_..Q)™*
[37], one shows that

(I+P'C)" = Dep(I = QDey) ™ (Dy + Q)
. (z +32QD0) ) (D + Q)

=1
(I + Z ch > Dc’/‘Dpl + DC'/‘Q)
- (I - DC’V‘Q) (Dchpl + Dch)~

The controller is regulating for P’ by the assumption, so (/+P C) g, e M ( )
for every 4, € g (f,ax). Let g, € g (fx,ax) be arbitrary. Since (I — DC,.Q)
P-unimodular, (D., D, + D, Q)3 € M (P). One has D..Dy 3, € M (P) Since
C is regulating for P. Thus, D..Qy, € M (P).

Recall that §, = 3rcz ;25 ax for some sequence (ap)rez € (? satisfying
ap < M f; for some M > 0. The reference signal ¢, is bounded in every right
half plane C; with 8 > 0 by Lemma 4.3.2, so only the boundary behavior
on the imaginary axis can make D..Qy, unstable. Consequently, D..Qgy, =
8+1) =D Qo € M (P) if only if D..Qog. € M (P). The result follows by

emma 4.5.5. O]

Theorem 4.5.7. Assume that P € F*™ has a right coprime factorization
(Npr, D) and that C is a stabilizing controller for P. Fix a sequence (fy)rez €
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(2. Let 0 be the function (4.8) with hy, = fy. If (]A\er,lw)e) is a right coprime
factorization of C, = {C 0} e FpX™ then C solves the (Y (fi,ar),{0})-

robust requlation problem if and only if =1 [I O} lN)e e M (P).

Proof. Sufficiency. Assume that 7! [I O} D e M (P), and denote P, =
T

[PT 0} . It is a matter of an elementary calculation to show that C. sta-

bilizes P.. By Lemma 4.1.2, P, has a left coprime factorization (N, D,) that

satisfies NN, + D.D, = I. By the assumption,

O (I +PC) =011 0] (I+PC)” H

e M(P).

—6'[1 0] D.D. (])

The sufficiency follows by Lemma 4.4.1 and Theorem 4.4.2.

Necessity. Assume that C solves the (Y (fi, ax) , {0})-robust regulation prob-
lem. Let (Ng, Dy) be the left coprime factorization of C that satisfies NN, +
D.D,, = I. Remark 4.5.3 implies that every plant P’ the controller C stabilizes
can be written in form

P =1 0 ([J\ﬂ +1N)eR> (Dp,, +KfeR> -

where R € M (P) is such that det (Dm + K@R) # 0. It is a matter of simple

calculation to show that
[-P (I+CP) "' C=1~NyNa—[I 0]D.RN,.

Fix an arbitrary element ¢, € 9( fr,ar). Since C is robustly regulating (I —

Ny Na)jr € M (P). It follows that [I 0| D.RN,j, € M (P). In particular,
one can choose R = —Q) N, where () is an arbitrary matrix of appropriate size.
Now

I 0] D.RNug, = [T 0] DeQ(~1 + (I — Ny Nu))ir
- |:I 0] DeQ([ - NprNcl)gT - [I O} DGQQT"
Since (I — N,-Ng)9, is P-stable, [I 0] lN?ng)r € M (P). The claim follows by
Lemma 4.5.5. ]

Remark 4.5.8. The sufficiency parts of Theorem 4.5.6 and Theorem 4.5.7 hold
for any ring of stable transfer functions, because they do not use any properties
of P.
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Corollary 4.5.9. If P € M (Fp) has left or right coprime factorization, then
a controller C solves the (Y (fi,ar) ,0)-robust requlation problem if and only if
it solves the (0P, 0P)-regulation problem.

Proof. 1f P has a left coprime factorization, the claim follows directly from The-
orem 4.4.2 and Theorem 4.5.6. Assume that P has a right coprime factorization.
The sufficiency is obvious, so it remains to show the necessity. By Lemma 4.1.2

and Lemma 4.5.1, C, = [C 0} has a right coprime factorization (N, D.).
T
If C stabilizes a plant P’, then P, = [(P’)T 0} has a left coprime factor-
ization (., D.) that satisfies Ne]?/e + Debe = 1. Now

I 0
—u+Pe) P (1+PC)| =[I 0]Dc|-N. D] 0 H :
0
so the claim follows Theorem 4.5.7. O

It was seen above that a robustly regulating controller always contains the
generating element (4.8) as its internal model even if the sequence (ay)kez is
fixed. The next example shows that a controller can be robustly regulating even
if it does not contain an internal model if only the disturbance signals contain
unstable dynamics. Thus, the internal model principle does not hold for the
({0}, D (fx, bi))-robust regulation problem. However, a controller containing
the generatring element (4.8) as its internal model is ({0}, D (f¢, by ))-robustly
regulating by Theorem 4.4.2.

Example 4.5.10. Consider the ({O}, { B O}T}>—r0bust regulation problem.
Let the plant and the controller be

10 stl
— | s+1 — S
7:_[0 O] andc_[o 1].

The plant admits a right coprime factorization (P, I') which is also a left coprime
factorization. A factorization of C, that is both right and left coprime, is given
by (I,C') because C! is P-stable and P + C~! = I. This also shows that C
stabilizes P. All plants C stabilizes are of the form

P'=(P+C'R)(I-IR)"
where det(I — IR) # 0. Since P'(I +CP') = (P+C'R)C"" and C* |1 o}T is

stable the controller is robustly regulating. However, %C ~1 is not stable, so the
controller contains only a partial internal model.



108 Chapter 4. Regulation in the Frequency Domain

4.5.2 A Necessary and Sufficient Condition for the Solv-
ability
The next two theorems generalize the solvability condition of rational transfer

functions and generators given in [92, Theorem 7.5.2] to the class of signals
defined in Section 4.3 and to the plants in Fp.

Theorem 4.5.11. Let P have a left coprime factorization (Ny, Dy). Fiz a
sequence (fiy)rez € €% and let O be the function (4.8) with hy = fi. If (N, D.)
is a right coprime factorization of P, = {77 O} , then the (Y (fe, ar) , {0})-robust
requlation problem is solvable if and only if (01, N.) is left coprime.

Proof. Sufficiency. Assume that (61, N,) is left coprime. There exist P-stable
matrices V' and W such that 0V +N.W = I. Since (N, D,;) is left coprime and
(Ne, D.) is right coprime, there exist P-stable matrices Y, X, Y, and X, such
that N Y +Dp X = I, and Y.N.+X.D, = I. Note that X can be chosen so that
det(X) # 0. All stabilizing controllers of P have a right coprime factorization
of the form <[I 0] ([YT O}T + D6R> , X — N€R> by Lemma 4.5.2. Choose

R=WLJX. Now
6! (X — N.R) = ! (I -NW)X = o1 V)X e M(P).

By Theorem 4.5.6, the chosen controller is robustly regulating provided that
det (X — NJWX) = det (I — NJWV)det (X) # 0. If this is not the case, then
choose R = (W+60Ry)X where Ry is chosen so that det (I — N.(W + 0Ry)) # 0.
Similar arguments to those above show that the controller is robustly regulating,
which completes the proof of the sufficiency part.

Necessity. Assume that C is a robustly regulating controller. Since C is sta-
bilizing, Lemma 4.1.2 implies that it has a right coprime factorization (N, D)

that satisfies Ny Ne, + Dy Der = I. Denote C. = {CT O}T. Since
[Ny O] [NZ 0] + DDy =1

C. stabilizes P,. By Lemma 4.1.2, C, has a left coprime factorization (ﬁ e Be)
satisfying N.N. + D.D. = I. By Lemma 4.1.3,

~

I-NN.,=(I+PL.) " =D.D,y.

Theorem 4.5.6 shows that 6! (I — Neﬂfe) =V € M (P). The claim follows
since Ne]ve + 0V = 1. O
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Theorem 4.5.12. Let P have a right coprime factorization (N, D,,). Fiz
a sequence (fx)rez € (% and let 6 be the function (4.8) with hy = fy. The
(9 (fi,ar),{0})-robust requlation problem is solvable if and only if (01, N,,) is
left coprime.

Proof. Sufficiency. Assume that (61, N,,) is left coprime. There exist P-stable
matrices V and W such that 6V + N, W = I. Since (N,,, D,,) is right coprime
there exists stable matrices X and Y such that YN, + XD, = I.

By Lemma 4.5.1, P, = [PT O} has a left coprime factorization (N, D.). It
also has the right coprime factorization ({N]ﬂ 0} , Dp,,). It is easy to verify that

Co = {X -y O} stabilizes P,, so Cy has a right coprime factorization (Ny, Do)
such that NNy + D.Dy = I and det(D,) # 0.
Choose R = [W + 0R, O} Dy where Ry is chosen so that

det (Do~ [NE 0] R) 20,
The controller

T -1
C. = (No + D, R) (Do —[NZ ] R)

[— N, W + 6N, R, 0]
0 I

OV + Ny Ro) ™ o]

= (No + Dy R) Dyt l

— (CO + [DPT(W+‘9RO) OD l 0 I

stabilizes P, by Lemma 4.1.4. The defined controller is of the form C, = {C 0].
It is a matter of an easy calculation to show that C stabilizes P. Theorem 4.5.7
shows that C is robustly regulating since

) (DO — vz O}TR) =0[V+N,Ry 0] D

Thus, the (Y (fi, ax) , {0})-robust regulation problem is solvable.

Necessity. Let C be a robustly regulating controller. Since it stabilizes P it
possesses a left coprime factorization (N, D) such that NyN,,. + DyD,, = 1.

Let (Ne,lw)e) be a right coprime factorization of C, = {C 0}. Since P, =
{PT O} is stabilized by C., it has a left coprime factorization (N, D) such
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that N.N, + D,D, = I. By Theorem 4.5.7,
0~Y(I — N,.N..) =60~ (I +PC)~"

1|1
_ -1 1
=071 [T 0] (I +P.C) [O
1 > I
=671 0] DD, ol =V EMP).
Thus 8V + N, N, = I, which completes the proof. O

A stable plant P has the right coprime factorization (P,I). The above
theorem implies the following corollary.

Corollary 4.5.13. Let P be a P-matriz. Fiz a sequence (fi)rez € €* and let
0 be the function (4.8) with hy = fr. The (Y (f,ar),{0})-robust requlation
problem is solvable if and only if (01, P) is left coprime.

Remark 4.5.14. The results of this section do not use any properties of the
ring P. Only the internal model principle is needed. Thus, the results can be
generalized as long as the internal model is required for a controller to be robustly
requlating. This is the case for the (07'P,07'P)-regulation problem if the plant
has a right coprime factorization.

4.6 Design of Robustly Regulating Controllers

A robustly regulating controller design for a plant with left or right coprime
factorization is proposed in this section. The controller is a combination of an
arbitrary stabilizing controller and a robustly regulating controller designed for
the numerator matrix of the plant. It is shown first how to design a robustly
regulating controller for a H*-stable plant. Then a general design procedure is
proposed for unstable plants with a coprime factorization.

4.6.1 Design of Robustly Regulating Controllers for H>°-
stable Plants

The main result of this section is given by the following theorem. The theo-
rem gives a necessary and sufficient condition for the solvability of the robust
regulation problem with an H°°-stable plant.

Theorem 4.6.1. If P(s) is H>®-stable, then there exists a controller solving

the (9 (fr,ax),{0})-robust regulation problem if and only if there exist right
inverses P"(iwy) of P at iwy, where k € Z and constants M,a > 0, such that
| P (i) || < M (14 |wi])® for all k € Z.
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The proof of the above theorem is divided into two theorems; Theorem 4.6.3
shows the necessity, and Theorem 4.6.5 shows the sufficiency. The necessity
holds for all P-stable plants with a right coprime factorization, whereas the
sufficiency is proved only for H>-stable functions.

Remark 4.6.2. If P € M (Hf’), the solvability of the (Y (fr, ax) ,{0})-robust
requlation problem is independent of the sequence (fy)rez by Theorem 4.6.1.
Thus, the smoothness of the reference signals does not affect the solvability of
the robust regulation problem.

A

Theorem 4.6.3. Let P € P™*™. If the (Y (ax, fx), {0})-robust regulation prob-
lem is solvable, then P is right invertible at iwy, and the right inverses P (iwy)
can be chosen so that ||P"(iw)|| < M (14|wk|)® for some fized constants a, M > 0
and for all k € 7Z.

Proof. Let C solve the (Y (ay, fi),{0})-robust regulation problem. There exists
a right coprime factorization of (N, D) of C satisfying PN, + D., = I since
(P, I) is a left coprime factorization of P and C is a stabilizing controller.

It follows easily from Theorem 4.5.6 that D..(iwx) = 0 for all k € Z, so
P(iwk) Ner(iwg) = I for all k € Z. Thus, N.(iwg) is a right inverse of P (iwy).
Since N, € M (P) it follows that || N, (iw)|| < M(1 + |w|)® for some o, M > 0
and for all w € R. In particular, this holds if w = wy. [

It is shown next that there exists a robustly regulating controller for an H°°-
stable plant if the plant has at most polynomial decay rate at iwy, as |k| — oo.
To this end, a controller solving the robust regulation problem is presented.
The controller considered here is based on the one in [80]. The controller is of
the form

C(s) =€ (CU(S) +y il ) , (4.16)

keZ S — WWg

where Cy is H>-stable and (|| Kj||),cz € €2 The only difference to the controller
considered in [80] is that the sum here is infinite. Some assumptions over the
design parameters K, are needed.

Assumption 4.6.4. Denote Gy = P(iwg)Ky. It is assumed that
1. Gy is invertible for all k € 7Z,

2. there exist o, M > 0 such that |G| < M(1+ |wi|)® for all k € Z,

3. there exists M > 0 such that

and

‘(I+sz)_l“ < M forallz € Cr andk € Z,
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4. there exists M > 0 such that H(I—i— sz1>1H < M for all z € Ct and
ke Z.

The first assumption is crucial for the controller to contain an internal model.
The second assumption is needed for closed loop stability. Since KkG,zl is a
right inverse of P(iwy) it restricts the convergence speed of the plant. The last
two are technical assumptions that are used to guarantee polynomial bound of
the closed loop transfer function. In the last condition polynomial bound would
be sufficient.

Theorem 4.6.5. Let P(s) € M (Hf). If there exist right inverses P (iwy)
of P(iwx) and constants M,a > 0 such that ||P"(iwg)| < M (1 + |wi|)® for all
k € 7, then there exist parameters Ky and a constant € > 0 such that the
controller (4.16) solves the robust output regulation problem for all € € (0, €*].

The proof of the above theorem is divided into a series of lemmas. First,
a technical lemma is given. Lemma 4.6.7 and Lemma 4.6.8 show that, if As-
sumption 4.6.4 holds, the proposed controller is stabilizing. Lemma 4.6.9 shows
that the controller is regulating. Finally, Lemma 4.6.10 shows that a choice of
parameters that satisfies Assumption 4.6.4 actually exists.

Lemma 4.6.6. Let P(s) € M (Hgo) for some 5 € R. For any fived € > 0,

there exists a positive real number M > 0 such that H%Z(so) < M for all

s,50 € Ch,..

Proof. Fix sy € (Cg+€ and choose < min {g, 1}. By assumption, there exists

My > 0 such that [|P(s)|| < My for all s € Cj,. Let v be the simple positively
oriented circular path around sy with radius 26. By the Cauchy’s differentiation
formula,

] -

n! P(s)

— ¢ ———d

27i ﬁ (s — s0)"H1 SH
|

W PO,

27 Jy |s — so|nt!

n! MO MoTL'
< — ds = )
= 27r]£ (20)+177 = (26

IN

Let s € Bs(sg) be arbitrary. By using the above equation and the Taylor series
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of P(s) at s,

P(s) = P(so) || _ [|ZaZo 2P (s0)(s — 50)" — P(s0)
S — 8o S — 8o
> 1
— 773(71) o n—1
n;l ol (s0)(s — s0)
— 1 (n) n—1
< 3 PO (so)lls - s
— n!
> 1 M(]n' n—1
< JE—
2wl @y
My X1 2M,
=P
Thus, 2:72(50) < % for all s € Bs(so). It is easy to see, that the same
upper bound also holds true for all s € C§,, \ Bs(so). The claim follows since
the limit does not depend on sq. O

Lemma 4.6.7. Let P €¢ M (HSO). If the design parameters Ky, in (4.16) satisfy

Assumption 4.6.4, then there exists a constant ¢ > 0 such that (I + PC.)™*
M (PN H®) forall e € (0,€*].

Proof. Denote U = C* N Uyez B, (iw). Lemma 4.3.2 and the uniform bound-
edness of P(s) show that P(s) Y icz sf(f’;k is uniformly bounded in C+ \ U.
Thus, P(s)C(s) is uniformly bounded in C+ \ U. Choose M; > 0 such that
HP(S) Zkezfﬁ < M, for all s € Ct\ U and set ¢ =

Neumann series [37, Corollary 5.6.16],

ﬁ. By using the

[e.9]

|+ Psien”] =

<Y o=
:0 o 2"
for all € € (0, ¢].
Consider the decomposition (I + PC.)~t = &y (I + 6<I>2k<I>1k)_1, where

Dyp(s) = (I + eW) _ (4.17)
and
Doy (s) = P<Si — Ziiwk) Ky +P(s)Co(s) + 3 m (4.18)

lEZ

£k
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Assumption 4.6.4 implies that there exists a positive constant M, such that
|[@14(s)|| < Ms since the real part of z = =& is positive whenever s € C;. A
constant Mz > 0 such that || Pa(s)]| < M; for all s € B (iwg) exists by Lemma
4.6.6 and Lemma 4.3.2. Note that M, and M3 can be chosen so that they are

independent of k. Choose €5 = 5377 (I +P(s)Cc(s H < 2M; for all
€ € (0,6) and s € CtN B, (iwy). Since My does not depend on k € Z, the claim
follows by choosing ¢* = min{e;, €3 }. O

Lemma 4.6.8. If the design parameters Ky in (4.16) satisfy Assumption 4.6.4,
then there exists such a constant € > 0 that C.(I + PC.)~' € M (P) for all
€ (0,€.

Proof. Lemma 4.6.7 shows that there exists a choice of ¢; > 0 such that (I +
PC.)~! is P-stable for all € € (0, ¢;]. The controller C, is uniformly bounded in
CF\ Ugez Bs(iwy) for all § < v by Lemma 4.3.2. It follows that C.(I +PC.)~*
Hge for all 3 > 0. Thus, the polynomial boundedness of C.(I +PC.)~"! needs to
be shown only in C* N Uz B, (iwg).

Observe that C.(s)(I + P(s)Cc(s))~! can be written in the form

GKk
s — iwg

(L+P)C) ™ + [ Cols) + 3 —LL | (1 + Prs)eu(s))

Lemma 4.3.2 and Lemma 4.6.7 show that the last term is bounded in B, (iwy)
by a bound independent of k € Z.
It remains to analyze the behavior of SEK’“ ( + P(s)C(s))~" in B, (iwg).

Decompose (I + PC.)~! into @1y (I + eq)gk(blk) , where @1, and P, are the
functions defined in (4.17) and (4.18). By Assumption 4.6.4, there exist M > 0

and ¢y > 0 such that H(1+€¢’2k@1k)_1H < M in B,(iwg) for all £ € Z and
€ € (0, €. Thus, it is sufficient to analyze the behavior of ;_Ii’jk ®y4(s). To this

end, write z = = ‘”’“ . By Assumption 4.6.4,
EKk Kk < Gk> _1 1 -1
) I+ — = K.G, (I + =G
5 — iwn 1(s) = + kG ( + 2Gy, )

is bounded by M (1 + |wg|)® where M > 0 and a > 0 can be chosen to be
independent of k£ € Z. This completes the proof. n

Lemma 4.6.9. Let 0 be the function (4.8). If the controller C. in (4.16) P-
stabilizes P € M (H*), then 6-(I + PC)~" € M (P).

Proof. The proof is analogous to the proof of Lemma 4.6.8 and is therefore
skipped. O
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Lemma 4.6.10. Let P € M (HSO) be right invertible at iwy for all k € Z,

and assume that the right inverses P (iwy) can be chosen so that ||P"(iwy)|| <
M(1 + |wi|)* for some fixzed o, M > 0 and for all k € Z. In (4.16) choose
Ky = giP"(iwg). The constants gy > 0 can be chosen so that (||Kyl|),ey € €
and Assumption 4.6.4 holds.

Proof. Since ||P"(iwy,)|| < M(1 + |wi|)® there exists a sequence (gy)rez € ¢* of
positive real numbers such that g > Mio(l + |wr]) 7 and (|| K ||)rez € €2 Since
G = P(iwg) Ky = g1, the first and the second item of Assumption 4.6.4 hold.

Since (I 4+ 27'Gy) ™" = 2(z + go) "1 and ([—l— zG,;l)_l = (1+ 29, )7, it is

sy 10 0 that fo al = € € 7+ =1Gy) ™| < Lawa (14 s67) " <1
It follows that the third and the fourth items of Assumption 4.6.4 hold. O

Proof of Theorem 4.6.5. Lemma 4.6.7, Lemma 4.6.8, and Lemma 4.6.10 show
that there exists a choice of € > 0 and the design parameters K}, in (4.16) such
that (I + PC.)~" and C.(I + PC.)~! are P-stable for all ¢ € (0,¢*]. Tt follows
that C. is a P-stabilizing controller by P-stability of P for all € € (0, €*].

Since (P, 1) is a left coprime factorization of P, there exists a right coprime
factorization (N, D.,) of C. that satisfies PN, + D.. = I. By Lemma 4.6.9,

6 (1 +PC) " =0 (DoD;' + PN, D) = 07D, € M (P).

The controller C, is robustly regulating by Theorem 4.5.6. The claim follows
since this holds true for any € € (0, ¢*]. O

Corollary 4.6.11. Let 0 be the function (4.11). If P € H>, then (01,P)
is left coprime if and only if P has such right inverses P’ (iwg) at iwy that
|P"(iwg) || < M(1 4+ |wg|)® for some fized positive constants M and o and for
allk € 7.

Proof. Theorem 4.5.12, Theorem 4.6.3, and Theorem 4.6.5 show that the claim
holds for the generators defined in (4.8) such that the sequence (hy)rez has at
most polynomial decay rate. The claim follows by Theorem 4.3.6. ]

Corollary 4.6.12. Let 0 be the function (4.11). Let the structure at infinity of
P € H*® along iR be {q1,...,qn}. The pair (61, P) is left coprime if and only if
P(iw) has full rank for all k € Z, and there exist positive constants o, M and
My such that |g,(iwg)| > M (1 + |wg|)* whenever |k| > Mj.

Example 4.6.13. Recall the transfer function of Example 2.2.18. The zeros of
sinh(y/s + 1) are —1 — k*7%, k € Z, so the transfer function does not have poles
in C*,. Since the structure at infinity along C*; is

{(s+1)—%,(s+1)—3}
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it is seen that P € H*>. Corollary 4.5.13 and Corollary 4.6.12 show that the
controller (4.16) is robustly regulating for P.

Similar arguments show that the transfer function of Example 3.2.17 is in
P € H*>. The structure at infinity along iR is

1 1 —% s+1
e :
s+ 17 (s+1)3/2

Theorem 4.6.3 implies that there are no robustly regulating controllers for the
1
transfer function since the structural function 7Vs+l has an exponential

1
(s+1)3/2 €
decay rate on the imaginary axis. |

A controller of the form (4.16) was discussed in [101] by Ylinen et al., but

they were not able to show whether the controller works in their setting. The
next example illustrates that the answer is negative. In the example only SISO-
systems are considered and the signal generator is chosen to be 6(s) =1 —e~".
However, one can use similar justification to show the results for MIMO-systems
and every signal generator satisfying the assumptions in [101].
o
v(s) € H* and 6(s) = 1 — e~*. The generator has zeros at 2rki where k € Z,
so wg = 27k in this case. Let P(s) be a SISO-plant such that |P(iwy)| > M for
some fixed M > 0 and for all k£ € Z.

Consider the controller (4.16) where Cy(s) = 0. Write K}, in the form K =
sz e Since the controller should be defined at s = 1, say, necessarily K — 0
as |k| — oo. It follows, that gy — 0 as |k| — oo.

The decomposition of (I +7P(s)Cc(s))™! from the proof of Lemma 4.6.7 gives

where

Example 4.6.14. Consider the reference signals of form g,.(s) =

-1

(14 P()Cu() ™ = i) (1 + e@ae(5)03(5))

0(s) 0(s)
Here one can choose sufficiently small € > 0 so that e®oy ()7, (s5) < % near iwy.
It follows, that
1 1 S — iwg 1
li 1 C(s) ™ x —|>= = .
s (1+Ps)Cls))™ x 0(s)| = 2s—iwr | (s —iwg +€gx)0(s)|  2€|gx|

The last term approaches infinity as |k| — oo, so there exists no €* > 0 such
that ?15)(1 + P(s)Cc(s))~t € H™ for all € € (0, €*]. |

4.6.2 Design of Robustly Regulating Controllers for Un-
stable Plants

The results of Section 4.4 give conditions for the solvability of the robust regu-
lation problem, but they do not give any actual controllers for unstable plants.
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e |
: P Cs |
I I
Al I
€
: N, pr @:—>
I I
I I
I C, Dpr I
I I

Figure 4.1: Structure of the designed robustly regulating controller.

An idea how to find a robustly regulating controller can be found in the proofs of
Theorem 4.5.12 and Theorem 4.5.11. In what follows, this idea is made precise
and a procedure for finding a robustly regulating controller is proposed. For
a plant with a right coprime factorization (N, D,,) the proposed controller
consists of a stabilizing controller Cy and a controller C; that robustly regulates
N, and contains an internal model. The controller has the structure depicted
in Figure 4.1.

In [25] it was shown that a regulating controller should contain an internal
model cascaded with a loop stabilizer. Roughly speaking, a regulating controller
can be constructed by adding an internal model to the plant and stabilizing the
resulting system. Such a design procedure of robustly regulating controllers was
also suggested for rational transfer functions in [92]. Although the controller
designed here necessarily has the suggested structure, the design procedure is
somewhat different. Here a stabilizing controller is designed for the plant alone
including no internal model and the robustly regulating controller is designed
for a stable part of the plant.

Controller Design for Plants with a Right Coprime Factorization

Let P have a right coprime factorization (N, D,.). A robustly regulating
controller can be found by using the following procedure:

1. Find a stabilizing controller Cy for P.

2. Find a robustly regulating controller C; for N,,. Denote

bi = (I + Nprci)il and .ZF\V/YZ = Cllw)l
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3. A robustly regulating controller is given by

~—1
C=CD; +DyC=|C, I lé gp*] H .
pr 7

Note that the second step is possible if and only if the robust regulation
problem is solvable by Theorem 4.5.12. Similar justifications to those made in
the proof of Lemma 4.1.2 show that the factorization of C; in the second step

is right coprime and satisfies Npr]?f i T+ lN)Z = I. To show that C is robustly
regulating, let (N, D,.) be a right coprime factorization of C, = {CS 0}. Now

-1
= <N6+DPTR> D.— |l R) |
0 0
~ ~ T
where R = [Ni ()} D.. By Lemma 4.1.4, [C O} stabilizes [PT 0} so it is
easy to show that C stabilizes P. In addition, (Kf e+ Dy R, be — [N; O}T R>
is a right coprime factorization of [C O}. Since 9_151- € M (P) by Theorem

~ T ~ ~
4.5.6 and [[ o] (De - [Ng; 0] R) = [Dz. 0] D., Theorem 4.5.7 implies that
C is robustly regulating.

Controller Design for Plants with a Left Coprime Factorization

Let P have a left coprime factorization (N, D,). A robustly regulating con-
troller can be found by using the following procedure:

1. Find a stabilizing controller C, for P. Denote

Der = (Dy + NuCy) ™' and N, = C,D,,.

2. Find a right coprime factorization (N, D,.) of P, = {77 O}. A way to do
this can be found in [65].

3. Find a robustly regulating controller C; for N.. Denote
bi = (] + NeCi)_l and ﬁl = Cz.ﬁz

4. A robustly regulating controller is given by

c—c.D. + 1 o] Dci=c, 1] [é i ]XTDJ H
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The proof of Lemma 4.1.2 shows that, in the first step, the selected fac-
torization of the controller is right coprime and satisfies Ny Ne + Dy Do = 1.

Similarly, Neﬁi + Zw?l = I. By Theorem 4.5.11 and Corollary 4.5.13, the third
step is possible if and only if the robust regulation problem is solvable. To see
that C actually is robustly regulating, note that

C= (Nc?“ + {I 0} DeR) (Dcr - NBR)_1>

where R = KQDCT. Since D, — N.R = ZN)Z-DCT, Lemma 4.5.2 shows that the

controller is well defined and stabilizing. Furthermore, 9_11N)i € M(P) by
Theorem 4.5.6, so the same theorem implies that the controller is robustly
regulating.

4.6.3 Design of Robustly Regulating Controllers in the
Callier-Desoer Algebra

The power of the controller design procedure proposed in Section 4.6.2 becomes
apparent when one considers plants that have a coprime factorization with the
numerator matrix in H>°. The controller (4.16) is robustly regulating for the
stable numerator matrix of such plants. In particular, all the matrices in the
Callier-Desoer class have a right coprime factorization (N, D) where N € H>,
as was stated in Section A.3. In addition, standard techniques can be used to
stabilize a plant in M (l”;’ (O)) Thus, the proposed design procedure is especially
suitable for the plants in the Callier-Desoer class of transfer functions.

The output regulation problem in the Callier-Desoer class of transfer func-
tions has been studied earlier in [7, 25]. However, no robustness properties were
studied in [25], and the signal generator had only a finite number of unstable
dynamics in both articles. In [34], robustly regulating controllers were designed,
but the plants were assumed to be stable, and the reference and disturbance sig-
nals consisted of finite sums of sinusoidal functions. Thus, the results presented
here extends the existing theory to infinite-dimensional reference signals.

Corollary 4.6.11 gives a necessary and sufficient condition for the left co-
primeness of H*-stable matrix and the function (4.11). The next corollary

gives similar conditions for all the plants in M (B (0))

Corollary 4.6.15. 1. Let P € Fp have a left coprime factorization, and
let (N, D.) be a right coprime factorization of P. = {77 0}. If N, €
M (HEO), then the (Y (fy, ax) , 0)-regulation problem is solvable if and only
if N, is right invertible at points iwy and the right inverses NI (iwg) can
be chosen so that there exist « > 0 and M > 0 such that ||N] (iwg)| <
M (|wg| + 1) for all k € Z.
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2. Let P € Fp have a right coprime factorization (N, Dp). If N, €
M (HEO) then the (Y (fr, ar) ,0)-regulation problem is solvable if and only
if Ny is Tight invertible at points iwy, and the right inverses N;T(iwk) can
be chosen so that there exist a > 0 and M > 0 such that HN;T(iwk)H <
M (|lwg| + 1)* for all k € Z.

Proof. The claim follows by Corollary 4.6.11, Theorem 4.5.11, and Theorem
4.5.12. [

Note that the above result and the proposed design procedure are valid
for a more general class of transfer functions than M 53(0)) An example of
such a class of transfer functions is given by the stabilizable transfer functions
in Fye~ since they have both coprime factorizations over H* by [87]. The
following example illustrates the design procedure of Section 4.6.2 for a plant

in M (B(0)).
Example 4.6.16. In what follows, a robustly regulating controller is con-
structed for the transfer function

0 1 %
Pe= |1 1t )
1 os T s(sj—l) 0

stemming from a delay system. First a right coprime factorization is to be
searched. To this end, the transfer function is presented as a sum of a rational
transfer function that contains the unstable poles of the plant, and a stable
transfer function.

pro -

sﬂ+[?lisﬂ=n@+ﬂ@-

0 s+1  s(s+1) 0

®w |—® |~

A right coprime factorization of the rational matrix P, is (N,, D,) where

0 L L 1 0 0
s+ 0 0 =2
Set X =1 and
0 0
Y=1(0 1
3 -3

Now, YN, + XD, = I. Choose D,, = D, and

0 1 1
Npr =N, +PsD, = [ 1 1i—£15 S+1] :

st (541)2 0
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The pair (N, D,,) is a right coprime factorization since

Ny D' = N,D;' + Py =P, + P, =P

and
YNy + (X =YP)D, = YN, +YP,D, + XD, —~YP,D, = I.  (4.19)
Set No =Y and
1 0 0
Do=X-YP,= |75 1- 55 0
i 3(17675) 1
s+1 s(s+1)

The equation (4.19) shows that Cy = Dy ' Ny is a stabilizing controller of P.
A robustly regulating controller for N, is given next. It is easy to see that
the structure at infinity of N, is {S,J%l, 3%1}’ so a robustly regulating controller

for N, exists by Corollary 4.6.12 and Corollary 4.5.13. Since

0 s+1
Nw(s) | 0 0 | = Npl)Np(s) = I
s+ 1 0

a right inverse of Ny, (iwy) is N}, (iwy) for all k € Z. Choose €* = %. A robustly
regulating controller for N, is

eN] (iw 0 cos)
Culs) =Y el gy

iy (8 — i) (1 + [w])? B c(s) 0

where ¢.(8) = Y rez % and € is any positive real number in (0, €*].

One now has a right coprime factorization (N, D,,) of P, a stabilizing
controller Cy of P, and a robustly regulating controller C; of Np,. Thus, a
robustly regulating controller for P is

I N / 0 ce($)

— priS _ 0 s(tstee(s))

C(s) = [o(s) 1] [o Dpr<s)] lcie(s)l Ty
3+cls) Semre

where ¢.(s) = Y ez % and € is a real number in (O, ﬁ}. Recall that

~v > 0 is any number less than one quarter of the minimum distance between
the poles iwg. Note that the tuning parameter € > 0 enables online tuning of
the controller if necessary. |
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4.7 On Smoothness of the Reference and Dis-
turbance Signals

A cursory survey on the role of the signal smoothness in frequency domain
regulation is made in this section. The purpose is not to do a comprehensive
study on the subject, but to illustrate some related ideas by examples. The
plants are assumed to be in M (B(O))

It was shown in Section 3.3 that, if a robustly regulating controller was given
in the time domain, the transfer functions of all perturbed plants should satisfy
certain conditions related to the smoothness of the signals. Corollary 4.6.15
shows that for plants in Callier-Desoer class of transfer functions the solvability
of the robust regulation problem depends solely on the asymptotic behavior of
the numerator matrix N, (iwg), as k — oco. Thus, unlike in the time domain, the
solvability of the frequency domain robust regulation problem does not depend
on the smoothness of the reference or disturbance signals.

In the frequency domain, one might want the error signal to be in H* for
all reference and disturbance signals. The smoothness properties are of use in
that case. The required smoothness is related to the asymptotic behavior of the
plant as shown by the following example.

Example 4.7.1. Let P(s) € H>® be such that the (Y (fi),{0})-robust regula-
tion problem is solvable. It is shown that, if the reference signals are smooth
enough, it is possible to find such a robustly regulating controller that é € H*
for any reference signals.
Consider a controller of form
€9k
C.(s) = - —.
(s) %:Z P (iwg) (s — iwy)
It is desired that & = (1 + PC)~', € H* for all §, € Y (f). This implies that
(1 +P(s)Cc(3)) ! Chez f’Lk should be bounded on the imaginary axis. The

S

value of (1+P(5)Ce(s)) ™" ez —2— at iwy is L= gk It is seen that, if sup,ez 2 Ik

00, then one can choose € to be small enough to guarantee that ¢ € H™.

The terms g are restricted by that C.(s) should be well defined for almost

¥ 2 [Puy)| 270
all s € CT. This happens if ( lwk))kez € (. If one chooses f, < (Tt or])
and g, = (‘ﬂﬁ’“)") 3t , then C, is well defined and supkGZ b < 00. Thus, choosing

e small enough makes the given controller to satisfy the requ1red properties. H

In the next example, the growth rate of the closed loop is considered. There
a robustly regulating controller is given for a plant, and it is shown that there
exists perturbations such that the closed loop remains P-stable while the poly-
nomial growth rate (1 + |iw|)* of é on the imaginary axis can grow arbitrarily
large.
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Example 4.7.2. Choose P(s) =1. Set wy = k and f;, = (1 + |k|)~!. The con-

€

troller C = 3ycz iy Solves the (Y (fr),{0})-robust regulation problem
for e > 0. Here € is chosen so that for all k € Z

1 1
< —.
E%;u+wmxs—mg 1

I£k

Consider the perturbed systems

keZS_lwk+Zk

P'(s) = (1+Z€h’“) P

where hy = (1 + |k|)™ and 2z = (1 + |k|)™” for some a > 1 and 8 > 1. Tt is

easy to verify that P%(s) € P and

(7?/1(5> +c(s)> o (1 + % <5 - iZZ PR ’k’)l(s ~ iwk)>) ) €P.

Thus, (14 P'C)~' = (P)"1 ((P)"' +C)"! € P. An analysis similar to that in
the proof of Theorem 4.3.3 shows that C (P))"' +C) ' € P,so C(1+P'C)~* €
P. It follows that the closed loop system remains P-stable in the perturbation.

Taking the limit at iwy, shows that there exists a constant M > 0 such that

Tk
s — lwy

(14 P'(iw)C(iw)) ">

h
> M=% = M(1+ |k|)P.
keZ “k

Since the constants @ > 1 and 8 > 1 can be chosen arbitrarily, it follows that
é(s) is polynomially bounded on the imaginary axis while the polynomial growth
rate J — a can be arbitrarily large. [ |

Example 4.7.1 shows that the error signals are bounded on the imaginary
axis, if the smoothness of the reference signals is restricted appropriately. On
the other hand, Example 4.7.2 shows that some restrictions over the set of
perturbations is needed, if the perturbations should preserve the boundedness
of the error signal. The situation is somewhat similar to that in Chapter 3 with
time domain plants. In the time domain, sufficient smoothness of the signals is
guaranteed by the solvability of the regulator equation, but it is hard to give
simple conditions that imply sufficient smoothness properties of the signals in
the frequency domain.
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4.8 S-stability and Robust Regulation in Fg

When the robust regulation problem with P-stability was considered it was seen
that the solvability of the problem was related to the decay rate of the plant.
The purpose of this section is to get rid of this restriction. The first step to that
direction is to weaken the stability type further, which leads to the definition
of S-stability. The results of Section 4.4 and Section 4.6 hold if P-stability is
replaced by the new stability type. The only exception is that the condition on
the decay rate of P can be removed.

Unlike polynomial stability, strong stability does not limit the growth rate of
the resolvent operator’s norm on the imaginary axis. It was seen in Section 3.3
that, if strong stability is considered, one can always restrict the smoothness of
the reference and disturbance signals appropriately so that the robust regulation
problem is solvable. With polynomial stability the norm of the original resolvent
operator should be polynomially bounded. It is seen below that the situation
is very similar also in the frequency domain; the removal of the polynomial
boundedness assumption of P-stability allows the robust regulation problem to
be solved in a more general class of transfer functions.

A complex function f is said to be S-stable if it satisfies the following con-
ditions:

1. f is analytic in an open set containing CT, and
2. f € Hg forall 8> 0.

The set of all S-stable functions is denoted by S. Together with pointwise
addition and multiplication S forms an integral domain with an identity.

To avoid confusion, the regulation problem to be considered is formulated in
terms of S-stability. Let Y and D be sets of reference and disturbance signals,
respectively. Let P € M (Fg) be given. The (Y, D)-regulation problem is
defined in the following way: Find a controller C € M (Fg) such that

1. C S-stabilizes P, and
2. forall@regandﬁeﬁ
d

T

e=[I+Pe)y' P (I+PC)'| || € M(S).

The (Y, D)-robust regulation problem is defined in the following way: Find
a controller C € M (Fg) such that

1. C S-stabilizes P, and

2. C solves the (9, @)—regulation problem for all the plants it stabilizes.
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Since P C S it is clear that the signal generators from Section 4.3.2 generate
all the desired signals. The proofs of Theorem 4.5.6 and Theorem 4.5.6 apply
to the current problem so one has the following theorem.

Theorem 4.8.1. Consider a plant P € Fg*™. Let 0 be the function (4.8) with
any sequence of positive real numbers (hy)rez € (2. Fix a sequence (fi)rez € (2.

1. If P has a left coprime factorization and C is a stabilizing controller with a
right coprime factorization (N, D), then C solves the (Y (fi,ax),{0})-
robust requlation problem if and only if 6=*D., € M (S).

2. Let P have a right coprime factorization, and let C be a stabilizing con-
troller. If (N, D.) is a right coprime factorization of C. = [C O} €
anx(mrm), then C solves the (Y (fy, ax) ,{0})-robust regulation problem if
and only if 671 [I O} D.e M(S).

Note that the assumption hp = fr was not needed in the above theorem.
This is due to the fact that the set #~'S where 6 is the function (4.8) does not
depend on the sequence (hy), o, € ¢* chosen.

If 6 is the function (4.8), then §~' € H® for all 5 > 0. Consequently, if

D € M(S) then 671D € M (S) if and only if D(iw;,) = 0 for all k € Z. This
shows the following corollary.

Corollary 4.8.2. Consider a plant P € F$*™. Let 0 be the function (4.8) with
any sequence of positive real numbers (hy)rez € (2. Fiz a sequence (fi)rez € *.

1. If P has a left coprime factorization (Ny, Dy) and C is a stabilizing con-
troller with a right coprime factorization (Ne, Do), then C solves the
(Y (fr, ax) , {0})-robust regqulation problem if and only if D.(iwg) = 0 for
all k € Z.

2. Let P have a right coprime factorization (N, Dy,) and let C be a sta-
bilizing controller. If (N.,D.) is a right coprime factorization of C. =
{C 0] € F’S"X("””), then C solves the (Y (fr, ar),{0})-robust requlation
problem if and only if [I 0] Be(iwk) =0 for allk € Z.

It is now possible to state a result that corresponds to the time domain
blocking zero condition for robustly regulating controllers in [26].

Corollary 4.8.3. Consider a plant P € M (Fg). Let  be the function (4.8)
with any sequence of positive real numbers (hy)rez € (%, and assume that P
has right or left coprime factorization. A controller C solves the (6S, 6S)-robust
requlation problem if and only if it S-stabilizes P and

= (1 + P/ (iwi)Cliwn)) ™ P'iwr) (I + P (iwr)Cliwy,)) ™| = 0
for all P" which C S-stabilizes.
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Since the internal model principle holds by Theorem 4.8.1, the results of
Section 4.5.2 are applicable by Remark 4.5.14. Thus, the left coprimeness of the
numerator matrix of a right coprime factorization and the generating element
characterizes the solvability of the robust regulation problem.

The controller design of Section 4.6 can be carried out with S-stability. In
fact the proofs are easier, because no attention to the behavior on the imaginary
axis needs to be payed as long as the closed loop system remains analytic on
the imaginary axis. This is why the polynomial decay rate of a plant P(s) €
M (HEO) is not needed; only right invertibility of P(iwy) is required for all
ke Z.

Theorem 4.8.4. Let 0 be the function (4.8). If P € M (HSO), then (01, P) is
left coprime if and only if P(iwy) is right invertible for all k € Z.

Since the controller design procedure of Section 4.6.2 for unstable plants is
applicable, the above theorem gives an easy characterization for the solvability
of the robust regulation problem with S-stability for all plants in the Callier-
Desoer class of transfer functions.

Example 4.8.5. Recall the transfer functions in Example 2.2.18 and Exam-
ple 3.2.17. They both belong to H* and do not have transmission zeros on
the imaginary axis. Thus, the (Y (fy, az), {0})-robust regulation problem with
S-stability is solvable with both of the transfer functions. A comparison to Ex-

ample 4.6.13 illustrates the difference between the robust regulation problems
with S-stability and P-stability. [ |



Chapter 5

Concluding Remarks and
Directions for Further Research

5.1 Concluding Remarks

In this thesis, the robust regulation problem with an infinite-dimensional exosys-
tem was studied. The main emphasis was in the frequency domain formulation
of the problem. The thesis was divided into three somewhat independent topics
— the structure at infinity, the time domain robust regulation problem and the
frequency domain robust regulation problem — each of which was studied in its
own chapter. Relations between the topics were discussed.

In Chapter 2, a new definition for the structure at infinity was given. The
strength of the definition, when compared to the definitions based on the Smith-
McMillan form, is that it is available for a more general class of transfer func-
tions, including the transfer functions of plants with an infinite-dimensional
state operator. However, the structure at infinity has weak algebraic proper-
ties compared to the conventional definition, which is an unavoidable trade-off
caused by the complicated high frequency behavior of transfer functions that
are not meromorphic at infinity. The structure at infinity describes the con-
vergence or divergence rate of the transfer function at high frequencies. This
property was exploited in Chapter 3 and Chapter 4. The structure at infinity
of exponentially stabilizable plants was shown to be invariant with respect to
state feedback and output feedback, but it was also shown that in general it has
weak robustness properties.

Chapter 3 was dedicated to the study of the robust regulation problem in
the time domain. In the introduction of the chapter, special attention was paid
to how the robustness should be defined and what is an appropriate type of
stability. The research results of the chapter focused on the relation between
the structure at infinity of the plant transfer function and the solvability of the
output regulation problem. The solvability of the feedforward output regula-
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tion problem was characterized and the required smoothness of the reference
signals was revealed in Section 3.2 by using the structure at infinity of the plant
defined in Chapter 2. Roughly speaking, the faster the transfer function ap-
proaches zero at high frequencies the smoother the signals should be for the
robust regulation to be solvable. A similar connection between the robust er-
ror feedback output regulation problem and the high frequency behavior of the
plant transfer function was found in Section 3.3. Since a small perturbation
can change the structure at infinity drastically, see Example 2.5.5, the found
connection shows that the solvability of the Sylvester equation (3.10) has weak
robustness properties. Consequently, the robustness properties of the controller
are generally weak even if the perturbations are assumed to retain the closed
loop stability. It was shown that the degree of robustness can be increased by
restricting the set of reference and disturbance signals to a signal class with
better smoothness properties.

The formulation of the robust regulation problem in the frequency domain
in Chapter 4 used the ideas of Chapter 3, i.e., the definition of robustness, the
stability types, and the classes of the reference and disturbance signals were all
inspired by their time domain counterparts. The results found in this thesis
show that this approach is reasonable.

The reference and disturbance signals were chosen to be the Laplace trans-
forms of those generated by the exosystem (3.2). The signals had an infinite
number of poles on the imaginary axis. Consequently, the robust regulation
problem could not be solved if H*-stability of the closed loop system was re-
quired. This problem was solved by introducing two new rings of stable transfer
functions, P and S, resembling polynomial stability and strong stability in the
time domain. The reason why these stability types made the robust regulation
problem solvable even if the plant transfer function was strictly proper was that
they allowed the closed loop transfer function to grow on the imaginary axis.

The use of the new rings of stable transfer functions lead to another prob-
lem, namely, in what sense should the robustness be understood. Again, the
answer was found by using a time domain idea. The robustness type considered
was defined by saying that a controller is robustly regulating if it solves the
regulation problem for all the plants it stabilizes. It should be noted that the
same type of robustness was considered already in [7], where a design procedure
of a robustly regulating controller was proposed in the Callier-Desoer class of
transfer functions. Defining robustness this way made it possible to consider
the robustness of regulation without bothering the robustness of stability. This
is why there was no need to find topologies for the proposed rings of stable
transfer functions. Although omitting the topological aspect might seem to
restrict the usability of the theory, one should note that the classical concept
of robustness necessitates a robustly regulating controller to posses an internal
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model, both in the time domain and in the frequency domain. This implies
that for situations where the classical notion of robustness is feasible, the two
concepts of robustness are equivalent.

The theory of robust regulation for rational transfer functions in [92] made
use of coprime factorizations and the invariant factors. In particular, the fre-
quency domain version of the internal model principle has the following form
for rational transfer functions:

The internal model principle for rational transfer functions: Let
the pair (N, D) be a left coprime factorization of the generator © and
(Ner, Do) be a right coprime factorization of a stabilizing controller C.
If 6 is the largest invariant factor of D, then the controller is robustly
regulating if and only if # divides D..,.

In this thesis, coprime factorizations of plants and controllers were used, but
invariant factors could not be defined in the algebraic structures considered.
However, a generating function 6 for the signals considered in this thesis that
corresponds to the largest invariant factor in the above formulation of the in-
ternal model principle was found in Section 4.3.2. This function served as an
internal model and a generalization of the above formulation of the internal
model principle to infinite-dimensional systems was found in Section 4.5.1. In
addition, solvability of the robust regulation problem was characterized by using
the function 6 and a coprime factorization of the plant.

In Section 4.6.1, it was shown that the Davison’s robust controller design for
finite-dimensional stable plants can be generalized in a straightforward manner
for H>°-stable plants if the closed loop was required to be P-stable. This con-
troller design and the solvability condition from Section 4.5.2 revealed a simple
solvability condition for H°-stable plants, i.e., the robust regulation problem
with P-stability was shown to be solvable if and only if the decay rate of the
plant transfer function at the zeros of the generator # was at most polynomial.
Later in Section 4.8, it was shown that this solvability condition further simpli-
fies if only the S-stability of the closed loop is required; in this case, the plant
transfer function was required to be only invertible at the zeros of the generator
function 6.

A simple way to design a controller for a plant transfer function with a right
coprime factorization (N, D,.) was presented in 4.6.2, provided one is able
to robustly regulate the numerator /V,,. To that end, one needed to find any
stabilizing controller Cy for the plant and a robustly regulating controller C; for
N,r. The controller C; contained the internal model and appropriately com-
bining the two controllers resulted into a stabilizing controller with an internal
model. The power of the controller design lies in that one can separately design
a stabilizing controller — several techniques readily available — and a robustly
regulating controller for a stable plant, which is generally easier task than to
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design a robustly regulating controller for an unstable plant directly. In Section
4.6.3, it was seen that the proposed controller design is especially suitable for
plants in the Callier-Desoer class of transfer functions since the plants in the
Callier-Desoer class possess a right coprime factorization with the numerator
matrix in M (Hf°>.

5.2 Directions for Further Research

A fairly comprehensive study on the robust regulation problem was made in this
thesis, but there are still many related topics that need to be studied. These
topics are discussed in this section. The topics are mainly related in one way or
another to the connection between the time domain and the frequency domain
description of the robust regulation problem, which was not studied in this
thesis. This connection is important for applicability of the theory developed in
this thesis due to dominating role of state space representations in the modern
control engineering.

The structure of transfer functions at infinity defined in Chapter 2 described
the rate of the convergence or divergence of the transfer function at high fre-
quencies and was sufficient to make the relation between the smoothness of the
signals and the solvability of the time domain output regulation problem ap-
parent. In many problems, for example model matching, the structure needs
to be described in a certain algebraic structure and the algorithm used when
defining the structure should work in that algebraic structure. In such a case,
one would need the algebraic structure to be a principal ideal domain so that
the Smith form exists. Consequently, the definition of the structure at infin-
ity given here is too weak. However, many of the algebraic structures related
to infinite-dimensional plants are not principal ideal domains. Two interesting
research topics arise. First, would it be possible to find a way to find easily
verifiable conditions under which a diagonal form similar to Smith form exists
for plant transfer functions of infinite-dimensional systems? Secondly, would it
be possible to define the structure at infinity without using any algorithm at all,
particularly in the way that one could define the structure of a linear system
with infinite-dimensional input and output spaces?

In the time domain theory for robust regulation developed in [34, 39, 70, 72]
the perturbations were assumed to preserve the solvability of the Sylvester equa-
tion XS + A2 = B.. In Chapter 3, the solvability of the equation with SISO
plants was shown to be related to the structure of the plant transfer function
at infinity. The results in the same chapter for feedforward controllers indicates
that the solvability results should extend to MIMO plants. Furthermore, the re-
lation between the solvability and the structure at infinity shows the importance
of understanding the robustness properties of the structure at infinity. Some
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results to this direction were presented in Chapter 2, but a more detailed study
on this subject should be made in order to get a better idea on the perturbations
that a controller possessing an internal model tolerates.

It was mentioned that the relation between the time domain and the fre-
quency domain formulations of the robust regulation problem should be studied.
Maybe the most important part of this work is providing realization theory for
the frequency domain controllers. A specific research question would be: under
which conditions does a realization of a frequency domain controller solving the
robust regulation problem solve the time domain robust output regulation prob-
lem? A part of the research topic would be finding out in what sense realizations
of P-stabilizing or S-stabilizing controllers stabilize the extended system in the
time domain. It was mentioned that P-stability and S-stability resemble poly-
nomial stability and the strong stability in the time domain, respectively. Under
the assumption that the state operator of a plant is polynomially and strongly
stable and generates a bounded semigroup, one knows that its transfer function
is P [3], but it would be hard to say when P-stability of the plant transfer func-
tion implies polynomial stability in the time domain. The connection between
the strong and S-stability is even more fuzzy. Strong stability allows accumula-
tion points of point spectra on the imaginary axis, but S-stability does not allow
accumulation points of poles there. Even the current definition of S-stability
is sufficient to tackle the problem considered in this thesis, one might want to
revise the definition in order to facilitate more complicated signal generators or
plants and to have stronger connection between the strong stability in the time
domain and the S-stability in the frequency domain.

With the type of robustness considered in this thesis, the perturbations a
robustly regulating controller tolerates are just the perturbations preserving
closed loop stability. Thus, the robustness of stability is of importance. To be
able to use stability theory for topological rings studied by Vidyasagar et al.
in [94], one needs to define a topology to the rings P and S. It would be even
better if one is able to find a metric inducing a suitable topology, since it would
enable quantitative measurement of robustness and deeper understanding of
robustness of stability. The author believes that the robustness properties of
P-stability would be better and the task of finding a suitable topology would be
easier for P compared to finding it for S-stability, because the transfer function
behavior on the imaginary axis is generally better in P than in S. At least
in the time domain, Paunonen has been able to find classes of perturbations
preserving polynomial stability [69].

The time domain theory of robust regulation in [39, 68, 72] is suitable for
more general signal classes than those considered in this thesis. The theory al-
lows the state operator of the exosystem to be a block diagonal operator with an
infinite number of non trivial Jordan blocks on its diagonal. The signals gener-
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ated by such operators correspond to signals with higher order poles. One possi-
ble direction for future research is to generalize the results in this thesis for such
signals. The generalization for signals with a finite number of unstable higher
order poles and an infinite number of simple poles is believed to be straight-
forward; one could possibly combine the finite-dimensional controller design for
signals with higher order poles from [33] and the controller for infinite-number
of simple poles presented in this thesis. The theoretical results concerning the
solvability of the problem might also generalize in a straightforward manner
for generators with infinite number of higher order poles. However, since the
controller design in [33] relied on the finite-dimensionality of the exosystem, the
actual controller design for signals with an infinite number of unstable higher
order poles might be hard or even impossible.

The class of linear systems with bounded input and output operators is
quite restricted. One possible research direction would be to extend the time
domain theory to systems with unbounded input and output operators to allow
boundary control and measurement. It would be also interesting to allow the
plants to have some nonlinearities. One possible class of systems are the semi-
linear ones. Although the robust regulation of nonlinear systems has been
studied before, see [88] and the references therein, it would be interesting to see
whether the new insights presented in this thesis hold for a more general class
of systems.
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Appendix A

Selected Results from Literature

A.1 Some Results from Linear Algebra

The following inversion formula called the Woodbury matrix identity is used
extensively in this thesis:

(X+YZV) ' =X X WY(Z T + VXY WVX (A1)

where X and Z are invertible.
The Binet-Cauchy formula [81, Theorem 1.3] states, that if A and B are
n x m and m x [ matrices, respectively, and ¢ < min{n,(}, then

ABle =21l Bl (A.2)
h

A.2 Riesz Basis Assignment

The following result is a part of [98, Theorem 1|. Let G be the infinitesimal
generator of a Cyp-semigroup on a separable Hilbert space H. One makes the
following hypotheses.

H1 The operator G has a compact resolvent, and its spectrum is simple and

is denoted by o (G) = { A | k € N}.

H2 The domain D (G*) of the adjoint operator G* is a Hilbert space with the
graph norm. D’ (G*) is the topological dual of D (G). It is supposed that
be D (GY).

H3 The eigenvectors {¢, € H |k € N} of G form a Riesz basis in H and the
biorthogonal sequence corresponding to the eigenvectors of G* is denoted
by {¢x € H |k € N}. Set by, = (¢, b) where (-,-) is the classical duality
product on D (G*) x D' (G*). Suppose that by # 0 for all k& € N. Denote
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dy, = infyzen{| A\ — Ai|}. Suppose that there exists a constant M > 0 such
that for all A ¢ Upey Ba, (A\g) and | € N
3

2

be | <y (A.3)

A= Ak

00
D
k=1

and

2

bk
Al — A

>

keN

]

< M. (A.4)

Denote the unique extension of G : D (G) — H C D' (G*) in L(H, D' (G"))
by G. The linear operator Gy, : D(G) — D’ (G*) admits a unique extension
from H to D' (G*) still denoted by G}, and

G = Gx + b(x,b).
The domain of GG}, is defined to be
D(Gh) = {x € H| Az +blz,h) € H}.
Theorem A.2.1. Assume that the hypotheses H1-H3 above hold.
1. For every h € H the operator G}, is reqular spectral, i.e., it has a compact

resolvent and its eigenvectors form a Riesz basis of H, and the spectrum
o (Gh) ={vk | k € N} satisfies condition

2
Vi — Ak

b

>

keN

(A.5)

2. If A = {w |k € N} is a given set satisfying vy # v, for k # 1, then
there exists an element h € H such that the operator G has spectrum
o (Gr) = A if and only if the set A satisfies the condition (A.5). Moreover,
the feedback is given by

h = thz/)k where hy = ykj)\k H
keN bk ll;gc

The infinite product above is understood as a limit in (2.
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A.3 The Callier-Desoer Class of Transfer Func-
tions

Here the Callier-Desoer class of transfer functions and some of its basic proper-
ties are presented. The Callier-Desoer algebra was first defined by Callier and
Desoer in [9]. The results presented here are from [8, 14].

Let 8 be a real number, and denote the class of functions that Lebesgue
measurable and absolutely integrable on the interval [0, 00) by L;(0,00). No-
tation A(f3) is used for the class of complex functions that can be presented in
the form

 fot) + Xien fid(t —t;),  for t >0,
1) = { = 0, fort<O,

where t; € [0,00), t; = 0, t; > 0 for i > 2, §(t — t;) is the t;-centered delta
distribution, e fo(+) € L1(0, 00), and (f;):en is a sequence of complex numbers
such that ey = | file ™% < o0.

The set A(S) with norm

7= [ e oe)lat+ X Ifile ™,

1€EN

and the convolution product is a commutative Banach algebra with identity.

The algebraic properties of A(8) are inherited by A(3), the set of Laplace
transforms of A(J3). Subalgebras A_(f) and A (3) of A(S) are defined by

A_(B) = {f e A(B)| f € A(Bo) for some S, < 5}

and

A (B) =< fe A_(B)| inf |f(s)| > 0 for some p > 0

56(3;r

Is|>p

Note that A (8) is a subalgebra of A_(3).
The Callier-Desoer class of scalar transfer functions is defined to be

B(B) = {f =

he A (B)andde ,2100(6)} .

&)‘ >

The Callier-Desoer class of transfer functions is defined to be M (B(ﬁ))
Every matrix P € M (l’;’(ﬁ)) can be presented in the form

P = N,D,' =D, Ny,
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where D,, and D, are square matrices satisfying det(D,,), det(D,) € A_(8) \
{0}, and there exist matrices X,Y, X,Y € M (.A_ (5)) such that

XN, +YD,, =1
and
NuX +DyY =1

on @ The pairs (N, Dp) and (N, Dy) are said to be a right coprime
factorization and a left coprime factorization of P, respectively.
Lemma A.7.47 in [14] states that the Laplace transform f of an f € A(f)

is holomorphic and bounded on Cg. Consequently, if (N, D) is a right or a left
coprime factorization of a transfer function in M (l’;’ (O)), then N € H>.








