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Abstract

In this paper we consider robust output regulation of distributed parameter systems with infinite-dimen-
sional exosystems capable of generating polynomially growing signals. We design an observer-based error
feedback controller solving the control problem. The controller is chosen in such a way that it incorporates
an internal model of the infinite-dimensional exosystem. The remaining parameters of the controller are
chosen to stabilize the closed-loop system strongly. We also analyze the classes of signals generated by the
exosystem. In particular we explore the connection between the smoothness properties of the reference and
disturbance signals and the strictness of the conditions required for the existence of a controller solving the
robust output regulation problem.
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1 Introduction

The topic of this paper is robust output regulation problem for linear distributed parameter systems. Math-
ematical systems of this class include models describing various natural phenomena including heat and dif-
fusion processes, vibrations and delay systems. The study of output regulation and robust output regulation
of infinite-dimensional systems has been active since the early 1980’s [24, 20, 23, 2, 14, 5, 10, 6]. Recently
in a series of papers [21, 18, 6, 16] one of the key results of linear multivariable control theory, the internal
model principle of Francis and Wonham [4], was generalized for distributed parameter systems. This result
can be used to characterize the error feedback controllers achieving robust output tracking and disturbance
rejection of a distributed parameter system provided that the controller stabilizes the closed-loop system.
More precisely, a stabilizing controller was shown to solve the robust output regulation problem if and only
if it incorporates an internal model of the exosystem [16].

In [16] it was shown that the robust output regulation problem can be divided into two equally interesting
and challenging parts. The first half of the problem consists of building an internal model of the exosystem
into the controller, and the second one of strongly stabilizing the closed-loop system consisting of the plant
and the controller. These two goals were formulated mathematically in [16], but the authors only solved
the first half of the robust output regulation problem. The purpose of the current paper is to complete this
study by solving the remaining half of the problem, i.e., the problem of stabilizing the closed-loop system
strongly in a situation where the reference and disturbance signals are generated using an infinite-dimensional
nondiagonal exosystem.

In addition to addressing the problem of stabilizing the closed-loop system we also present new results
concerning the infinite-dimensional block diagonal exosystem introduced in [16]. Signal generators of this
type provide a way to consider output tracking and disturbance rejection of very general polynomially grow-
ing signals. In applications the necessity of an infinite-dimensional signal generator arises from a need to
track or reject, for example, periodic signals that are not continuously differentiable. Such situations are
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often encountered in the control of robot arms and disk drive systems [29, 7, and references therein]. On
the other hand, in the same engineering applications it is also essential to be able to track and reject signals
that have polynomially increasing components. Generating such signals is not possible with the infinite-
dimensional signal generators studied earlier in the literature [11, 6, 7]. In this paper we complete the study
of the block diagonal exosystems by characterizing the classes of reference and disturbance signals they gen-
erate. The analysis also immediately yields a method for constructing an exosystem generating given signals
in the appropriate classes of functions. In particular we show that in the case of continuous periodic signals
the exosystem can be chosen in such a way that it is easy to generate signals with a predetermined level of
smoothness.

Compared to the current results in output regulation theory the main novelty in this paper is the use of state
space methods and infinite-dimensional exosystems in considering robust output tracking and disturbance
rejection of nonsmooth polynomially bounded signals. In particular, output regulation of nonsmooth periodic
signals has been studied in the frequency domain within an area called repetitive control [7, 27, 29]. The state
space approach reveals, in particular, the fact that the considered type of closed-loop stability is crucial to the
solvability of the control problem. We also see a very clear connection between the properties of the system
to be controlled and the minimal allowed level of smoothness of the exogeneous signals.

In order to solve the robust output regulation problem we generalize the observer-based controller used
in the connection of the problem for finite-dimensional and infinite-dimensional diagonal exosystems [9, 6].
We show that the parameters of the controller can be chosen in such a way that the general structures of the
operators guarantee the controller to incorporate an internal model of the infinite-dimensional exosystem. The
remaining parameters of the controller can subsequently be freely chosen in order to achieve strong stability
of the closed-loop system. In particular we show that the problem of stabilizing the closed-loop system can in
a fairly straightforward manner be reduced to stabilizing the internal model in the controller. More precisely,
this requires choosing a bounded linear operator K5 in such a way that the operator

S+ B1 Ky (1)

generates a strongly stable semigroup. Here S is the block diagonal system operator of the exosystem and
Bj is a rank one bounded linear operator with a specific structure. In the case where S is a diagonal operator
and the pair (S, By) is approximately controllable, the strong stabilization of the operator (1) can be achieved
with a choice K = —B7. However, this choice for the stabilizing feedback provides very little information
on the spectrum of the stabilized operator. In particular, the conditions for the solvability of the robust
output regulation problem require some knowledge on the behavior of the resolvent operator of the closed-
loop system. The behavior of this resolvent operator is, in turn, dependent on the behavior of the resolvent
operator of (1). To help us determine whether the controller satisfies these conditions imposed on the closed-
loop system, we use a new approach to stabilizing the internal model. In particular, we use the technique of
pole placement of an infinite spectrum [28, 8, 30, 22] to reassign the imaginary eigenvalues of the operator .S.
This approach provides us very precise information on the spectrum of the stabilized operator and, even more
importantly, on the behavior of the resolvent operator R(\, S + B1 K5) on the imaginary axis.

In [16] the authors introduced a new type of exosystem by constructing a block diagonal operator consist-
ing of an infinite number of finite-dimensional Jordan blocks. In this paper we show that the signals generated
by such exosystems are in general of form

Yref (1) = yn (" + -+ + 11 ()t + yo(2), (2)

where y;(-) are almost periodic functions for all j € {1,...,n}. This result shows that the block diago-
nal signal generator extends both finite-dimensional exosystems and infinite-dimensional diagonal exosys-
tems [11, 6]. We also pay special attention to the case where the eigenvalues of the exosystem are of form

ok
o =it keZ 3)
T

for some 7 > 0. We show that in this situation the functions y;(-) in (2) are continuous 7-periodic functions
forall j € {1,...,n}. The smoothness properties of such functions are directly related to the asymptotic
behavior of their Fourier coefficients [13]. We use this theory to relate the smoothness properties of the gen-
erated reference and disturbance signals to the corresponding choices for the initial states of the exosystem.
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Our construction of the exosystem extends results in [11, 12] for polynomially increasing exogeneous signals
and corresponding block diagonal signal generators.

We show that the analysis of the classes of signals generated by the infinite-dimensional exosystem also
leads to a very concrete connection between the smoothness of the considered exogeneous signals and the
conditions for the solvability of the robust output regulation problem. Establishing this link is made possible
by the fact that the theory of robust output regulation in [16] allowed the solutions of the regulator equations
to be unbounded operators. More precisely, it was shown that there is a link between the strictness of the
conditions for the solvability of the robust output regulation problem and the choice of the initial states of
the exosystem in a scale space W,,, = (D(S™), |||lm ), where ||-|| denotes the graph norm of the operator
(I 4 S)™. In this paper we further show that these scale spaces are related to the smoothness properties of
the generated reference and disturbance signals. We also extend the corresponding results for scale spaces
W, of arbitrary real orders o > 0. The importance of this extension comes from the fact that it allows us to
establish sharper bounds and conditions for the solvablity of the robust output regulation problem.

The above relationship becomes even more concrete when considering controllers of a particular type. We
show that in the case of the observer-based error feedback controller studied in this paper the conditions for
the solvability of the robust regulation problem most notably involves the behavior of the transfer function
Pr (N of the stabilized plant at the frequencies iwy, of the signal generator. We show that the asymptotic
decay rate of the values Pk (iwy) as |k| — oo is directly related to the minimal level of smoothness the
reference and disturbance signals must have in order for the conditions for the solvability of the robust output
regulation problem to be satisfied. In other words, the behavior of Pk (iwy) can immediately be used to
characterize the classes of signals that can be tracked and rejected using a controller of this type.

To illustrate the applicability of our results we present a concrete example in which we design an observer-
based robust controller for a finite-dimensional system with an exosystem capable of generating a class of
infinite-dimensional linearly growing signals. We derive the expressions for all components of the controller
and determine the classes of reference and disturbance signals the controller is guaranteed to be able to
regulate. We also discuss the robustness properties of the resulting control law, as well as the effect of the
robustness of the controller to the classes of signals that can be tracked and rejected.

In the construction of the controller we restrict our attention to a situation which is a special case in
two regards. First of all, we assume our exosystem has at most a finite number of nontrivial Jordan blocks
and that all but a finite number of its eigenvalues are simple and uniformly separated. This type of signal
generator can be viewed as a composite exosystem consisting of a finite-dimensional part and an infinite-
dimensional diagonal part. Therefore, the signals we can under our assumptions consider are in general
of form (2), where yo(-) = yap(-) is in general an almost periodic function and the functions y;(-) for
j € {1,...,n} are linear combinations of trigonometric functions. This assumption on the structure of the
signal generator is restrictive, but the generated signals still include the most important polynomially bounded
functions considered in applications. In particular, we can consider any signal of the form (2) where y(-) is
a continuous periodic function. Indeed, in order to generate a continuous 7-periodic function it is sufficient
that the exosystem contains the simple and uniformly separated eigenvalues (iwy)kez given by (3). The
assumption that the infinite part of the spectrum of .S has a uniform gap is not crucial to our approach to
the stabilization of the closed-loop system. It can be replaced with the requirement that the spectrum of
S does not have any finite accumulation points, if we have an asymptotic lower bound for the distances
of the neighboring eigenvalues. However, the price of this added generality is that the conditions for the
stabilizability of the closed-loop system become more complicated.

In this paper we also only consider the single-input single-output case. This restriction is not essential to
the existence of a controller solving the robust output regulation problem. In fact, similar methods are also
applicable in the case of a finite-dimensional output space, and even for an inifinite-dimensional output space
provided that we replace the strong stability of the closed-loop system with weak stability [6, Sec. 7]. How-
ever, although the methods for these more general systems can be used to effectively stabilize the closed-loop
system, they provide little information regarding the behavior of the resulting closed-loop system relevant to
the additional conditions for the solvability of the robust output regulation problem. We restrict our attention
to the single-input single-output case, because in this situation it is possible to stabilize the closed-loop system
using a technique that subsequently allows us to derive easily verifiable sufficient conditions for solvability
of the robust output regulation problem.

The structure of the rest of the paper is as follows. In Section 2 we introduce notation and state the
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standing assumptions on the plant, the exosystem, the controller, and the closed-loop system. Section 3 is
devoted to the study of the classes of signals generated by the infinite-dimensional exosystem. In Section 4
we formulate the robust output regulation problem. The construction of an observer-based dynamic error
feedback controller solving this problem is presented in detail in Section 5. The choices for the parameters
of the controller are illustrated with an example in Section 6. Section 7 contains concluding remarks.

2 Mathematical Preliminaries

In this section we introduce the notation used in the paper and state the basic assumptions on the system,
the exosystem and the controller. The main problem of this paper, the robust output regulation problem, is
formulated in Section 4.

2.1 Notation

If X and Y are Banach spaces and A : X — Y is a linear operator, we denote by D(A), N(A) and R(A) the
domain, kernel and range of A, respectively. The space of bounded linear operators from X to Y is denoted
by L(X,Y). If A: X — X, then 0(A), 0,(A) and p(A) denote the spectrum, the point spectrum and the
resolvent set of A, respectively. For A € p(A) the resolvent operator is given by R(\, A) = (A — A)~L.
The dual pairing on a Banach space and the inner product on a Hilbert space are both denoted by (-, ). If
(zk)kez is a sequence of complex numbers and o > 0, we denote z;, = O(|k|) if there exist constants
M > 0and N € N such that

|| < MK

for all k € Z with |k| > N.

2.2 The Plant and the Infinite-Dimensional Exosystem

In this paper we consider the control of a linear distributed parameter system of form

z(t) = Ax(t) + Bu(t) + ws(t), 2(0)=xz9€ X
y(t) = Cx(t) + Du(t) + wp(t)

on a Banach space X. Here z(t) € X is the state of the system, u(¢) € U the input and y(¢) € Y the
output. The input space U and the output space Y are general Hilbert spaces. We assume that A generates
a strongly continuous semigroup on X and that the rest of the operators are bounded in such a way that
Be L(U,X),C e L(X,Y)and D € L(U,Y). For A € p(A) the transfer function of the plant is given
by P(A\) = CR(M\,A)B + D € L(U,Y). When considering the stabilization of the closed-loop system in
Section 5, we only consider single-input single-output systems, i.e., we assume U =Y = C.

The considered reference signals as well as the disturbance signals to the state and the output, w;(¢) and
wyy, (1), respectively, are assumed to be generated by an infinite-dimensional exosystem

0(t) = Swv(t), v(0) =vyg e W (4a)
ws(t) = Esv(t), (4b)
Wi (1) = Eno(t), (4c)
Yrer (t) = Fro(t). (4d)

The operators S : D(S) C W — W, E, € LW, X), E,, € LW,Y), and F,, € L(W,Y) satisfy the
assumptions stated below. In particular, in the following we choose the system operator .S to be an infinite-
dimensional block diagonal operator consisting of finite-dimensional Jordan blocks.

The state space W of the exosystem is chosen to be a separable Hilbert space with an orthonormal basis

{¢heW|keZ I=1,...,n}.
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By this we mean that

1 k=n,l=m
0 otherwise.

W =span {¢}},, and <¢27¢7T>={

The lengths nj, € N of the subsequences are assumed to be uniformly bounded. For a given ordered sequence
of frequencies (wy)rez C R the operators Si, € L(W) representing the finite-dimensional Jordan blocks are
defined as

S = iwi (-, o) ok + (- ok (iwrdh + 0f ) .
=2

The system operator S of the infinite-dimensional exosystem (4) on the space W is defined by

Z 1Skv|? < oo}

keZ

Sv = ZSkv, D(S) = {v ew

kEZ

and the output operators E, E,, and F;. are assumed to be Hilbert—Schmidt operators, i.e. they satisfy

N Nk Nk
SN B <00, DD NEmdi]? <oo, and YN [IF|° < oo

keZ l=1 keZ l=1 keZ l=1

Defining £ = E, € L(W,X) and F = E,,, — F,. € L(W,Y") we can write the system in a standard form

#(t) = Ax(t)+ Bu(t)+ Ev(t), z(0)=zp€ X
e(t) = Cux(t) + Du(t) + Fo(t)

where e(t) € Y is the regulation error and v(¢t) € W is the state of the exosystem (4). We further assume
that 0(A) N o(S) = @ and that the transfer function of the plant satisfies P(iwy) # 0 for all k € Z.
The operators Sy, in the definition of the infinite-dimensional exosystem satisfy

(iwpI — Sy)op = 0, (Sk —iwpD)By = ot VI €{2,... n}

and thus they can indeed be viewed as single Jordan blocks of dimensions nj, associated to eigenvalues iwy.
Since the operator S is an infinite block diagonal operator consisting of operators the Sy, it can be considered
to be a generalization of a matrix in a Jordan canonical form. It is straightforward to verify that the spectrum
of the operator S satisfies

o(S) = Up(S) = mkeZa

where the line denotes the closure of the set in C. Moreover, the operator S generates a Cy-group Ts(t)
satisfying

To(tyo = 36t S .oy 3 = 7, veW, teR

keZ 1=1 j=1

This group is polynomially bounded forward and backwards in time. More precisely, for any n € N such that
n > ny, for all k € Z there exists Mg > 1 such that

ITs(t)|| < Ms(t]*+1),  VteR.
This implies that the growth bound of the Cp-group is wo(Ts(¢)) = 0. For k € Z we define

drp = max{n; |l € Z, w; = wg },
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which corresponds to the dimension of the largest Jordan block associated to an eigenvalue iwy, € 0, (S). For
k € Z we denote by P}, the orthogonal projection

U2

=1

onto the finite-dimensional subspace span{(,bk}”" of W. With this notation the domain of the operator S
satisfies

DS)={veW |> willPwl> <oo} ={veW | (I+w})lPel® < oo}
kEZ kEZ

To analyze the classes of signals generated by the exosystem we define a set of scale spaces W, C W
related to the system operator S of the exosystem. They will be used in the classification of the generated
signals based on which spaces W, the corresponding initial states belong to. In the next section we will show
that this kind of classification has a close relationship to the smoothness properties of the generated signals.

Definition 1. For « > 0 we denote by (W, ||-||») the space
Wo={veW | (1+w)*||Pel|® < oo}
kEZ
with norm ||-||, defined by

o]z = Z(l + wp) ¥ || Pevl|?, v e W,.
keZ

For all o > 0 the spaces (W, ||-||«) are Hilbert spaces, and for 0 < 5 < a we have W, C W3 and
[ollg < lvlla Vv eWa

For nonnegative integer values m € Ny the spaces W,,, coincide with the domains D((S + I)™) and the
norms ||-||,, are equivalent to the norms defined by the mappings v — ||(S + I)™v|| on W,,. It can also
be verified that the spaces W, are invariant under the group Ts(t), the restrictions Ts(t)|w,, are strongly
continuous groups on W, and the generators of these groups are S|y, : D(S|w,) C W, — W, with
domains D(S|w, ) = Wat1.

2.3 The Controller and the Closed-Loop System

We consider the dynamic error feedback controller

i(t) = Gr2(t) + Gae(t), 2(0) =20 €72
(t) = ( )

on a Banach-space Z. Here z(t) € Z is the state of the controller, G; : D(G1) C Z — Z generates a
Co-semigroup on Z, Go € L(Y,Z) and K € L(Z,U). The closed-loop system consisting of the plant and
the controller on X, = X x Z with state z.(t) = (x(t), z(t))T is given by

u

t), 2(0) = zeo = (0, 20)T

)=
Te(t) = Aee(t) + Bev
+ Dev(t),

(
e(t) = Cewe(t) + Dev(
where C. = (C DK),D. =F,

A BK E
A = (gzo gl+ggDK) and B = (%F)'



3 THE CLASSES OF REFERENCE AND DISTURBANCE SIGNALS 7

The operator A, : D(A) x D(G1) C X, — X, generates a Cyp-semigroup T4, (t) on X,. Furthermore, the
operator B, satisfies

SUSUBALR = S0 (1Bbhl + 16 (B — F))?
keZ l=1 keZ l=1
=35 2(IBL)? + 201Ga P (I Em k|12 + | Fr 1)) < oo ©6)
keZ l=1

Before turning to consider the robust output regulation problem, we will analyze in detail the classes of
signals generated by our infinite-dimensional exosystem.

3 The Classes of Reference and Disturbance Signals

Using the formal definition and the properties of the infinite-dimensional exosystem presented in the previous
section we can study the generated reference and disturbance. To this end we consider the generation of
signals y,(-) : R — Y, where Y is a Banach space. We will show that the produced signals are of form

Yref (1) = yn (" + -+ + 31 ()t + yo(t), (7

where the coefficient functions y;(-) are almost periodic functions [1, Def. 4.5.6]. Such bounded and uni-
formly continuous functions can be characterized by the fact that they can be uniformly approximated by
trigonometric polynomials, i.e., linear combinations of functions of form ¢ + e™*y, where w € R and
yey.

In the next section we will further concentrate on the case where these coefficient functions are periodic
with the same period length. For such reference signals we will in particular study the relationship between
the smoothness of the coefficient functions y;(-) and the choice of the initial state vy from the space W, for
some o > 0.

Theorem 2. The signals generated by the infinite-dimensional exosystem are of form (7) where y;(-) : R —
Y are almost periodic functions for all j € {0, ... ,n}, and where n = maxyczng — 1.

Proof. For all initial states vy € TV the state of the exosystem is given by v(¢) = T's(t)vo and thus

Fqs] = Zewz vo, B}) Z F¢

l

yref( Z ekat Z UU? ¢k Z

kEZ = J:I keZ
’I‘L),*l 1 Nk Nk — 1
DI D WL SES a3
kezZ J: I=j+1 kezZ
where we have denoted
Nk
aje =1 > (0.4 Fo ®)
J: l=j+1

Let n = maxyezny — 1 and define aj, = 0 € Y forallk € Z and j € {ny + 1,...,n}. Then for any
j €40,...,n} we have

Nk 23

. 1—4

P Magll =321 D0 (o) Fe I <> > vo, db)l - [1Fo |
keZ keZ :j+1 ke€Zl=j+1

SIS

(Z iIIF%IIz) % < o0

keZ l=1

<D Hwo, o) (ZHFszskH?) (ZD%@QF)

keZ \i=j+1 keZ i=1
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and thus (ajx)kez € £1(Y) forall j € {0,...,n}. This implies that

nE—1 n n n
yref(t) _ Z eiwnt Z ajktj — Zeiwkt ajlctj — Ztﬁ Zajkeiwkt — thyj (1),
keZ j=0 keZ j=0 j=0 k€Z Jj=0
where we have in turn denoted
y] (t) — Z ajkeiwkt (9)
kEZ
forall j € {0,...,n}. Changing the order or summation is allowed since the series in question are absolutely

convergent. To prove the theorem it is now sufficient to show that the functions y; () are almost periodic.
This follows directly from the fact that if j € {0,...,n} and if N > 0, then the functions

N

iwgt

t— E ajpe*
k=-N

are trigonometric polynomials and (a i )kez € ¢*(Y) implies

= Z ajkeiwk't < Z ||ajk|| —0

|k|>N |k|>N

N
yi(t) = Y ape™rt
k=—N

uniformly int € Ras N — oo. O

The proof of Theorem 2 also presents a method for constructing an exosystem to generate a given signal
of form (7), where the coefficient functions can be written as (9). This can be done in a very straightforward
manner by choosing the output operator F' and the initial state vy of the exosystem in such a way that the
equations (8) are satisfied for all k£ € Z. The next lemma presents suitable choices for the parameters.

Lemma 3. Let (wi)rez C R and assume that for j € {0,...,n} the coefficient functions y;(-) can be
written in the form (9) with (ajx)kez € (*(Y). For k € Z define

n
max{ ||ajk|} aji # 0 for some j =0,...,n
§=0

1 otherwise.

C =

The signal (7) can be generated by an infinite-dimensional exosystem with ny, = n + 1 for all k € 7Z and
F € L(W,Y) defined by

1
Fop = —(ng — Dlan, 14,
Ck

1

F(Z)éc = a ((nk — l)!ank,l,k — (nk -1+ 1)!ank,l+1,k), le {2, ... ,nk}.

The signal (7) is generated with an initial state vg € W of the exosystem satisfying

n

(0, 6) = max { ||ajk||}

=0
forallk € Zandl € {1,...,n4}.

Proof. A straightforward computation shows that these choices of I’ and vy satisfy equations (8) for all
k € 7. It is thus sufficient to show that vg € W and

SN IF? < oo

keZ l=1
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For the initial state we have

DI Psvol® = (n+1) 3 max {|lage]|}=p < oo

keZ kEZ

since (ajx)kez € (*(Y) forall j € {0,...,n}, and thus vg € W. On the other hand, the output operator F'
satisfies

n

n!

[Foill = —llank| < ntmax < y/fla
c
k =0

|+ Jamszral) < 20! max { ||ajk||}

n

n!
HF%” < a (Hanﬂ—z,k

§=0
and thus
Nk
DD IFGP < d(n+1)(n)? Y max {[lagl} =g < 0o
keZ =1 keZ
again since (ajx)kez € (1 (Y) forall j € {0,...,n}. This concludes the proof. O

The formula in (8) shows us that the coefficients a;j, of the functions y;(-) are determined equally by
both the output operator F' of the exosystem and the choice vy of the initial state. Because of this it is evident
that different initial states of the same exosystem can generate very different types of signals. We will see an
illustrative example of this property of the infinite-dimensional exosystem in the next section.

3.1 Signals in the Sobolev Spaces of Periodic Functions

We conclude the analysis of the infinite-dimensional signal generator by considering signals of form (7)
where the coefficient functions y;(-) are periodic functions with the same period 7 > 0. To this end we
assume that the frequencies of the exosystem are given by

2k
(wr)hez = () .
T Jkez

It is well-known that for periodic functions the smoothness properties can be characterized via the asymptotic
behavior of their Fourier coefficients. We will now show that taking an advantage of this property we can
easily relate the smoothness properties of the generated signals to the choices of the initial states of the
exosystem in the spaces W,. The importance of this result will become clear later in the paper when we
further relate the choices of the initial states in the spaces W, to the strictness of the conditions for the
solvability of the robust output regulation problem for the generated signals.

To classify the generated signals we use the Sobolev spaces of periodic functions [13, Sec. 3.6] defined
below. In the definition the values f (k) € Y denote the Fourier coefficients of a continuous 7-periodic
function f(-), i.e.,

f&)=>"f(k)e™',  VteR.

kEZ

Definition 4 (Sobolev spaces of periodic functions). For o > % the Hilbert spaces
Hp (0,7) = { f € C:(R,Y) | Y (1+wi)*If (R)IIP < o0 }
kEZ
with norms defined by
1 all f a
1 lera = = DA+ @)W f € Hy,(0,7)
kEZ

are called the Sobolev spaces of periodic functions. ]
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The order ov > % of the space H,,.(0,7) is closely related to the smoothness properties of its functions.

For example, if Y = C, then for all m € N the space H;ZT(O, 7) contains precisely the T-periodic functions

whose distributional derivatives of orders up to m are in L?(0,7). In particular this implies that if f €
C-(R,Y) is such that the derivatives f(/) exist and are absolutely continuous on [0, 7] forall j € {0,...,m—
1}, then f € Hp,.(0,7).

The following theorem shows that for any infinite-dimensional signal generator the choice of the initial
state of the exosystem in a space W, directly translates to the smoothness of the generated signal.

Theorem 5. If vo € W, for some o« > % then the coefficient functions of the signal generated by the

infinite-dimensional exosystem satisfy y;(-) € Hp.(0, 7).

Proof. Letn = maxgez ni — 1 and let j € {0,...,n} be arbitrary. From the proof of Theorem 2 we have
that (a;x)kez € £ (Y'). Together with the formula in (9) this implies that (a; ) ez are the Fourier coefficients
of the function y;(-). Using (8) we can also see that

2

|ajk||_ Z (vo, 4] \F¢§CJH<||F||Z|U07¢;@ ) < VallF| <Z|Uo,¢k )

l J+1

= \/EIIFII || Prvol|

for all k € Z. The fact that vy € W, now implies
Do+ wR)llagell® < nll FIP - D01+ wi)* (| Prooll? < oo,
keZ keZ
and thus y;(-) € HS.,.(0,7). Since j € {0,...,n} was arbitrary, this concludes the proof. O

per

The next theorem states a converse result which shows that the signal generator can be chosen in such a
way that the smoothness of the reference signal is also translated to the property vy € W, of the correspond-
ing initial state.

Theorem 6. Let 3 > 1 and assume y;(-) € per(O ) forall j € {0,...,n}. Forany0 < a < 3 — 1 the
infinite-dimensional exosystem can be chosen in such a way that the reference signal (7) is generated with a
choice vy € W, of the initial state.

Proof. The functions y;(-) are of form

t) = Zajkei“”“t, teR.
kez

Let0§a<ﬂf%,deﬁne

o = (1+wd) =N max {|la;x[}7— ajx # 0 forsome j € {0,...,n}
1 otherwise

and choose W and F(ﬁfC as in Lemma 3. A direct computation shows that the equations (8) are satisfied if we
choose the initial state vy of the exosystem in such a way that

(vo, ¢) = (1 + wp) = max { || a;x[|}j—o-

It remains to show that vy € W,, and that

SOS R < oo

keZ l=1
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As in the proof of Lemma 3 it is easy to see that we have

o

2n! n =]
IF ] < = maxtllagrlltj—o < 20! +wji) T <00

and thus
ng
DO NFGIP <4n+1)(n)* > (1 +wi)*# < oo
keZ I=1 keZ
since wy, = 22% and o — 3 < —2. Furthermore, for vy we have that
> @+ ) Prvoll® = (n+1) > (1 + wp)? max {[laji]|*} =, < oo,
kEZ kezZ
since y;(-) € ngr(o, 7). This concludes the proof. O

As we mentioned in the end of the previous section, the choice of the initial state of the infinite-dimensional
signal generator can have a radical effect on the generated signal. The following example illustrates this prop-
erty of the infinite-dimensional signal generators.

Example 7. Let Y = C and wy, = @ and choose the parameters of the infinite-dimensional exosystem in
such a way that ny = 1 and

1

Fop=—
||

for all k£ € Z. Since the signals generated by the exosystem satisfy J,r(k) = (vo, ¢r)F d1, we can see that
any given signal y,,(-) € H,.,.(0,7) can be generated with this particular exosystem by choosing vy € W
in such a way that

(vo, Px) = |k|ay.

We indeed have vy € W, since

S o) = 3159 1210 < up 5 S0 4 el < oo
’ = 2 = 2 -
keZ kez L+wj kez 1+ wy kezZ

Thus this exosystem is capable of generating any reference signal from H];m,(O7 7).
This reasoning can be further generalized to show that if y,.¢(-) € H},,.(0,7) for v > 1, then it can be
generated using this exosystem with a choice vg € W,_; of the initial state. Indeed, if we choose vy as

above, then vy € W, _; follows directly from

(1+w,2€)ﬂ/ 0 1 k2 ) )
(14 wi)" ™ Hvo, 1) [* = s k7ax|” <sup ——————5 Y (1 +wi)|ax|” < oo.
’; k I;Z 1+w,§ kezl-ﬁ-(Zﬂ'k‘/T)Q];Z k

4 The Robust Output Regulation Problem

In this section we outline the main control problem studied in the paper and briefly recall some results con-
cerning the solvability of this problem. On a general level we are interested in choosing the parameters of the
error feedback controller in such a way that the following are satisfied.

e The closed-loop system is strongly stable.
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e The regulation error decays to zero asymptotically.

o [f the parameters of the plant are perturbed in such a way that the closed-loop stability is preserved,
then the regulation error goes to zero asymptotically.

It is well-known that the solvability of the first two parts of this problem is connected to the solvability of
the so-called regulator equations [4, 2, 6]

¥S = AN + B, (10a)
0=C%+D,. (10b)

In particular, if the closed-loop system is stable and the Sylvester equation (10a) has a bounded solution,
then the regulation error decays asymptotically if and only if the regulation constraint (10b) is satisfied. The
reason behind this connection is that if (10a) has a solution 3, then for any initial states .y and vy of the
closed-loop system and the exosystem, respectively, the regulation error can be written in the form

e(t) = CeTa, (t)(xeo — Bvg) + (CeX + De)v(t). (11)

If the semigroup T4, () related to the closed-loop system is strongly stable (i.e. if T4_(t)z. — 0ast — oo
for all z. € X.), then the first part of the above expression decays to zero. Furthermore, the second part of
the regulation error will be zero whenever the regulation constraint (10b) is satisfied.

In [16] it was shown that the conditions for the solvability of the output regulation problem can be made
less strict if we allow the solution of the Sylvester equation (10a) to be an operator belonging to L(W,,, X.)
for some v > 0. It was further shown that if the Sylvester equation has a solution ¥ € £(W,, X.), we can
consider tracking and rejection of exogeneous signals corresponding to the initial states in the scale space W,
of the infinite-dimensional exosystem. In the light of Theorems 5 and 6 we can immediately see that in the
case of periodic signals this establishes a link between the strictness of the requirement for the solvability
of the Sylvester equation (10a) and the level of smoothness of the reference and disturbance signals. In this
paper we simplify the associated conditions by considering a slightly relaxed sufficient condition (12) for the
solvability of the Sylvester equation equation (10a).

Theorem 8. Let o > 0. Assume (G1,Ga, K) are such that A, generates a strongly stable Cy-semigroup on
Xe, 0(Ae) Noy(S) =2, and
sup (14 wi) ™[ R(iwk, Ae)|| < oo. (12)
keZ
Then the Sylvester equation (10a) considered on W11 has a unique solution ¥ € L(W,,X.) and the
following are equivalent.

1. The regulation error decays to zero asymptotically for all initial states x.o € X, and vg € W, of the
closed-loop system and the exosystem, respectively.

2. The operator X satisfies the regulation constraint (10b).

Proof. The conclusions of the theorem follow from [16, Thm. 3.1] once we verify that [16, Ass. 1] is satisfied
for m = «. In [16] the scale spaces W, were only defined for « = m € Nj. However, the choice of the
space only affects the conditions for the operator ¥ solving the Sylvester equation (10a) to be in £L(W,, X.),
and the proofs in [16] can be used as they are once we replace m € Ny with o > 0.

Since 0(A¢) No,(S) = @, we have R(iwy ] — A.)' = X, foralll € {1,...,n;}. Choose n € N such
that ng, < n for all k € Z. Then for any z} € X} with ||z|] < 1 we have

l 1
> (=) (Riwr, A) T Begl, wt)| <Y IR (iwk, A7 Begl ] - ||
j=1 j=1

nk

max{ | Rliwr, Aol | R(iwr, A)™} - 3 1 Bed|
j=1

IN

=

IA

Ny
max{1, | R(iwg, A)"™} - v - [ S [1Bedl |
j=1
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for all k£ € Z. Condition (12) implies that there exists M > 0 such that
max{L, | Rliws, A.) "} _
(14 wi)
for all k € Z. Since by (6) the operator B, satisfies (B egi)k)kl € ?(X.), we have

2
Nk

l
o 2 (2D R, A B )

su
ezl £ (L+wd)* +wk =

j=1
max{1, || R(iwy, A 2" ok
< 3 TS Sl < M Sl <
keZ kez j=1
This concludes the proof. O

If we use the relaxed conditions for the solvability of the Sylvester equation (10a) presented in the above
theorem, we can state the robust output regulation problem mathematically in the following way.

The Robust Output Regulation Problem on W,,. Let o > 0. Find (G1, G, K) such that the following are
satisfied:

e The closed-loop system operator A, generates a strongly stable Cyy-semigroup on X, we have o (A.)N
o,(S) = @, and
sup (14 wi) || R(iwk, Ae)|| < oo. (13)
kEZ
e For all initial states vg € W, and z.o € X, the regulation error goes to zero asymptotically, i.e.,
lim; o e(t) = 0.

e If the parameters (A4, B,C, D, E, F') are perturbed to (A’, B’,C’, D', E', F') in such a way that the
new closed-loop system (A., B.,C.,D.) is strongly stable and it satisfies o(A.) N 0,(S) = @,
and (13), then lim;_, - e(t) = 0 for all initial states vg € W, and x.o € X..

The robust output regulation problem is formulated in such a way that we only consider perturbations
under which the stability of the closed-loop system is preserved. The main reason for studying this type of
’conditional’ robustness is that the problem of determining perturbations preserving the strong stability of
a semigroup is a difficult and largely open problem. In the special case where the semigroup is generated
by a Riesz-spectral operator some classes of finite-rank perturbations preserving the strong and polynomial
stability types of the semigroup have been presented in [17].

Presenting a solution to the above control problem is the main topic of the rest of this paper. The results
presented in Sections 4 and 5 of [16] imply that in order to solve the robust output regulation problem the
dynamic error feedback controller must incorporate an internal model of the infinite-dimensional exosys-
tem (4). In particular, for this it is sufficient to choose the parameters (G1, G2, K) in such a way that the
following G-conditions [16, Def. 5.1] are satisfied.

Definition 9 (The G-conditions). A controller (G, G2, K) is said to satisfy the G-conditions related to the
infinite-dimensional exosystem in Section 2.2 if

R(iwrI — G1) NR(G2) = {0} Vk € Z, (14a)
N(G2) = {0}, (14b)
and
N(iwpI — G5 € Riwp] — G1)  Vk € Z. (14c)
[

Roughly stated, a controller incorporating an internal model of the exosystem solves the robust output
regulation problem if it also stabilizes the closed-loop system. In the following section we outline a procedure
for choosing the controller parameters in such a way that these goals are achieved.
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S Controller Design for Robust Output Regulation

In this section we consider designing an error feedback controller to solve the robust output regulation prob-
lem formulated in the previous section. The results presented in [16] show us that it suffices to choose a
controller which

1. satisfies the G-conditions,
2. strongly stabilizes the closed-loop system,
3. satisfies conditions of Theorem 8 for «.

We consider single-input single-output systems, i.e. U = Y = C, and construct a controller in the case
where the system operator S of the exosystem has at most a finite number of nontrivial Jordan blocks and
the asymptotic part of its spectrum consists of simple and uniformly separated eigenvalues. In particular the
assumptions on the exosystem allow tracking and rejection of continuous 7-periodic functions.

Assumption 10. Assume the following are satisfied.

1. All but a finite number of the eigenvalues o(S) = {iwy }rez of S are simple and have a uniform gap,
i.e., there exists N € N such that

inf — 0
inf lwg, — wi| >0,

where |k|,|l| > N.
2. The pair (A, B) is exponentially stabilizable and the pair (C, A) exponentially detectable.

Unfortunately, these standing assumptions do not yet guarantee the solvability of the robust output reg-
ulation problem. In particular, in order to stabilize the internal model of the exosystem in the controller, we
need conditions not only on the structure of the controller, but also on the choices of its individual parameters.
These additional assumptions are stated in Theorems 13 and 15.

In the course of this section we will also very clearly see that in general the best we can hope for is the
strong stability of the closed-loop system. The reason for this is that internal model containing the copy of
exosystem in the controller must be stabilized with a bounded feedback. If the exosystem has an infinite
number of eigenvalues on the imaginary axis, then the exponential stabilization of the closed-loop system is
in general impossible even if these eigenvalues are all simple [15, Cor. 3.58].

5.1 An Observer Based Controller Satisfying the G-Conditions

In this section we introduce the general structure of the feedback controller we use to solve the robust output
regulation problem. We show that the forms of the parameters guarantee that the controller satisfies the G-
conditions in Definition 9. The remaining parameters of the controller are fixed in Sections 5.2 and 5.3 to
stabilize the closed-loop system and ensure that the conditions of Theorem 8 are satisfied.

The structure of our observer-based feedback controller is specified below.

Definition 11. The parameters of the error feedback controller (G1, Go, K) on the space Z = X x W are
chosen to be of form

where Gy = g € W is such that (g2, ;%) # 0 for all k € Z, and where K; € L(X,C), Ky € L(W,C),
and L € L(C, X). [ ]
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The copy of the operator S in G; is loosely called the internal model of the exosystem in the controller.
As stated by the internal model principle studied in [16], the dimension of the output space determines the
number of copies of the dynamics of the signal generator the controller must contain in order for it to satisfy
the G-conditions. We are only considering systems with a single output, and because of this one copy of the
operator S is sufficient. In the case of a p-dimensional output space we would have to replace the operator S
in G; with an operator GG; copying the dynamics of the exosystem p times [6].

We will now show that if the operators K, K2 and L are chosen in such a way that the spectra of the
closed-loop system and the exosystem are disjoint, then the controller satisfies the G-conditions in Defini-
tion 9. Using the results presented in [16] we can then immediately conclude that with these choices of
parameters the controller solves the robust output regulation problem if the closed-loop system is stabilized
in such a way that 0(A.) N o(S) = @ and the condition (13) is satisfied. The problem of choosing the
remaining operators to strongly stabilize the closed-loop system is the topic of the next two sections.

Theorem 12. Ifo(A.) No(S) = &, the controller (G1, G2, K) satisfies the G-conditions.

Proof. Since g2 # 0 we have that Goy # 0 for all y € C and thus N'(G3) = {0}.
Let k € Z and assume (z,v)”T € R(iwxl — G1) N R(Gz2). Definition 11 then implies that there exist
x1 € D(A), v1 € D(S) and y € C such that

z\  (iwg] — A—BK, — L(C + DK,) —(B+ LD)K,\ (z;\ (-L
v o 0 iwk.I—S (% o Gg Y

The second line of this equation shows that (iw! — S)v; = Gay, and using the structure of the operator S
further implies

<927 ¢Zk>y = <G297 ¢Zk-,> = <(lUJkI - S)Ulv ¢Zk> = (ZLUk - iwk)<vla ¢Zk> =0.

Since (g2, p*) # 0 by definition, we must have y = 0. This also concludes (z,v)” = Goy = 0, and thus
R(zwkl — Ql) N R(gg) = {0}

Let k € Z be such that nj, = di. Let (z,v)T € N(iwyI — G1)® 1. The triangular structure of the
operator G; clearly also implies v € N (iw I — S)% L. Since o(A.) N o(S) = @, we have from [16, Lem.
5.7] that R(iwgI — G1) + R(G2) = Z and thus there exist z; € D(A), v1 € D(S), and y € C such that

v o 0 iwkI— S V1 Gg Y

The second line of this equation further implies v = (iwx — S)v; + Gay. The structure of the operator Sk
implies

dy.
(wpl = Sk) == (- o)),
=
dk 2dk . . dk
(i = Sk)* =Y O (o g =D (kg
j=2 =2 1=3

(iwkI — Sk)dkil = (71)dk"71<'a Zk>¢llm

and finally (iwg — Si,)% = 0. Since we have by assumption that v € A (iwy I — S)% 1, the properties of
the projection P, can be used to further show that

0 = Py(iwp] — S)* v = (iwpI — Sp) % 1w
— (iwkf — Sk)dkfl ((’kal . S)Ul I GQy)

= (i — Sp)% vy + (iwp] — Si) ™ 1Gay = (—1)% 1y (ga, pi*) 1.
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Since (g2, ¢Z’“) # 0, we must have y = 0. This immediately implies

(:5) — (iwp] — G1) (2) € R(iwpI — G1),

and thus N (iwp] — G1)%* =1 C R(iwpI — Gy1). This concludes that the controller satisfies the G-condi-
tions. O

5.2 Stabilization of the Closed-Loop System

We now turn to the problem of choosing the parameters K, K5 and L of the observer-based controller in
Definition 11 in such a way that the closed-loop is strongly stable and o(A.) N o (S) = @. We will first show
that the problem can be reduced to the feedback stabilization of the internal model, which is then considered
separately in Section 5.3. The main result of this section is presented in the next theorem, which also lists the
appropriate choices for the parameters of the controller.

Theorem 13. Choose K11 € L(X,C)and L € L(C, X) such that A+ BK1, and A+ LC are exponentially
stable. Then the Sylvester equation

SHe1 = He1(A+ BKy1) + Go(C + DKyy) (15)

on D(A) has a unique solution H.y € L(X, W) satisfying H.1(D(A)) C D(S).

Denote By = H.1B + GoD and assume Ko € L(W,C) can be chosen in such a way that the semigroup
generated by the operator S + B1 K> is strongly stable and 0(S + B1K3) N o(S) = &. Then for the choice
K1 = K11 + KoH,1 the closed-loop system is strongly stable and o(A.) N o(S) = @.

We will first consider the solvability of the Sylvester equation in the theorem. We will also need a similar
result later in Section 5.3. For this reason, the following lemma is presented for more general operators A
and G in place of A + BK7; and G2(C' + DKq1), respectively.

Lemma 14. Assume that A B D(fl) cX X generates an exponentially stable semigroup on a Banach
space X and that G € L(X,W). Then the Sylvester equation SH = HA + G has a unique solution
H € L(X,W) satisfying H(D(A)) C D(S). The operator H is given by
ng
H= (. H' = H, )" Ho=Y (-1)"'J5 PGR(iw, A),
=1

where J,, € L(span{¢’}* ) is an operator corresponding to a single ny x ny, Jordan block with eigen-
value 0.

Proof. Since A generates an exponentially stable semigroup and since the growth bound of the semigroup
generated by —S polynomially bounded, we have from [19] that the Sylvester equation has a unique solution
H € L(X,W)and H(D(A)) C D(S). It remains to show that the given operator H is such that H(D(A)) C
D(S) and that it satisfies the Sylvester equation.

It is easy to see that H € E()N(, W). We will now show that if we denote H, = P, H, then for all k € Z
the operator H satisfies

SpHyp = Hy A+ Gy, (16)

To this end, let k € Z and = € D(A). Since Sy, = iwp Py + Jn, , Riwy, A) Az = —z + iwy R(iwy, A)x, and



5 CONTROLLER DESIGN FOR ROBUST OUTPUT REGULATION 17

since Jy* = 0, a straightforward computation shows
Nk Nk
Ska{,C — H}c/i.’l,' = Z(—l)l_lSkalzlPkéR(iwk, A)ll‘ — Z(—l)l_nglPkéR(iwbfl)lflx
1=1 =1
ngk 5 5
= > (=1 Mw )t + T ) PeGR(iwg, A)'x
=1
Nk _ _ N
-3 (-)-pG (—R(iwk,A)l* + ika(iwk,A)l> z
=1
nkfl B N _
= > (-1)'7'J}, PeGR(iwy, A + Z DL PG R iwy, A) e = PG
=1
This concludes that the given operator H satisfies (16) for all & € Z.
If x € D(A), then we can use (16) to show that

S ISkHz|? =Y |[SeHex|? = > | HyAx + PoGa|® <2 | PeHAz|* +2) || PGz < oo
kEZ kEZ keZ keZ keZ

since HAz € W and Gz € W. By definition this means that H2 € D(S). Since = € D(A) was arbitrary,
this concludes H(D(A)) € D(S).

Finally, the equations (16) and H(D(A)) C D(S) together with the properties of the operator S imply
that for all - € D(A) we have

SHe =" SyPHe =Y (PHAz + PGa) = HAz + Ga.
kEZ keZ

This concludes the proof. O

We can now complete the proof of Theorem 13 by showing that if the parameters of the controller are
chosen as suggested, then the closed-loop system is strongly stable and o(A4.) N o (S) = @.

Proof of Theorem 13. The solvability of the Sylvester equation in the theorem follows directly from Lemma 14.
If the feedback controller has the structure described in Definition 11, the system operator of the closed-
loop system is given by

LC’ A+ BK; + LC BK»s

) BK; BK,
GQDKl S+ GZDK2

A — A
¢ \GC g1+92DK

If we choose a similarity transform @, € £(X x X x W, X x W x X) in such a way that

I 0 0 I 0 0
Qe = 0 O I and e_l - 1 0 1 )
-1 1 0 0 I 0
we can then define an operator A, on the space X x W x X by
) A+ BK; BK, BK;
Ao =Q.A.Q; ' = [ Go(C + DK;) S+ GoeDKy GoDK;
0 0 A+ LC

It is well-known that A, generates a semigroup, and that this semigroup is strongly stable if and only if the
semigroup T, (t) generated by A. is. The triangular structure of A, further implies that since A + LC' is
exponentially stable, this operator generates a strongly stable semigroup if the operator

- ([ A+BEK BK, \_ (A 0 B
Aer = <G2(0+DK1) S+G2DK2> = (ch S) i <G2D> (K1 Ks)
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is strongly stable [6, Lem. 20]. Using K1 = K1, + K9 H.1 shows that

- [ A+BK; 0 B
Ael - (GQ(C+DK11) S) + (G2D> (KQHel KQ) .

We can now use the solution H.; of the Sylvester equation in the theorem to choose a similarity transform
Qe1 € L(X x W) satisfying

(I 0 L (I 0
Qel - <Hel I) ) Qel - <_Hel I> .

A direct computation shows that since H,; is the solution of the Sylvester equation, we have

0 A+ BKqy 0 Q,l B A+ BKq 0
4\ Gy(C+DKy) S

el — Hel(A+BK11)+G2(C+DK11)*SHel S
_ [(A+BEK; 0
o 0 S/

Therefore, if we denote B1 = H.1 B + G2 D and define A.qy = Q¢ flengf, we then have

~ _ A+BKq;; O B
Aol = Q1A Q' = ( 0 S) + (HelB N GgD) (KQHel — KoHy K2)

_ (A+ BKnp, BK,
- 0 S+ B1 Ky

Since the operators A + BK7; and S 4+ B K> generate exponentially and strongly stable semigroups, re-
spectively, the operator A.; generates a strongly stable semigroup [6, Lem. 20]. Using this and the earlier
arguments we can conclude that the closed-loop system is strongly stable.

The operator K5 was chosen in such a way that (S + B1 K») N o(S) = @, and since A + BK1; and
A + LC are generators of exponentially stable semigroups, we also have

0c(A+ BKi1)No(S) =2 and c(A+LC)No(S) =o.

We can now use properties of triangular block operators and the similarities between the operators to deduce
that

0(Ae)No(S)=2 = ola)noS) =0 = 0'(1216) No(S)=g = odd.)no(S)=2.

This concludes the proof. O

5.3 Stabilization of the Internal Model

In this section we complete the construction of the controller by stabilizing the internal model in the opera-
tor G;. Our main goal is to choose a feedback Ky € £(W, C) in such a way that the operator

S+ B1Ky

generates a strongly stable semigroup on W. Here By = H. 1B + G2 D, as was defined in the proof of
Theorem 13, and H.; is the solution of the Sylvester equation (15). For choosing a suitable operator Ky
we use pole placement of an infinite spectrum [28, 8, 30, 22]. This approach allows us to directly verify
that the condition o (S + B1K2) No(S) = @ is satisfied, and subsequently to derive asymptotic estimates
for the behavior of the resolvent of the closed-loop system. We will see in Section 5.4 that such asymptotic
estimates concerning the closed-loop system are essential to determining on which of the scale spaces W,
the controller solves the robust output regulation problem.

The first one of the conditions in Assumption 10 means that there exists a finite set /g C Z of indices and
a constant d > 0 such that n, = 1forall k € Z \ Ig and

lwr —wi] >d>0
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for k,l € Z \ Is such that k # [. The operators S, By and K’ can therefore be decomposed into

Sy 0 By
S=(O S) Blz(B), Ky = (Kj K;) (17)
according to the decomposition W = W/ x W of the state space of the exosystem, where

wf = span{ (MC ‘ kelg,l=1,...,n }, Wi = span{(b,lg}kez\ls.

The labels * f* and *i’ stand for ’finite’ and ’infinite’ parts of the spaces and operators. The parts Sy, By and
K are operators on finite-dimensional spaces and S; is an infinite-dimensional diagonal operator

Sww= Y iw(v,di)dr, D) ={veW' | Y wilfv,4p)] <oo}.

k€Z\Is keZ\Is

Our standing assumptions concerning the spectrum of the exosystem also imply that we can assume the
frequencies to be ordered in such a way that wy, < w; for all k,1 € Z \ Ig such that k& < [. For notational
convinience we also assume 0 € Ig.

Theorem 15 below shows us the final conditions required to strongly stabilize the closed-loop system in
such a way that o(A.) N o(S) = @. To express these assumptions we need the complex-valued function
Pk (+) defined by

Pg(A\) =(C+ DKy )R\, A+ BK1)B+ D (18)

for all A € p(A + BKj1). This function is the transfer function of the original plant after being stabilized
with an input u = K112 + . It is well-known that the invertibility of a transfer function is preserved under
this type of feedback. Because of this, our assumption on the invertibility of the operators P(iwj) made in
Section 2 also implies that we have Pk (iwy) # 0 for all k € Z.

Theorem 15. Assume there exist 3, ¢ > 0 such that
. c
| Prc (icor )| - [(g2, 90| > %P (19)

Sor large enough |k|. Then the operator Ko € L(W,C) can be chosen in such a way that the semigroup

generated by the operator S + B1 Ks is strongly stable and o(S + B1K3) No(S) = @. Furthermore, for
1 . . .

any vy > 3 + 5 the operator Ky can be chosen in such a way that the asymptotic behavior of the resolvent of

the closed-loop system satisfies

[ R(iwr, Ae)ll = O (IK[") -
Proof. We begin by showing that the pair (S, By) of finite-dimensional operators is controllable. Since the
matrix Sy consists of Jordan blocks, it is sufficient to show that (B, ¢;*) # 0 for all k € Is. Using the
formula By = H.1 B + G2 D, Lemma 14 and (18) we have

(B1,¢;") = (HpB + G2D, ¢}.")

Nk
- <Z(1)lngk1PkG2(c + DK,1)R(iwy, A+ BK1,)'B, ¢;;k> + (g2, o}*)D

=1
K

Nk
=> [(—1)l—j<J,l;1gz, #)(C' + DK11)R(iwg, A + BKH)IB} + (g2, 4" ) D
=1

= (92, 9" )(C + DK11)R(iwg, A+ BK11)B + (g2, ¢ *) D

= (92, 9" ) P (iwy) # 0
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for all & € Z. This concludes that the pair (S, By) is controllable. Since these are finite-dimensional
operators, we can now choose an operator K sy € £L(W7, C) in such a way that Sy + B K y1 is exponentially
stable.

Since S; is a diagonal operator, we can clearly use Lemma 14 to show that the Sylvester equation

S;H = H(Sf + Bfol) + BZ'Kfl
has a unique solution H € L(W/, W) satisfying

Hv= Y (BiKpjR(iwg, Sy + ByKp)v, 61) 61
ke€Z\Is

for all v € W/. We now choose K ; = K1 + K; H. In this notation we have

_(Sy+BsKp 0 By , _
S+BlK2_( Bikp s + g, (K;H K;),

and as in the proof of Theorem 13 we can use the fact that the operator H is the solution of the Sylvester
equation to show

I 0 I 0\ Sf—|-Bfo1 0 By . 4 4
(H [>(S+B1K2) (H [>—< 0 S¢)+(H3f+B7; (KzH—KZH KZ)

(S +ByKn By K;
_< 0 Si+ ByK, ) 20)

Here we have denoted B = HBy + B; € L(C,W?"). For any u € C we have

Byu=(HB;+Bu= Y. (Bi(KpR(iwx, Sy + ByKp)Bru+u), 6} )0}
k€Z\Is

= Y (KpR(iwy, Sy + ByKs1)Bpu + u)(Bi, ¢4 ) 4. (21)
kET\I

The above formulas imply that since Sy + B;K; is exponentially stable, the operator S + B; K5 can be
stabilized by choosing K; € L£(W?, C) in such a way that S; + By K; generates a strongly stable semigroup
on W* [6, Lem. 20].

We will choose operator K; using pole placement of an infinite spectrum [28, 25]. Let v > § + % and
choose

1

_W + 1w

M =

for k € Z\ Is (recall that we assumed 0 € I). In particular we will show that we can choose K; € L(W?, C)
in such a way that o(S; + B2 K;) = {1} and the operator S; + B2 Kj; is a strongly stable Riesz-spectral
operator with at most finite number of nonsimple eigenvalues. Denote

d = inf — > 0,
;&Hwk wil

where k,1 € Z\ Is. For all A € C such that dist (), iwy) > 1d we have

2

<B2a¢llc> 3

3
A2 TR < 2 Bs, o) [? < Z||1Bs|)? 22
Z N | S d Z (B2, ¢%)] _dH 2[|" < oo, (22a)
kEZ\Is kEZ\Is
2
<B23¢]1€> 1 1\|2 1 2
TR < 2 B < -|B . 22b
D | i S 7 2o [Baobl < Bl < oo (220)
keZ\Is keZ\Is

k£l k£l
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Our next step is to derive an asymptotic lower bound for the behavior of the terms |(Bz, ¢}.)|. We can
first observe that we must have K 1 R(iwy, Sy)By # 1forall k € Z \ Ig, since otherwise we would have

(iwkI - Sf - Bfol)R(iwk, Sf)Bf = (zwkl - Sf)R(iwk, Sf)Bf - BfolR(z'wk., Sf)Bf = 0,
ie., iw, € 0(Sy + ByKy1). This, however, is impossible since Sy + By K is exponentially stable. The
application of the well-known Sherman-Morrison formula therefore implies

1

K R(iwg, Sy + ByKp)By +1 =
pR(iwr, Sy + By K1) By + = Ky Rlian, S;)B

£0
f

forall k € Z \ Is. On the other hand, using the form of the operator By = H.; B + G2 D and Lemma 14 we
can see that for k € Z \ I

(B;, o) = (B1,¢},) = (Go(C + DK11)R(iwy, A + BK11) B + G2 D, ¢},) = (g2, b3,) Prc (iwy,).

By Definition 11 and the property Pk (iwy) # 0 we also see that these terms must be nonzero for all k£ €
Z \ Is. These together with the formula (21) for the operator Bs imply that forall k € Z \ Ig

(Bz, ¢p) = (Kp1R(iwk, S§ + By K1) By + 1)(Bi, ¢3) # 0. (23)
Furthermore, since the norms || R(iws, Sy)|| decay to zero as |k| — oo, have an estimate
(B2, 61)| = |(Kj1 R(iwk, Sy + By K1) By + 1)| - [{g2, 63) Pic (icwr )|

[(g2, &})| - | Px (iwp,)| |(92, #%)| - | Px (iwg)| 1 .
- > - — , | Pre (1w
2 T4 (K1 RGiwon, 5,)B;] 2 T+ TRl | RGiwn, 5] 155 = 31092 00 - Pic )]

for all k € Z \ Ig with a large enough |k|. Our assumption (19) finally implies that there exist a constant
¢ > O such that for all k € Z \ Ig with a large enough |k|

1 , _
(B2, 61| = 5 (g2, 01| - [P (iwr)| > lk| =7
and thus for a large enough N € N we also have

Mg — iw — iwy |?
2 B

|k|>N

1 1
2 k|2 < 07 Z |k|2v B < (24)

since 2(y — ) > 1.

Since the conditions (22), (23), and (24) are satisfied, we have from [28, Thm. 1] that there exists an
operator K; € L(W?, C) such that S; + By K; is a strongly stable Riesz-spectral operator with eigenvalues
{itr } ez 1 and at most finite number of these eigenvalues are nonsimple. Since

O'(S + Ble) C O'(Sf + Bfol) U O'(Si + BgKi) = O'(Sf + Bfol) U {,uk}kez\js

where Sy + By K is exponentially stable, we have that o (S + By K2) No(S) = @. This concludes that the
internal model can be stabilized using a bounded feedback K. The infinite part of this operator is obtained
by choosing K; = (-, h), where h € W is given by

> hih,

keZ\Is
— Mg — iwg W — 1 ) 1
R | (1+imo—0):
(B2, 01) lell_\[Is iwy, —iw k[ (B2, &) lelz_\ljs 1 (wi — wk)
l#k £k

In the remaining part of the proof we derive the estimate for the asymptotic behavior of the resolvent of
the closed-loop system. To estimate the resolvent operators of the various composite operators we will use
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the fact that if X; and X5 are Banach spaces, and if A1; € £(X1), A12 € L(X2, X1) and A € L(X3), we
then have

A A1 A1 A
(o A | < anl+ 0wl + 0142 + 1) e5)

This follows directly from the estimate

Au - Audiode o < ||A11$1 + A11A12A22$2H + ||A22$2||
0 Ago T2

< (Nl |l + [Jz2ll) (JALLl + A1 || Ar2][[| A2zl + [ A22]])
X

< (x) maxc{ Asall, 1H([Aw | (1 + [ Aza]) + | Aszl)
X

< 1(5) 1A+ DAl + DAzl + 1)

Here we used the norm ||(21, )7 || = ||z1]| + ||22|| on the composite space X x X5. A different choice for
the norm would have only resulted in a constant A/ > 0 on the right-hand side of the estimate in (25).

We will start with the asymptotic behavior of R(iwg, S; + B2K;). The fact that S; + B2 K; is a Riesz-
spectral operator and all but a finite number of its eigenvalues are simple implies that there exists an isomor-
phism Q; € L(W?) such that

fin
Si+ BaKi = Q; <Si0 Szf) Qi ',

where S,L-f " is a finite-dimensional exponentially stable operator and Sf”f = diag(px)x|>n for some N € N.
This means that the resolvent operator of S; + Bs K; satisfies

‘ R(iwy, SI™) 0 1
i + B2 KG)|| = || Qi !
|R(iwg, S; + B2K;)|| HQ < 0 (zwk,Smf) Q;

< 1 QuINQT 1 - max { [ R, ST | Reiwon, 571§

forall k € Z \ Is. For k € Z with |k| > N the norm of R(iwy, Sif ™) is uniformly bounded and
1

szk,Smf P —
I1R( e —

= [k
This immediately implies
| R(iwg, S; + B2 K;)|| = O(|k|7).

We can now turn to considering the asymptotic behavior of the resolvent operator of .S+ By K». Similarly
as in the derivation of the estimate (25) we can easily see that

I 0
|G 9)| = v+ ue umm =+

Using this and (20) we see that the resolvent of the stabilized internal model S + B K satisfies

[ R(iwk, S + B1 G|

2 R(iwk,Sf +Bfo1) (Zwk,Sf—FBf)BfK R(iwy, S; + B2 K,
< (i + 22 ( ANy
< (IH1 +2°(I1Bs Kill + D (I1R(iwr, Sy + By K p1)l| + D(|[R(iwn, Si + B2K3)|| + 1)
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Since || R(iwy, Sy + By Ky1)| is uniformly bounded with respect to k € Z \ I, this estimate implies
([ B(iwr, S + B1Ks)|| = O([k[7).

This, in turn, can be used to estimate the behavior of the resolvent R (iwy, flel). Using the definition of the
operator A, in the proof of Theorem 13 and the estimate (25), we obtain

1R (iwr, Ac)|| = Q' R(iwk, Aer) Qe |

—1 R(iwk,A+BK11) R(iwk,A+BKH)BKQR(iwk,SJrBlKg)
< ||Qel ”HQelH 0 R(iwk,S—f— BlKQ)

< QA N Qerll(l| Rliwr, A + BE 1) + 1)(|BKz2|| + 1) (|| R(iwk, S + BiK2)|| +1).

Since A+ BK7; generates an exponentially stable semigroup, the terms || R(iwy, A+ BK11)|| are uniformly
bounded with respect to k£ and thus

IR(iwx, A1) | = O(|k[).

Finally, we can estimate the behavior of the resolvent operators R(iwy, A.) of the closed-loop system. Simi-
larly as above, we can use the definition of the operator A, in the proof of Theorem 13 and the estimate (25)
to show

|R(iwn, Ae)l| = |Q* Rliwy, Ae) Qe

. ~ . P B .
< fart g (A Rk o) () it 420 H
0 Rliws, A + LC)

< 102 Rt Al + 1 (| (2) 1

+ 1) (I1R(iwk, A+ LO)|| + 1).

Since A + LC' generates an exponentially stable semigroup, the norms || R(iwy, A + LC)|| are uniformly
bounded with respect to k € Z. Because of this, the previous estimate implies

[ R(iwr, Ae)|| = O(K]").
This concludes the proof. O

Remark 16. Since there is some freedom in choosing the parameter Gy € L(C, W) of the controller, Theo-
rem 15 concludes that the stabilization of the internal model can be achieved using bounded feedback when-
ever the values Px (iwy,) of the transfer function of the stabilized plant decay to zero at a rate that is at
most polynomial. Moreover, it also shows that this rate is reflected in the behavior of the resolvent of the
stabilized closed-loop system at the eigenvalues iwy of the exosystem. For finite-dimensional systems the
assumption on the polynomial decay of the transfer function is always satisfied. However, in the case of
infinite-dimensional systems the situation is more complicated, and in particular the values of the transfer
function can approach zero at a faster rate even in the case of well-behaved systems.

5.4 The Solvability of the Robust Output Regulation Problem

We conclude the study of our observer-based controller by determining on which of the scale spaces W,
it solves the robust output regulation problem. Theorem 17 in particular shows that, provided the values
P (iwy,) considered in the previous section approach zero at a rate that is at most polynomial, such a scale
space always exitsts. We also show a concrete connection between the rate of this decay and the smoothness
of the exogeneous signals the controller is capable of tracking and rejecting. We conclude the section by
discussing possibilities of relaxing our standing assumptions on the spectrum of our exosystem.
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Theorem 17. Assume there exist constants 3, c > 0 such that
| P (iwr )| - [(92, d5) | > W

Sor large enough |k|. If the parameters of the controller are chosen as described earlier in this section for
somey > [+ % in Theorem 15, then the controller solves the robust output regulation problem on W.,.

Proof. We will first verify that condition (13) is satisfied for & = . Theorem 15 and our assumption that all
but a finite number of the eigenvalues of S have a uniform gap imply that there exist constants N € N and
¢, M > 0 such that

| R(iws, Ae)|| < M|k|* and |wg| > c|k|
for all k € Z with |k| > N. For all such k € Z we thus have

||R(io.)k,Ae)||2 M2|k‘\2a M? |k\2a M?
< <— == <o,
(1 _|_w12€)a — (1 +C2k2)a - c2a |k‘2a c2a

which concludes that condition (13) is satisfied.
Since 0(A.) N o(S) = @ and since by Theorem 12 the controller satisfies the G-conditions, Theorem 8
and the results in [16] conclude that the controller solves the robust output regulation problem on W.,. O

The above theorem also illustrates a close connection between the asymptotic behavior of the values
Pr (iwy,) of the transfer function of the stabilized plant and the minimal smoothness of the signals our con-
troller is capable of tracking and rejecting. In particular this is visible in the case of T-periodic reference and
disturbance signals generated by a diagonal exosystem with frequencies

2rk
(Wk)kez = (> .
T Jkez

Combining Theorems 17 and 5 shows us that for such exosystems and the above choices of parameters our
controller is guaranteed to track and reject 7-periodic signals belonging to the space HI;YGT(O7 7).
The applicability of Theorem 17 has an evident limitation arising from the fact that since the parameter

G2 of the controller is a bounded operator, we necessarily have

> g2, ¢} < oo. (26)

keZ

This immediately implies that regardless of the behaviour of the transfer function Pk (-) of the stabilized
plant, the constant 3 in the theorem is always larger than % Therefore it is impossible to use our results to
guarantee the existence of a controller solving the robust output regulation problem on the space W,, for any
a < 1. In principle this restriction could be overcome by allowing the input operator G2 of the controller to
be unbounded, e.g. G3 = g» € W_1, where the Hilbert space W_; is defined analogously to W, for a > 0
(see [3, Sec. 11.5] for details). For such operators it is possible that [{g2, ¢%)| > ¢ > 0 for some ¢ > 0 and for
large |k|. Then, if in addition | Pk (iwy, )| were bounded away from zero at infinity, we could choose 5 = 0 in
Theorem 17, and the robust output regulation problem on W, would be solvable for any v > %

However, unbounded input operators G5 of the error feedback controller are not covered by the present
theory. Such classes of controllers would in particular require additional standing assumptions to ensure that
the controller and the closed-loop systems have well-defined states [26].

We have assumed that all but a finite number of the eigenvalues of S have a uniform gap. However, this
particular assumption is not crucial to the construction of the observer-based controller, and can be relaxed
at the cost of added complexity in the results. In particular the same methods can be applied if the infinite
part of the spectrum of S consists of simple eigenvalues having no finite accumulation points, and if we have
a polynomial bound for the rate at which the neighboring eigenvalues approach each other as they approach
infinity. In the stabilization of the internal model S + B; K5 we would only need to modify the conditions
affecting the convergence of the series in (22). If the eigenvalues of S do not have a uniform gap, it is clear
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that we need to add a requirement that the terms |(Ba, ¢ )| approach zero fast enough as |k| — oc. Since
we have seen in the proof of Theorem 15 that for large |k| these terms behave like | (g2, ¢1.)| - | Pr (iwy)], the
condition could be expressed as a requirement that the asymptotic decay of these terms is sufficiently fast.

On the other hand, if we have knowledge that the eigenvalues of S approach infinity faster than at a
constant rate as |k| — oo, we can use any known bound for this rate to improve the results in Theorem 17.
More precisely, if there exist constants 17 > 1 and ¢ > 0 such that for large |k| we have

lwk| > c|k|", 27)

it is then easy to show that our controller in fact solves the robust output regulation problem on W, for
a = ~y/n. In this situation the infinite part of the spectrum of S still has a uniform gap, and the controller can
constructed exactly as described in the earlier sections. Therefore we only need to verify that condition (13)
is satisfied. This, however, is easily done using (27), since for all k£ € Z with large enough |k| we now have

|RGw, A)> _  MKPY M2 kP M
(1+Wi)a — (1+02|k|2n)(1 — 020‘ ‘k|2om - 020‘
In the next section we will study a concrete example on choosing the parameters of the controller to

achieve robust output regulation and disturbance rejection of signals generated by an infinite-dimensional
exosystem.

6 Robust Controller for a Scalar System

We conclude the paper with a detailed example concerning the construction of robust controllers. To illustrate
the use of the theoretic results we consider the problem of steering the output of a scalar system to the
reference signals generated by an infinite-dimensional exosystem. We use the methods presented in the
earlier sections to strongly stabilize the closed-loop system. We will then see that the use of these particular
methods allows us to easily determine the values of a > 0 for which the controller solves the robust output
regulation problem on W,,.

We consider the robust control of a scalar system of form

z(t) = ax(t) + bu(t), z(0) =x9 € C
y(t) = cx(t) + du(t)

on the space X = C. We consider the single-input single-output case and assume b # 0 and ¢ # 0. Since the
infinite-dimensional exosystem want to consider has 0 € 0,(.5), we must also require a # 0.
As the signal generator we choose an infinite-dimensional exosystem

0(t) = Sv(t), v(0) =vo e W
Yref (8) = Fro(t)
capable of generating the step signal depicted in Figure 1. This signal is of form
yref(t) =t+ yO(t)7

where y(+) is the triangle signal from Figure 2.
On the interval [0, 2] the function yo(-) can be defined as

Yo(t) =

t 0<t<m
—t+7m w<t<2m

and its Fourier series representation is given by

T
_ ikt _ ikt _
yO(t) - };ezake ) ag = % o yO(t)e dt = { 7(ei7rk 1)2
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0 o Ar 6m 0 ‘ o ‘ dr ‘ 67

Figure 1: The signal yo(t) + . Figure 2: The triangle signal.

This shows that yo(-) can be generated by a diagonal exosystem with frequencies iwy, = ik for k € Z. Also,
since aj = 0 for all even k # 0, we could have also decided to leave out the corresponding frequencies. We
have

itk 1|4

S A+E) arl> => 1+ k2)57|€4 T <
kEZ kEZL d

if and only if 3 < 2, and thus yo(-) € Hgm,(O, 2m) precisely if + < 8 < 2.

The signal ¢ can be generated using a single Jordan block associated to an eigenvalue iwg = 0. We
therefore choose the state space of our exosystem as

W = span{dy, ¢¢, {on vz (0} }

and the system operator S as
S=(.d0es+ Y ik(ordor,  DES)={veW| Y K <oco}.
kezZ\{0} kez\{0}
A direct computation shows that the reference signals generated by the exosystem are of the form

Fro(t) = (vo, 66) Fropp + (vo, 63) (EFrd + Frd) + > €™ (v, dk) Frbr
keZ\{0}

and that the reference signal in Figure 1 can be generated by choosing F,. € L(W,C) and vy € W as

1
Fgp=1, Fg5=0,  Fop=1, Vk#0

(eikﬂ' _ 1)2

k )
27k k70

(W0, 68) = =, (00,02 =1, (vo,dx) = —

2’

For this choice of the initial state we clearly have vy € W, forall & < % Using Theorem 6 we see that since
yo(-) € H{fw(o, 27) for § < %, it would have been possible to choose the parameters of the exosystem in
such a way that vy € W, for @ < 1. In this example it would not have been possible to achieve higher «
without losing the property

Nk
S S IFGLP < .
keZ l=1

Similarly as in Example 7 it is easy to see that if v > 1 then this exosystem is capable of generating all
reference and disturbance signals of the form

Yrer (1) = Y1t + 9o (1),

where y; € Cand yo(-) € HQW(O7 27) with appropriate choices of the initial states vg € W,_1.
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The operator .S has eigenvalues iwj, = ik for k € Z and the only nontrivial Jordan block in the exosystem
is the 2 x 2-block associated to iwg = 0. The transfer function of our plant is given by

PV =P 44

for all A # a. We assume the parameters of the plant are such that P(iwy) # O for all £ € Z. In particular
this requires that ad # bc.

For these choices of parameters the system and the signal generator satisfy the conditions stated in As-
sumption 10. We can therefore use the method presented in Section 5 to construct a controller solving the
robust output regulation problem.

6.1 Choosing the Parameters of the Controller

We can now choose the first parameters in the operators (G, G, K) of the controller. As the stabilizing
feedback and output injection of the pairs (A, B) and (C, A), respectively, we choose

1
Kllz—az s =4 A+BK11=—1
1
L= &  AtIC=-1
C

The values of the transfer function Pk (+) of the stabilized plant at the eigenvalues iwy, = ik of the exosystem
are then given by
. bc — (a+1)d be + (ik —a)d
i (1) ik+1 ik +1

We choose the parameter G2 = g2 € W of the controller as
9 1
g2 = ¢y + Z quk
k#0

This operator clearly satisfies the requirement that (g2, ¢;.*) # 0 for all k € Z.
By Lemma 14 the Sylvester equation SH = H(A 4+ BKi1) + G2(C + DK;1) has a unique solution
H., € L(C,W) given by

Hey = Hygg + Hydp + > Hior,

k+£0
where
Hy = @?%) - Z( 1)t (8 é)l_l (?) (C 4+ DK11)R(0, A + BK1;)!
=1

o | () =0 3 5) () (=) |
_ (C_ (a—l;)l)d) (—11>

and

Hy = (92, ¢)(C + DK11)R(iwg, A+ BK11) = (C— (a—zl)d) |k|12/3 ' Z'ki-].

for all k£ # 0. As was also implied by Lemma 14, we clearly have H.; € D(S).
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6.2 Solvability of the Robust Qutput Regulation Problem

We will first estimate the asymptotic behavior of (gs, ¢x) and Pk (ik) to be able to determine the scale spaces
W, on which it is possible to solve the robust output regulation problem. Using the formulas for these terms
we see that for all k # 0 with a large enough |k| we have

. 1 |be—(a+1)d 1 lbe — (a + 1)d|
- | Pr(ik)| = d > —— | |d - ———F—F—F—7"—].

This immediately implies that if d # 0, then the conditions of Theorem 17 can be satisfied for 8 = 2/3 and
if d = 0, we can choose 8 = 5/3. The results presented in Section 5 thus show for any o > 8 + % the
parameters of the controller can be chosen in such a way that the robust output regulation problem is solved
on W,,. In particular this suggests that, even if d # 0 (in which case o > % + % = %) Theorem 17 does
not guarantee that we can choose the parameters of the controller to asymptotically track the step signal in
Figure 1, since this reference signal is generated with an initial state vy ¢ W /5 of the exosystem.

In the following we will assume d # 0 and stabilize the closed-loop system in such a way that the robust
output regulation problem is solved on W, for & = 4/3. Due to the properties of the exosystem the controller
will then be able to steer the output of the scalar system to any reference signal

yref(t) = ylt + y()(t)a

where y; € Cand yo(-) € H;!E’(O, 2m).

6.3 Stabilization of the Internal Model

The decomposition of the internal model in the controller into exponentially stabilizable and diagonal parts
can be done by choosing Is = {0}. We then have

Q) e (5 (o (- ()

and pair (Sf, By) is stabilizable, since we have previously assumed ad # bc. The infinite-dimensional
diagonal part of the internal model is given by

Si=Y ik dr)pr,  D(S) ={veW | K|(v, ) <o}
k#0 k#0

. bc + (ik —a)d 1
Bi = (g2, ) P (iwr)dr = » zl(f 1 ). TG “ Pk
) k0

We will first stabilize the pair (Sy, By) with a feedback K 7. For this purpose we will choose

1

Kn = e =57 (2(

ad — be), 5(ad — be) + 2d) .
It is well-known that since o(Sy) = {0}, a value A # 0 is an eigenvalue of Sy + ByKy if and only if
KpiR(\, Sp)By = 1. A direct computation shows that

1 Al 3X+2 A +33+2 (A+2)(A+1)
1 —KflR(A,Sf)Bf =1- FKfl <0 >\> Bf =1+ 2 = 2 = 2 ,

and therefore o(Sy + By K1) = {—1, —2}. This concludes that Sy + B¢ K i is exponentially stable.
From the proof of Theorem 15 we have that for & # 0

Py (ik
(B2, ¢n) = (Kj1R(ik, Sy + By K1) By + 1)(Bi, o) = 7 —<g[§;?§%>(i£(;f))3f

1 be+ (ik—a)d k> B _|k:|4/3(bc+ (tk — a)d)

kPR ikt (ik + 2)(ik + 1) (ik + 1)2(ik + 2)
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As in the proof of Theorem 15, we choose the feedback operator K; = (-, h) as

h=">"hibx,

k0

where we choose the parameter v = 4/3 and

— 1 . 1 _ (ik + 1)2(ik + 2) ; 1
M= o (” |l|4/3<wl—wk>> B e+ (h— o) L (H |Z|4/3<Z—k>)'

10,k 10,k

For these choices of the parameters Theorem 15 shows us that the resolvent operator of the closed-loop
system has asymptotic behavior

|R(ik, Ac)|| = O(|k[*/?), (28)

and by Theorem 17 the dynamic error feedback controller solves the robust output regulation problem on W,
with o = 4/3.

6.4 Robustness Properties of the Controller

The results presented in Section 5 now imply that the feedback control law we have constructed is capable of
tracking reference signals and rejecting disturbance signals despite perturbations to the parameters A, B, C,
D, E, and F of the system as long as the strong stability of the closed-loop system as well as the solvability
of the associated Sylvester equation are preserved. In particular this allows such changes and uncertainties in
the parameters a, b, ¢, and d of the plant for which the stability of the closed-loop system is preserved, the
condition o(A.) N o(S) = @ remains valid, and for which the resolvent operator of the closed-loop system
still has the asymptotic behavior (28).

As we already mentioned, the chosen controller is capable of steering the output of the scalar system to
any reference signal of the form

Yrer (1) = Y1t + 9o (1),

where y; € C and yo(-) € H;e/f} (0, 27). The robustness of the controller with respect to perturbations to the
operator F). further enlarges this class of signals. Since this operator (and the operator £) do not appear in
the system operator A, of the closed-loop system, they do not affect the stability of the closed-loop system
or the condition (13) guaranteeing the solvability of the Sylvester equation. This means that the operator F;.
can be replaced with an arbitrary operator F!" as long as it satisfies the condition (F’¢x) € ¢?(C) imposed
on the parameters of the infinite-dimensional exosystem. Therefore a similar reasoning as in Example 7
shows us that our control law is actually capable of tracking any reference signal of the above form with
yo(-) € H},,.(0,27) fory > T — 4 = L.

The same conclusion also applies to the perturbations to the operator £ = 0. This means that even though
we were initially not interested in rejecting disturbance signals affecting the state of the plant, our controller
is still capable of handling any such signals generated by the infinite-dimensional exosystem with an output
operator E € L(W, C) satistying (E¢y )i € £2(C).

7 Conclusions

In this paper we have studied the robust output regulation problem for distributed parameter systems and
infinite-dimensional exosystems capable of generating polynomially increasing signals. In particular we
solved the problem of strongly stabilizing the closed-loop consisting of the plant and the robust observer-
based error feedback controller. This problem had been left open in a recent paper [16], where the internal
model principle characterizing the controllers solving the robust output regulation problem was extended to
distributed parameter systems.

We also analyzed in detail the classes of signals generated by an infinite-dimensional nondiagonal ex-
osystem. In particular we showed that for periodic signals there is a direct connection between the choice
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of the initial state of the exosystem in a scale space W, and the level of smoothness of the generated sig-
nals. This connection could be further extended to show that knowledge on the smoothness properties of
the exogeneous signals can be used to weaken the conditions required for the solvability of the robust output
regulation problem.

Further research topics include allowing the input and output operators of the systems to be unbounded
and considering signal generators that do not necessarily have pure point spectrum. In particular, unbounded
input operator G, in the dynamic error feedback controller could potentially allow tracking and rejection of
signals with lower levels of smoothness, as was discussed in Section 5.4.
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