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ABSTRACT

In this thesis, robust and model predictive control are considered for boundary
control systems. In terms of robust control, the existing results, especially the
internal model principle, are generalized to cover this class of systems. The concept
of approximate robust regulation for boundary control systems is presented, as,
due to the internal model principle, in practice it is not possible to construct an
exact robust regulating controller if the output space of the controlled system is
infinite-dimensional. A practical controller design is presented to achieve robust

regulation in this approximate sense.

Model predictive control (MPC) is considered for the class of regular linear systems
which includes regular boundary control systems. The continuous-time system is
approximated by a discrete-time one by using the Cayley-Tustin transform, and
MPC is considered for the discrete-time system. Stability and optimality are proved
for the proposed discrete-time MPC designs, which extends the corresponding finite-

dimensional MPC designs to the class of regular linear systems.
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TIHVISTELMA

Téssé vaitoskirjassa tarkastellaan robustia ja mallia ennakoivaa sddtod reunasaatojér-
jestelmien kannalta. Robustin sdddon osalta tunnettuja tuloksia, erityisesti sisdisen
mallin periaate, yleistetdédn télle systeemiluokalle. Approksimatiivisen robustin regu-
loinnin késite esitelldan reunasaétojiarjestelmien viitekehyksesséa, koska sisédisen mallin
periaatteen nojalla tarkasti reguloivan robustin sdétédjéin konstruointi ei kiaytannossa
ole mahdollista, jos sdddettavan systeemin ulostulo on daretonulotteinen. Lisédksi
esitelldan kaytannollinen sédatéjarakenne, jota kayttdmalld robusti regulointi voidaan

saavuttaa tdssé approksimatiivisessa mielessa.

Mallia ennakoivaa saatoa (MPC) tarkastellaan dédretonulotteisten systeemien luokalle,
joka kattaa osan reunasdatojarjestelmista. Jatkuva-aikaista jérjestelméad approksi-
moidaan diskreettiaikaisella kdyttden Cayley-Tustin muunnosta, ja MPC-ongelma
muodostetaan diskreettiaikaiselle systeemille. Diskreettiaikaiselle MPC-ongelmalle
todistetaan optimaalinen ja stabiloiva ratkeavuus, miké yleistdd vastaavan airellisu-

lotteisen MPC-tuloksen tarkasteltujen dareténulotteisten systeemien luokalle.
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1. INTRODUCTION

Mathematical control theory is the area of application-oriented mathematics that is
concerned with the analysis and design of control systems. In this context, controlling
a system means forcing it to behave in a desired way. The behavior of the system is
usually assessed by measuring some observable properties (outputs) of the system,
and the system should then be manipulated such that these measurements have
desired values. This control objective is called output regulation. A simple example
of output regulation would be cruise control in cars, where the velocity of the vehicle

is kept at a constant value by a servomechanism controlling the throttle of the car.

The controlled systems are often modeled by ordinary differential equations (ODEs)
or partial differential equations (PDEs). Many technological systems can be modeled
by ODEs, but there are many important processes such as those involving diffusion,
vibrations, and elasticity that are described by PDEs. In this thesis, control of
PDEs is considered in the case that the control enters and the measurement is taken
through the boundary of the system. Such approach is essentially relevant to systems

that can be accessed solely via their boundaries.

Systems modeled by ODEs are finite-dimensional, which means that the state of the
system can be expressed by a finite number of components. This is not possible for
PDEs which are infinite-dimensional systems. While finite-dimensional linear systems
can be considered by means of matrix algebra, the analysis of infinite-dimensional
linear systems involves operator theory, functional analysis and semigroup theory,
using which the infinite-dimensional linear systems can be expressed as abstract
linear systems of the form (2.1), where (A, B,C, D) are general linear operators

instead of matrices.

Robust output regulation combines the problem of output regulation with tolerating
external and internal uncertainties and perturbations in the system. The theory of
robust output regulation was developed for finite-dimensional systems in the 1970’s,

and since then it has been extended to several classes of infinite-dimensional systems
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(for details, see Section 2.1). The first main objective of the thesis is to continue this

work by extending the theory to the class of boundary control systems.

Model predictive control (MPC) comprises a wide range of control methods which
utilize the dynamical model of the controlled systems and optimization to obtain the
control signal. The goal in the MPC setting is usually to steer the state and/or the
output of the system to zero, but the methodology can be easily applied, e.g., to
tracking of constant reference signals. Most of the existing MPC theory only covers
finite-dimensional systems. The second main objective of the thesis is to extend
some of the linear MPC results for finite-dimensional systems to a large class of

infinite-dimensional linear systems.

1.1 Research objectives and scope of the thesis

The main objective of the thesis is to extend the theory of robust output regulation
and model predictive control to cover more general classes of systems. More precisely,

the objectives are:

1. Robust output regulation for boundary control systems

The objective is to extend the theory of robust output regulation to the class
of boundary control systems. These systems are modeled by partial differential
equations where the control enters through the boundary of the spatial domain
and often also the measurement is taken through the boundary. The prior
theoretical results cover the class of regular linear systems which includes some
boundary control systems, but there is no theory for the general boundary
control system framework. Robust output regulation for boundary control
systems involves design of regulating controllers, but more importantly the
generalization of the internal model principle for this class of systems. These

objectives are considered in Publications I — III.

2. Model predictive control for regular linear systems

Model predictive control designates a wide range of control methods that utilize
the process model to obtain the control moves by minimizing an objective
function. These control methods have been especially popular in chemical pro-

cess industries and they have been extensively developed for finite-dimensional
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systems, that is, systems governed by ordinary differential equations. Rela-
tively recently the MPC methodology has been applied to infinite-dimensional
systems as well. However, in most cases the PDE model is approximated by
an ODE model by using an appropriate spatial discretization, after which the
existing MPC theory for finite-dimensional systems can be utilized. Hence,
extensive theory on model predictive control strictly for infinite-dimensional
systems has not yet been developed . Here the objective is to extend results
from the theory of linear model predictive control for finite-dimensional systems

to regular linear systems. This objective is considered in Publications IV-V.

1.2 Thesis outline

The outline of the thesis is as follows. In Sections 2.1, 2.2 and 2.3, the theoretical
background to robust output regulation, model predictive control and boundary
control systems, respectively, is presented. Earlier results on the topics are presented
as well. In Chapter 3, the results of the thesis on robust output regulation and model
predictive control are presented and they are linked to the existing results in the
research fields. Finally, in Chapter 4 the thesis is concluded with discussion on the

future extensions of the presented results and further research topics.

1.3 Notation

Here £(X,Y) denotes the set of bounded linear operators from the normed space
X to the normed space Y. The domain, range, kernel, spectrum and resolvent of a
linear operator A are denoted by D(A), R(A), N(A), o(A) and p(A), respectively.
For a linear operator A : D(A) C X — X and a fixed sy € p(A), define the scale
spaces X1 := (D(A), ||(so — A) - ||) and X_; = (X, |[(so — A)~'-||) [40, Sec. 2.10].

The scale spaces are related by X; C X C X_;, where the inclusions are dense and

with continuous embeddings. The extension of A to X is denoted by A_; and the
A-extension of a linear operator L is denoted by Ly := /\lim AL(A — AL
—00



2. THEORETICAL BACKGROUND

2.1 Robust output regulation

The aim in output regulation is to find such an input u that the output y of a system
converges to a given reference signal y,.s in spite of possible external disturbance
signals w. Robustness is the property that allows small perturbations, arising, e.g.,

from modeling errors or approximations, in the parameters of the plant.

Robust output regulation can be achieved, e.g., by constructing an error feedback
controller that produces the input u based on the regulation error e := y — ypes.
The control setup is visualized below. The reference signal y,.; and the disturbance
signal w are assumed to be generated by an exosystem (short for ezogenous system)

which will be presented later on.

yref e u Yy
O = Controller —— System -

The considered systems are usually described in the state-space form by

&(t) = Ax(t) + Bu(t) + w(t), z(0) = xg (2.1a)
y(t) = Cx(t) + Du(t), (2.1b)

where one can see how u, y and w are related to the system. The state space X > z(t)
is an infinite-dimensional Hilbert space, and the input space U and output space
Y are finite- or infinite-dimensional Hilbert spaces. For now, we assume that the
operators B, C' and D are bounded linear operators, i.e., B € L(U, X), C € L(X,Y)
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and D € L(U,Y). Furthermore, the operator A is assumed to be the generator of a

strongly continuous semigroup T'(t).

The exosystem that generates the reference signal y,.; and the disturbance signal w

is given by
0(t) = Sv(t), v(0) = vy (2.2a)
w(t) = Eou(t), (2.2b)
yref(t) = *FU(t)- (220)

on a finite-dimensional space W = C? for some g € N. We further assume that the
signal generator S has purely imaginary eigenvalues o(S) = {iw}{_; C iR with
algebraic multiplicity one. The operators E and F' are bounded, i.e., E € L(W, X)
and F' € L(W,Y). Such exosystems are capable of producing sinusoidal reference
and disturbance signals. We note that more general exosystems could be considered
as well, e.g., infinite-dimensional or S having eigenvalues with higher algebraic
multiplicities, but in this thesis we have restricted to the exosystems described in

the preceding.

Finally, the error feedback controller is another dynamical system

2(t) = Giz(t) + Gae(t), 2(0) = 2o (2.3a)
u(t) = Kz(t), (2.3b)

where the state space Z 3 z(t) is a finite- or an infinite-dimensional Banach space
and G; is the generator of a Cy-semigroup on Z. The controller parameters Gy,
Go€ LY, Z) and K € L(Z,U) are to be chosen such that robust output regulation

is achieved where the internal model principle has to be utilized.

The internal model principle was originally stated for finite-dimensional linear systems
by Francis and Wonham in [12,13]. The principle essentially states that a controller
may achieve robust output regulation if and only if it contains at least a dim Y-
fold reduplicated model of the dynamics of the signal generator S. Extension of
the internal model principle for infinite-dimensional systems was at some extend
investigated in the Ph.D. thesis by Bhat [6], where mainly time-delay systems were
considered. Other early developments of the internal model principle for infinite-
dimensional systems were done by Schumacher in [38], however, without considering

robustness, and Yamamoto and Hara in [44], where an analogue of the internal model
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principle was stated in the frequency domain for periodic output regulation.

In the next subsection, we consider the more recent development of the internal
model principle for infinite-dimensional systems in more detail. We note that even
though robust regulating controllers have been designed based on the results of
Francis and Wonham [12,13] even for well-posed systems [37], in rather few occasions
there has been discussion on why the designed controllers are robust in general. Here
we will focus on these general characterizations of robust regulating controllers and

omit the references considering merely a specifically designed controller.

2.1.1 Internal model principle for infinite-dimensional systems

General conditions for a controller to achieve output regulation were presented in [7]
but without considering the robustness aspect. It was shown in [7, Thm IV.2| that
for plants of the form (2.1) with D = 0, the output regulation problem is solvable if
and only if there exist mappings II € L(W, Z) and I' € L(W,U) with R(II) C D(A)
such that

IS = All + Bl + E (2.4a)
0=CIl+ F. (2.4b)

The idea of the proof was to show that the regulation error e(t) = y(t) — y(t)yer =
Cz(t) + Fo(t) decays to zero exactly when (2.4) have solutions. Equations (2.4) are

called the requlator equations and we will see different versions of them later on.

Theorem IV.2 of [7] in a sense characterizes all error feedback regulating controllers,
even though interestingly it does not contain any information about the controller
parameters per se. Regardless, having the solutions IT € L(W, X)and ' € L(W,U), it
is shown in [7, Thm. IV.2] that a regulating controller is given by choices Z = X x W

and
Gy
92: 5 K:[Ko F—K()H}
Go
(2.5)
G — A+ BEKy— GC E+ BT — Kll) — G, F
e —G,C S — GyF ’
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where Ky € L(X,U) and Gy € L(Y, Z) are such that A + BK, and

A F

0 S —QQ[C F}

are the generators of exponentially stable semigroups. Here suitable operators Ky

and Gy are assumed to exist.

Even though robustness was not considered in [7], it has been shown in [21] by
Immonen that the controller (2.5) is in fact robust in the single-input single-output
case (every regulating controller is robust in that case). Immonen and Pohjolainen
had generalized the internal model principle of Francis and Wonham in [22], the
results of which and other related results can be found in Immonen’s Ph.D. thesis [20]
as well. The results were based on the definition of internal model structure as
follows [22, Def. 3.1]:

Definition 1 The dynamic controller (2.3) has the internal model structure if there
exists I' € L(W, Z) with R(I') C D(G1) such that for all A € LIW,Y)

IS =G + GA (2.6)

implies A = 0.

Before presenting the internal model result of [22], let us present the closed-loop
system consisting of the plant and the controller. That is, setting v and y equal in
(2.1) and (2.3), the system can be written in the extended state space X, = X x Z

with the extended state z. = [z, 2]* as
te(t) = Aewe(t) + Bev(t),  2e(0) = [2(0), 2(0)]" 2.7a)
e(t) = Cexe(t) + Dov(t) (2.7b)

where the regulation error e is chosen as the output and

E
GoF

e I

G.C G+ G DK

A BK ] 5

C.=[C DK]and D, = F. Under the standing assumptions, the operator A, is

the generator of a Cp-semigroup.
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Having the closed-loop system presented, the internal model result [22, Thm.3.3] can

be expressed as follows:

Theorem 1 Let the controller (Gy,Gs, K) be chosen such that the closed-loop op-
erator A, is the generator of an exponentially stable semigroup. Then for every
E e L(W,X) and every F € L(W,Y), and for all xq, zo, vy, the regulation error e(t)
decays to zero at an exponential rate if and only if the controller has the internal model
structure. The controller is robust with respect to perturbations to A, B,C, D, Gy, K

that preserve the exponential closed-loop stability and the internal model structure.

As noted in [22, Rem. 3.5], the operators S and G; do not allow arbitrary (no matter
how small) perturbations according to Theorem 1, which is in accordance with the
original internal model principle [12,13]. However, some specific perturbations may
in fact be tolerated in Gy, provided that the exponential closed-loop stability and

the internal model structure are preserved.

Note that as opposed to the internal model result of [7], the internal model structure
of Definition 1 actually includes the controller parameters G; and G,. The controller
parameter K is not present in the internal model structure, but it contributes to the

exponential stabilization of the closed-loop system, as required in Theorem 1.

The internal model structure of [22] has been further reformulated in [17] by Haméalai-
nen and Pohjolainen. It was first shown that for an exponentially stable closed-loop
system, an error feedback controller solves the output regulation problem if there
exists 3 € L(WV, X,) satisfying R(X) C D(A.) and

%S = A5 + B, (2.82)
0=C.%+ D, (2.8b)

which look somewhat similar to the regulator equations (2.4) of [7]. In [17], equations
(2.8) were called the constrained Sylvester equations, but we will refer to them as

regulator equations where (2.8a) is a Sylvester equation.

If the closed-loop system is assumed to be exponentially stable, then the solution
¥ of the Sylvester equation (2.8a) exists and is unique by [35, Cor. 8]. In order
to discuss robustness, consider arbitrary bounded perturbations A, B,C, D, E, F
of the operators A, B, C, D, E, F' such that the exponential closed-loop stability is
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preserved. Writing the solution of (2.8) as ¥ = [[I T”, the equations split into

1S = ATl + BKT + E (2.9a)
S =Gl +G, (Cll+ DKT + F) (2.9b)
0=CI+ DKT + F. (2.9¢)

Based on the preceding, we arrive to [17, Def. 8] which states that a controller

(G1, G, K) is robustly regulating if
['S =Gl + G, (CIl+ DKT + F) (2.10)
splits into
I'S=¢GI and CI+ DKL+ F =0. (2.11)
Note that (2.10) and (2.11) are equivalent to (2.6) with A = CTI + DKT + F.

A rather simple condition for the controller to be robustly regulating in the sense
of [17, Def. 8] is finally given in the form of the G-conditions [17, Def. 10]:

R(iwk —gl) DR(QQ) = {O} vk e {1,2,...,q} (212&)
N(G) = {0} (2.12b)

where {iwy};_, = o(S) are the eigenvalues of the signal generator S. In fact, [17, Def.

10] was given for a decomposable state-space Z = Z; x Z, and controllers of the form

Ry Ry

G = 0 G

: G =

where Ry : D(Ry) C Z1 — Z1,Ry € L(Z5,71),Rs € L(Y, Z1),Gy1 : D(G1) C Zy —
Zy, Gy € L(Y, Zy), and G and Gy satisfy the G-conditions (2.12). However, G; and
G, satisfy the G-conditions in this case as well. Note that similar to the internal
model structure of [22, Def. 3.1], the G-conditions do not include any information on

the parameter K which merely contributes to stabilizing the closed-loop system.

The G-conditions were further extended in [29, Def. 5.1] based on the finite-
dimensional results of Francis and Wonham. Assume temporarily that the eigenvalue

iwy of S has algebraic multiplicity ns. In this case, the G- conditions are extended
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with
N(iwk—gl)"’“_l C R(Zu}k —Ql) vk € {1,2,...,(]}

which accounts for the multiple eigenvalues of S. The same G-conditions are valid

even if S had infinitely many eigenvalues.

The internal model structure was further simplified to a p-copy internal model,
where p refers to the dimension of the output space Y. The definition is given as
follows [29, Def. 6.1]:

Definition 2 A controller (Gi1Ga, K) is said to incorporate a p-copy of the internal
model of the exosystem if for all k € {1,2,...,q} it holds that

dim N (iw, — G1) > dimY

and Gy has at least dim 'Y independent Jordan chains of length greater than or equal

to ny associated with the eigenvalue iwy,.

Furthermore, it was shown [29, Thm. 6.2] that if o(A4.)No(S) = 0 and if dim Y < oo,
a controller (G, G, K') contains a p-copy of the internal model of the exosystem if
and only if it satisfies the G-conditions. Note that the spectrum condition is satisfied
especially if A, is the generator of an exponentially stable semigroup. The preceding

internal model results are also presented in the Ph.D. thesis by Paunonen [28].

The internal model principle was most notably extended beyond the framework of
bounded input and ouput operators in [30] where compatible regular linear systems
were considered (see [39, Def.5.1.1, Def. 5.6.3]): Let A still be the generator of a
semigroup and for a fixed sy € p(A), define the scale spaces X; := (D(A), ||(so—A)-||)
and X_1 := (X, ||(so — A)~'-|) [40, Sec. 2.10]. Assume that the input and output
operators are such that B € £(U, X_1) and C' € £(X;,Y) and that the feedthrough
operator D is bounded. The extension of A to the space X_; is denoted by A_;
and it is further assumed that B and C satisfy R ((so — A_1)"*B) C D(C) and
C(so—A_1)"'B e L(U,Y) for all sy € p(A). The example class considered in [30]
was reqular linear systems in the sense of [41], where the operator C' is replaced by
its A-extension [41, Eq. (5.8)]

Car = lim A\C(\ — A) o
A—00
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Under the preceding assumptions, it has been shown in [30, Thm 4.1] that the
existence of the solution ¥ of the regulator equations (2.8) is equivalent to the
controller (G, G, K') achieving output regulation, thus, extending the results of [17].
Furthermore, it has been shown in [30, Thm 7.2] that a controller achieves robust
output regulation if and only if it stabilizes the closed-loop system and satisfies the
G-conditions (2.12), which extends the results of [17,29]. Finally, the p-copy result
of [29, Thm 6.2] was extended to this larger class of systems in [30, Thm 6.2].

2.2 Model predictive control

The history of model predictive control reaches back to the 1970’s as well (see [8, Sect.
1.2] for a historical perspective). Since MPC is not simply a specific control strategy
but essentially a wide range of control algorithms, for a detailed introduction on
classical MPC we refer to the book [36] by Rawlings and Mayne. Here we will present
a brief overview on the general aspects of MPC and review results that are the most

relevant to our work.

In this thesis, the model predictive control considerations are related to minimization

problem of the form

min J (o, u(t)) = [ (y(t), Qu(t)) + (u(t), Ru(t) dt, (2.13)

u(t)

where @), R > 0 are some positive (definite) weights. Here u and y come from the
state-space model (2.1) (with w = 0), and some constraints, e.g., upper and lower
bounds may be imposed on v and y. Without any input or output constraints, it is
known (see [9, Sect. 6.2] for the case B, C' bounded, D = 0) that the optimal control

u(t) is obtained based on the solutions R of the Riccati equation
K*SK = A*R+ RA+ C*QC (2.14)

on D(A), where S := R+ D*QD and K := —S~'(B*R + D*QC). Assuming that
nonnegative solutions to (2.14) exist, the optimal control that also stabilizes the
system is given by u(t) = Kx(t) with R being the maximal nonnegative solution
of (2.14) [9, Lem. 6.2.6]. This optimal control result has also been generalized to
(weakly) regular linear systems in [42] and for well-posed linear systems in [24, Ch.

10] and [25]. The Riccati equation remains in the same form for regular linear
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systems, but in K we must replace B* with its A-extension B} and to S we must
add lim BiR(s — A)"'B [42, Rem. 12.9].

However, if input constraints are present, there is no guarantee that the optimal
input © = Kx would satisfy them. An advantage of the model predictive control
methods is that treatment of constraints is conceptually simple and they can be
systematically included in the control design process [8]. A typical feature in MPC
is that the infinite-horizon objective function (2.13) is cast into a finite-horizon
objective function by adding a suitable penalty term. For a given time instance T;

and horizon T, the finite-horizon objective function is of the form

T () = [ (0, Qu() + (u(e), Ru(®) di + P@(T+T))  (215)

T;

where P denotes a state penalty function. When the finite-horizon problem is
solved, the obtained control is implemented, after which the horizon is shifted to the
future and the process is repeated. Instead of adding a terminal penalty, a terminal
constraint can be imposed as well. That is, to require that the state (or output) can

be steered to some terminal constraint set by the end of the finite horizon.

In [23], the terminal penalty approach was analyzed for infinite-dimensional systems
with bounded distributed controls and under input constraints. For these systems, it
was shown that MPC with a control Lyapunov functional as a terminal penalty cost
is exponentially stabilizing. Existence of optimal control in this setting was proved
later in [31-33].

As already noted in Section 1.1, most of the cases where MPC is considered for
infinite-dimensional systems rely on some kind of spatial approximation of the
underlying partial differential equations so that the original system is approximated
by finite-dimensional ordinary differential equations and the classical MPC theory
can be utilized. Approximating PDEs and implementing MPC for the approximated
systems naturally pose challenges of their own, and on those topics one can see e.g.
the Ph.D. thesis by Altmiiller [1] and the references therein. However, as our interest
is focused on the properties of the infinite-dimensional systems themselves, we will

restrict our consideration to cases where MPC is analyzed for the actual PDE model.

There are some references in [1] where MPC schemes were analyzed for PDEs without

spatial approximations. There the analysis was focused on minimal stabilizing



2.2. Model predictive control 13

horizons, so that with such a horizon, stability of MPC can be guaranteed for the
finite-horizon problem without using any terminal constraints or costs, but a suitable
choice of the objective function Jr is required. General analysis of these schemes was
presented in [14] and they have been applied, e.g., to wave, heat and Fokker-Planck
equation in [2-4,11].

There are a few more cases where MPC has been considered for abstract infinite-
dimensional systems [10,34,43]. In [10], MPC was formulated for semilinear parabolic
PDEs with boundary control (but with bounded control and observation operators)
with input and output constraints. Due to the nonlinear model and the handling
of output constraints by an exterior penalty method, the resulting optimization
problem was nonlinear and no results on optimality were provided. In [34], MPC was
formulated for boundary controlled hyperbolic systems (but with bounded control
and observation operators) with proofs of stability and optimality. However, [34] was
formulated for a zero terminal constraint, i.e., that the state of the system can be

steered to zero during the finite horizon [0, 7.

In [43], MPC was formulated for transport-reaction processes by utilizing a time
discretization scheme for the original PDE. For a time discretization parameter h > 0,

the discrete-time linear system operators are given by

Aq By
Caq Dy

(6—A)T0+A) V25(0—-A,)"'B
V20C(5 — A)~ P(5) ’

where P(0) := Cy(6 — A_1)"'B + D is the transfer function of the system and
d = 2/h. In [43], this temporal discretization is called the Cayley-Tustin transform.
If u(k) denotes an approximation of u(t)/v/h over the interval t € ((h — 1)k, hk),
then the continuous-time system (2.1) can be approximated by a discrete-time one

of the form

8
—
oy
~—
I

Agz(k — 1) + Bau(k), z(0) = xg (2.16a)
Cdl’(k — 1) + Ddu(k), (2.16b)

<

—~
=Ny

~—
I

where y(k)/v/h is an approximation of y(t) on the interval t € ((h — 1)k, k). It
follows from the results of [18] that if the continuous-time system is well-posed and
has finite-dimensional input and output spaces, then y(k)/vh converges to y(t) as
h — 0.
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In the discrete time setting, the objective function (2.13) takes the form

min.J (o, u(k)) = g:l (y(k), Qu(k)) + (u(k), Ru(k)) (2.17)

where u and y come from the discrete-time system (2.16). Similar to the continuous-
time objective function, the discrete infinite-horizon objective function can be cast
into a finite one by adding a terminal penalty term, so that at step n the objective

function is of the form

n+N
In(on,u(k) = 32 (y(k), Qu(k)) + (u(k), Ru(k)) + (x(n + N), Qu(n + N)),
o (2.18)
where we assumed that the terminal penalty can be expressed as a quadratic state
penalty. For stable systems, it can be assumed that the input is zero beyond the
horizon N, and the operator @ is obtained as the solution of the discrete-time
Lyapunov equation

A5QAL+ C5QC = Q. (2.19)

This choice of the terminal penalty was originally presented in [27] for finite-
dimensional systems and also utilized in [43] for transport-reaction processes. Due
to the properties of the Cayley-Tustin transform, the solution(s) of the discrete-
time Lyapunov equation (2.19) coincide with the solution(s) of the continuous-time
Lyapunov equation

A Q+QA+C*"QC =0 (2.20)

on the dual space of X_;, which essentially follows from [9, Ex. 4.30]. In [43], the
penalty operator () was also derived in the case where the system has a finite number
of unstable eigenvalues. The approach was the same as in [27] (also presented in
the Ph.D. thesis [26] by Muske) for finite-dimensional discrete-time systems, but
applied to transport-reaction processes. However, no stability or optimality proofs

were presented in [43].
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2.3 Boundary control systems

The main system class considered in this thesis are boundary control systems (BCS)

which, as opposed to (2.1), are expressed as

(t) = Ax(t) (2.21a)
Bx(t) = u(t) (2.21b)
Cx(t) =y(t) (2.21c)

where the input and output operators B and C, respectively, act on the boundary
of the spatial domain (hence the name). A precise definition of boundary control

systems is given as follows [9, Def. 3.3.2]:

Definition 3 The system (2.21a)—(2.21b) is a boundary control system if the fol-
lowing hold:

1. The operator A : D(A) C X — X with D(A) = D(A) NN (B) and Ax = Az
for x € D(A) is the generator of a Cy-semigroup on X ;

2. There exists a B, € L(U,X) such that R(B,) C D(A), AB, € L(U,X) and
BB, = Iy.

The output equation (2.21c) can be added to the boundary control system by
assuming that C is a linear operator defined on D(C) D D(A) and mapping to
some Hilbert space Y with the additional property that CB, € L(U,Y). This
criterion is slightly different from the definition of boundary control and observation
system [5, Def. 2.3.13] in Augner’s Ph.D. thesis, where instead of CB, € L(U,Y") the
requirement is C € £(X;,Y).

The transfer function of a boundary control system is given by
P(s) :=C(s — A" (AB, — sB,) + CB,.

If the limit sli_)r(r)lo P(s) exists along the real line, then the BCS is a regular linear system
and can be written in the state-space form (2.1), in which case the feedthrough
term is given by D := Sli_)rglo P(s). However, the input operator B in the state-space
form (2.1) does not correspond to the right inverse B, of B but to another (unique)
operator B € L(U, X_1) [40, Sect. 10.1].
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3. RESULTS AND DISCUSSION

3.1 Robust output regulation

In Publication I, the controller design of [16] was utilized to construct a robust
regulating controller for even-order port-Hamiltonian systems which are a special
class of boundary control systems. Even though robust output regulation of boundary
control systems was considered in [16], there the input and output operators were
assumed to be bounded. However, the results of [16] also hold for observation
operators in £(X;,Y). The unboundedness of the boundary control operator is
not an issue either provided that it has a bounded right inverse as required by the

definition of boundary control systems (see Definition 3).

The controller design in Publication I was novel in the sense that a stabilizing
output feedback term was added to the usual controller structure (2.3). Thus, even
if the controlled plant is unstable, such as an impedance energy-preserving port-
Hamiltonian system, by adding the stabilizing output feedback it is still possible to
construct a finite-dimensional robust regulating controller. In previous works, an
observer was added to the controller to account for the unstable plant, which then

makes the controller infinite-dimensional, and thus, not implementable in practice.

In Publication II, the controller design of Publication I was extended to impedance
passive port-Hamiltonian systems of arbitrary order. The controller design was
additionally simplified slightly by instead of using a stabilizing output feedback, the
regulation error was used as a feedthrough in the controller and it was shown to
stabilize the plant as well. The proposed controlled was of the form (Publication II,
Theorem 8)

G1z(t) + Gae(t) (3.1a)
Kz(t) — Qe(t), (3.1b)

W

—~
~

S~—
I

I~
—~
~
S—
I
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where we choose Z = Y7 and the parameters can be chosen as

G = diag(iwkIy)i_, € L(Z) (3.2a)
—Iy
—Iy

Go=| . | € L(Y,Z) (3.2b)
—Iy

K = e(P,(iwy)")i_, € L(Z,U) (3.2¢)

Q >0, (3.2d)

where the tuning parameter € > 0 is chosen sufficiently small, {iw;}i_, are the
eigenvalues of the signal generator S in (2.2) and P,(iw)! is the Moore-Penrose

pseudoinverse of the plant under output feedback at iwy, i.e., Ps(iwy,) = P(iwg)(I +
QP (iwg)) L.

The most important contribution of Publication II was that the sufficiency of the
internal model for achieving robust output regulation was proved for boundary
control systems in general (Publication II, Theorem 4), not for mere port-Hamiltonian
systems. Moreover, several technical details which were merely assumed in Publication

I were shown to hold, such as admissibility of the observation operator.

In Publication III, the necessity of the internal model in robust output regulation of
boundary control systems was proved, thus completing the internal model principle
for boundary control systems (Publication III, Theorem IV.8). The result is given as

follows:

Theorem 2 Assume that the closed-loop system (2.7) is reqular and exponentially
stabilized by a controller of the form (3.1). Then the controller solves the robust

output regulation problem if and only if it satisfies the G-conditions (2.12).

However, the internal model principle implies that if the output space of the plant
is infinite-dimensional, which may occur, e.g., in boundary observation of a 2-
or 3-dimensional system, any robust regulating controller is necessarily infinite-
dimensional for such a system. Therefore, the novel concept of approximate robust

output requlation was presented:

The Approximate Robust Output Regulation Problem. Let 6 > 0 be given.
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Choose the controller (G, Go, K, @) in such a way that the following are satisfied:

1. The closed-loop system generated by A. is exponentially stable.

2. For all initial states z.o € X, and vy € W the regulation error satisfies
b 2 —at 2 2 2
/t le(s)[I"ds < Me™*(||zeol|” + [[vo[|*) + 6|voll

for some M, a > 0 independent of z.o € X,,vg € W.

3. If the operators (A, B,C, E, F') are perturbed in such a way that the closed-loop
system remains regular and exponentially stable, then there exists a ¢’ > 0 such

that for all initial states z.o € X, and vy € W the regulation error satisfies
1 2 ! 't 2 2 / 2
/t le(s)[I"ds < M'e™*"([|zeo||” + [[vo[|”) + &"[|voll

for some M’ o/ > 0 independent of ., vg.

Furthermore, a finite-dimensional controller that solves the robust output regulation
in this approximate sense was designed. The controller is of the form (3.1) with
the choice Z = Y}, and the parameters can be chosen as (Publication ITI, Theorem
IvV.11)

G = diag(iwk Iy, )i, € L(2)

Go=| | €LY.Z)
_PN
K = e(PyPy(iw)Ni_, € L(Z,U)

and () is a stabilizing output feedback operator for the plant. The parameters are
mostly as in (3.2) with the addition that Yy is a closed finite-dimensional subspace
of Y and Py is a projection onto Yy along Y. Note that if Yy was chosen as Y, then

the controller would be exactly the same as (3.2).

As a third contribution of the paper, necessary and sufficient conditions for the

solvability of the output regulation problem (no robustness requirement) were also
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given in the framework of boundary control systems (Publication III, Theorem IV.5),

and such a controller was designed as well.

3.2 Model predictive control

In Publication IV, the MPC design of [43] was extended to Schrodinger equation.
Most of the contribution was to show that the MPC approach can be equivalently
utilized to complex valued infinite-dimensional systems. Additionally, the time
discretization and the MPC formulation for the discrete-time system were done
rigorously as a tutorial for utilizing the methodology. However, no stability or

optimality proofs were presented.

In Publication V, the MPC design of [43] was extended to the general class of
regular linear systems. Terminal penalty functions were considered for both stable
and exponentially stabilizable systems, and conditions for the existence of such
functions were addressed, especially from the original continuous-time system point
of view. Stability and optimality of the MPC design from [43] for stable systems was
proved in Theorem 2, where the stability of the system and the assumed infinite-
time admissibility of the observation operator C' for A guarantees the existence of
the unique positive solution of the Lyapunov equation (2.20) (equivalently (2.19)).
In Theorem 4, the MPC design for exponentially stabilizable systems utilized an
exponentially stabilizing feedback in the terminal penalty to guarantee stability of

the design.

The advantages of the discrete-time MPC formulation are that it can be rather easily
characterized for the large class of regular linear systems, and that the discrete-time
MPC with a quadratic state terminal penalty can be written as a finite quadratic
optimization problem, where upper and lower bounds for the inputs and outputs
can be explicitly considered as linear inequality constraints. Such an optimization

problem has a global minimum, and thus, optimality of the control moves follows.

A disadvantage of the proposed MPC approach is that while the output constraints
can be explicitly taken into account in the discrete-time case, the discrete-time
output is merely an approximation of the output of the actual continuous-time
system, and therefore pointwise satisfaction of the output constraints cannot be
guaranteed for the continuous-time system. However, the continuous-time output

still satisfies the constraints in some approximate sense, which might be sufficient for
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some applications.

An additional minor disadvantage of the proposed MPC approach is that, when
solving the control moves on-line, usually piecewise constant inputs are obtained.
This is not a problem in general, but in the framework of boundary control systems
there is a smoothness requirement for the inputs [9, Sect. 3.3]. Thus, the proposed
MPC approach cannot be directly utilized for boundary control systems, which is
essentially the reason why regular linear systems are considered in Publication V.
Naturally, the approach is valid for regular boundary control systems as those can

be expressed as regular linear systems.
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4. CONCLUSIONS AND FUTURE OUTLOOK

4.1 Robust output regulation

The theory of robust output regulation was extended to boundary control systems,
especially necessary and sufficient conditions for the solvability of the output regula-
tion and robust output regulation problems were presented. In deriving necessary
and sufficient conditions for achieving robust output regulation, the internal model

principle was generalized to boundary control systems.

For future research objectives, there still are a few system classes, e.g., well-posed
systems and system nodes, to which the internal model principle has not been
extended. However, these systems are mostly of academic interest as in practical
applications well-posed systems are often regular (as noted, e.g., in [25]). Regardless,

there still are system classes for which the internal model theory could be extended.

A more practical research direction might arise from the approximate robust output
regulation. As already noted in the previous chapter, the internal model principle
implies that for a system with infinite-dimensional output space, any robust regulating
controller is necessarily infinite-dimensional, and thus, not implementable in practice.
An approximate robust regulating controller has already been designed in Publication
II1, but no general characterization of such controllers has been given. The concept
of a partial internal model was presented for boundary control systems in [19], but
there is still a great deal of research to be done on partial internal models and

characterization of approximate robust regulating controllers in general.

One more addition that could be made to the theory of robust output regulation is
the rejection of arbitrary disturbance signals. In the current framework, it is assumed
that the frequencies of the disturbance signal are exactly known, which is not a rather
practical assumption, even though no further knowledge of the disturbance signal is
required. Regardless, using, e.g., the techniques of active disturbance rejection which

have been recently considered also for PDEs [15], it might be possible to combine
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the rejection of virtually unknown disturbance signals with robust output regulation.

4.2 Model predictive control

Using the Cayley-Tustin time discretization, a continuous-time regular linear system
was approximated by a discrete-time system, for which the model predictive control
problem was formulated. The MPC problem resulted in a quadratic optimization
problem with linear inequality constraints, for which a global minimum can be found,
thus proving optimality of the obtained controls. When a suitable terminal penalty

function is used, stability of the MPC procedure was shown as well.

As already noted in the previous chapter, even if the MPC formulation can be applied
to a large class of systems via the time discretization, the approximate behavior of
the discrete-time system with respect to the original continuous-time system may
cause problems especially in the consideration of output constraints. It should be
possible to consider bounds for the continuous output in the discrete-time MPC
setting as well, but this might lead to nonlinear constraints which would make finding
the global minimum more difficult. Regardless, the behavior of the continuous-time
output should at least be inspected under the inputs obtained form the discrete-time
MPC.

Disregarding the drawbacks arising from the time discretization, as the Cayley-Tustin
transform maps even a well-posed continuous-time system into a discrete-time system
with bounded operators, it could be possible to generalize several other results from
discrete-time MPC of finite-dimensional systems (see e.g. [36]) to these discrete-time
infinite-dimensional systems and hence to the continuous-time PDEs as well. This

seems a potential topic of future research.

A fundamental aspect that should be noticed is that the MPC formulations presented
in Publications IV and V require that the state of the system is known at the
sampling times, which appears to be quite a common requirement in MPC in general.
Since especially in the PDE framework measurements of the state are rarely available,
an observer should be included in the MPC design to obtain the required information
on the state. Using an observed state instead of the actual state should not affect
the performance of the MPC too drastically, but it should be explicitly accounted
for regardless.
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Robust Regulation for Port-Hamiltonian Systems of Even Order

Jukka-Pekka Humaloja*, Lassi Paunonen® and Seppo Pohjolainen™

Abstract— We present a controller that achieves robust
regulation for a port-Hamiltonian system of even order.
The controller is especially designed for impedance energy-
preserving systems. By utilizing the stabilization results for
port-Hamiltonian systems together with the theory of robust
output regulation for exponentially stable systems, we construct
a simple controller that solves the Robust Output Regulation
Problem for an initially unstable system. The theory is illus-
trated on an example where we construct a controller for one-
dimensional Schrodinger equation with boundary control and
observation.

I. INTRODUCTION

The class of port-Hamiltonian systems includes models
of flexible structures, traveling waves, heat exchangers,
bioreactors, and, in general, lossless and dissipative hyperbolic
systems on one-dimensional spatial domain [7]. Due to this
vast coverage of models, the stability and stabilization of port-
Hamiltonian systems have been subjects of active research
during the past decade [1], [12]. Stability and stabilization
properties of systems are essential for robust output regulation
problems, which ties robust regulation for port-Hamiltonian
systems closely to this field of research.

The Internal Model Principle is the key to understanding
how control systems can be robust, i.e., tolerate perturbations
in the systems’ parameters. The type of robust controller
(low-gain controller) proposed by Davison [3] for stable
systems has many practical advantages, as the structure of
the controller is simple and it can be tuned with input-output
measurements from the open loop system. The controller was
generalized to infinite-dimensional systems and its tuning
process was simplified in [5], [6]. The Internal Model
Principle was generalized to regular linear systems in [9],
[10]

In this paper, we construct a robust regulating controller
for an impedance energy-preserving port-Hamiltonian system
of even order. Even though the considered system is initially
unstable, by combining output feedback with a typical
controller structure we will be able to construct a simple
controller that achieves robust output regulation on the system.
By robust regulation we mean that the controller exponentially
asymptotically tracks the reference signal y,..y, exponentially
asymptotically rejects the boundary disturbance w and allows
some perturbations in the plant [6].

As the main contribution of this paper we construct a
simple robust regulating controller for an initially unstable
system. Using the stability results presented in [1] we

*Tampere University of Technology, Department of Mathematics, P.O.Box
533, 33101 Tampere, Finland, firstname.lastname@tut.fi
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derive a sufficient criterion for exponential stability of port-
Hamiltonian systems of even order. With the new criterion, we
will show that the asymptotically stabilizing output feedback
presented in [12] actually achieves exponential stability for
impedance energy-preserving port-Hamiltonian systems of
even order. When the system is exponentially stabilized, we
can utilize the controller structure introduced in [5], [6] for
exponentially stable systems, and construct a simple robust
regulating controller for a system that was initially unstable.

The structure of this paper is as follows. In Section III we
give some required background to port-Hamiltonian systems.
Furthermore, we will present a sufficient condition for an
even-order port-Hamiltonian system to be exponentially stable,
and we will use the result to exponentially stabilize a port-
Hamiltonian system. In Section IV we will introduce the
control system, and in Section V we present the Robust
Output Regulation Problem (RORP) and the Internal Model
Principle. In Section VI we will present our main result
which will be illustrated in Section VII where we construct
a controller for one-dimensional Schrodinger equation. In
Section VIII we conclude the paper.

II. NOTATION

Here £(X,Y’) denotes the set of bounded linear operators
from the normed space X to the normed space Y. The domain,
range, null space and resolvent of a linear operator A are
denoted by D(A), R(A), N(A) and p(A), respectively. A
strongly continuous (C-) semigroup T'4(t) generated by A
is exponentially stable if there are positive constants M/ and
a such that ||T4(¢)|| < Me™t

III. BACKGROUND ON PORT-HAMILTONIAN SYSTEMS

A linear port-Hamiltonian system of order /V on the spatial
interval ¢ € [a, b] is given by

SrG) = AG,t), w0 =z, (G
u(t) = Bx(-, 1), (1b)
y(t) :Cl’(~.,t), (1o)

where B and C are linear operators, and the operator A is
defined by

N v e a
A(C,1) 1= Zpkmmgiw, @)
k=0

where the matrices P, € C"*™ satisfy the condition P} =
(=1)k*1P, for k > 0, and the matrix Py is assumed to
be invertible [12]. The Hamiltonian density matrix function
H : [a,b] — C™*" is a measurable function such that there
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exists 0 < m < M such that for almost every ¢ € [a,b]
we have H(¢) = H(¢)* and m|¢|? < E*H(C)E < M|€|? for
& € C" [1]. The energy state space X = L*([a,b],C") is
equipped with the inner product

b
1

(s =5 [ ol O, @)

a

and hence, X is a Hilbert space.
Let

P HN([a,,b];C”) — 2N,
(@) = (@), ., sV D), 2(a), ..,z D (a))

be the boundary trace operator and introduce the boundary
port variables fs, ey defined by

“

]-5[3 8 Jom e s

where Q € C*V*"N is a block matrix given by

0 = {(1)f—11%+11., SN+l o
0, else

Note that since Py is assumed to be invertible, it follows

that @) is invertible, and hence, R, is invertible as well.

Using the boundary port variables we define the operators B

and C as

Ba(t) = WB[figg , (7a)
Calt) == We { ggg) 1, (7b)

where Wg, W € CPVx2nN 1]
Define the domain of the operator A as

Wg [ fo } :o}. ®)

L e

D) = {o & 1 (fa . €7

Since we assumed Py to be skew-adjoint, it follows from
[4, Thm. 4.1] that the operator A generates a contraction
semigroup if and only if WpXW} > 0, where

0 I
E:{Io}' ©

Furthermore, for N = 1 we have from [7, Lem. 9.1.4] that
if WgEW} > 0 then A generates an exponentially stable
semigroup. By utilizing the following proposition [1, Prop.
2.14], we will show that the result of [7, Lem. 9.1.4] holds
for N =2 as well.

Proposition 1: [1, Prop. 2.14] Let N =
WL ([a,b]; C"*™), and assume

Re(Az,z)x < = ([[(Ha)(@)|* + || (Ha) (a)l]* + || (Hz) (B)[]?)
(10)

for x € D(A) and for some v > 0. Then A generates an

exponentially stable and contractive Cp-semigroup.

2 and H €

O
Lemma 1: Let N = 2. If WgEXW g > 0, then the operator
A with domain (8) generates an exponentially stable Cj-
semigroup.
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Proof: Following the proof of [7, Lem. 9.1.4] we write

Wp =S[I+V, I—V], whereS is invertible and VV* <

1 (equivalently V*V < I), and define a full rank matrix

Weo = [[+V*, %ﬁ
invertible.

Let x € D(A) be arbitrary. By definition of the domain

—I + V*|. Thus, the matrix { is

of A we have that g 9| € N(Wp). Following the proof
5

of [7, Lem. 9.1.4], we may write

fa | _ -V I
€p - —I1-V
for some [ € C2". Since P} = — P, we have [1, Lem. 2.2]
that
2Re{Az,x)x = Re(fo,ea)cin =" (=1 + V*V)L.

Furthermore, we have

y;:WCHZ } =[I+V, —I+V*]{_§:¥ }l

=2(1 - V*V)I,
from which we obtain
1 _
Re(da,z)x = o (-1 +V VI y < —mllyl? (D)

for some mq > 0, where we used that —1 + V*V < 0.
Using (5), the definition of the domain of .4 and the
definition of y we obtain

HE LA IR !

Y V2 | We I I
. . . . Wg | .
Since Py = P> is assumed to be invertible and W is
fe]

invertible, the matrix W is invertible and ||[Ww||? > ma||w||?
for every w € C*" and some my > 0. Taking norms on both
sides we obtain

Iyl = [[W(Ha)||*
> my| (M)
> ma (||(Hz)(@)]” + [|(Ha) ()l* + || (H2) ()1 ) ,
(12)
and finally, by combining (11) and (12) we have reached rela-
tion (10), and thus, the operator A generates an exponentially
stable Cy-semigroup by Proposition 1. n
It should be noted that the authors of [1] have also
generalized the result of Proposition 1 to port-Hamiltonian
systems of even order, where relation (10) becomes
N-1

Re(Az,x)x < —v Z Z gk H(Hﬂﬂ)(k)(C)HQ

¢=a,b k=0

13)

for some v > 0 and certain a¢x > 0 [1, Prop. 2.16]. It is
easy to see that in the general case N € 2N the estimation in
equation (12) can be done so that when combined with (11),
we obtain relation (13). Furthermore, since the estimation
in equation (12) is the only part of the proof of Lemma 1
that depends on the order IV, the result of Lemma 1 can
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be generalized to port-Hamiltonian systems of even order as
well. We then arrive at the generalization of Lemma 1:

Lemma 2: Let N € 2N. If WgXWy; > 0, then the
operator A with domain (8) generates an exponentially stable
Cp-semigroup.

O

Using Lemma 2 we can now show that a certain class of
port-Hamiltonian systems of even order can be exponentially
stabilized by negative output feedback. Consider the class of
impedance energy-preserving port-Hamiltonian systems that
are systems satisfying the relation [12]

1d .
5 e @I = v (). (14)

An impedance energy-preserving system can be identified
based on the matrices W and W¢ by [4, Thm. 4.4].
Essentially the matrices are given a certain structure such
that they satisfy

WEEW;, = WeEWg =0,
WESWg = WesWp = I,

(15a)
(15b)

which can be checked very easily.

Stabilization of impedance energy-preserving systems is
considered in [12], where it is shown that negative output
feedback asymptotically stabilizes an impedance energy-
preserving system. We will now show that, for systems of
even order, exponential stability is actually achieved.

Lemma 3: Consider the system (1) with N € 2N and
assume that v and y are such that Wy and W satisfy
equations (15a)—(15b). Then the system can be exponentially
stabilized using negative output feedback.

Proof: Using negative output feedback to the system,
ie., u(t) = r(t) — ky(t) where x > 0, the closed-loop system
is described by [12]

t) = Ax(t),
)

(B+ rC)x(t) =r(t), (16)

i(
(Wg + W¢) { 538
Cx(

2(t) = y(o).

Now, consider the operator A, = A|p(4,), Where

[ 1))
e

17

where W,, = Wg+rWe. It is shown in [12] that W, satisfies

WL.EW?: = 2kl > 0, and hence, if N € 2N, the operator

A generates an exponentially stable Cj-semigroup due to

Lemma 2. | |

D(A,) = {m € HY(ja,b],C")

IV. THE PLANT, EXOSYSTEM AND CONTROLLER
In this section we will present the plant, the exosystem and
the controller. The plant is an impedance energy-preserving
port-Hamiltonian system of even order given by

&(t) = Az(t), z(0) = xo, (18a)
Bx(t) = u(t) +w(t), (18b)
Cx(t) = y(t), (18¢)

where A is given in (2) with N € 2N, B and C are given
in (7a)-(7b) with W and W satisfying (15a)—(15b), and
w(t) is a bounded and differentiable disturbance signal.
Since Wy satisfies WpXWg5 = 0, the system (18) is a
boundary control system [4, Thm. 4.2], and hence there are
operators A : D(A) — X with D(A) = D(A) N N(B)
and Az = Az for x € D(A), and B € L(U, X) such that
R(B) C D(A) and BBu = u [2, Def. 3.3.2]. Using these
operators, the transfer function from w to y is given by [6]

P(s) =C(sI — A)"Y(AB — sB) + CB. (19)

The exosystem that generates the boundary disturbance
signal w(t) and the reference signal y,.¢(t) is given by

o(t) = Sv(t), v(0) = v (20a)

w(t) = Ev(t), (20b)

Yref(t) = —Fo(t) (20c)

on a finite-dimensional space W = C9. Here S =

diag(iwy, iws, . . ., iwg) with {w;}!_; C R and w; # w; for
i # j, E € LW, U) and F € L(W,Y). Furthermore, we
assume that for every k € {1,2,...,¢} the transfer function
P(iwy) € L(U,Y) is surjective, which is crucial to the
solvability of the robust output regulation problem.

The dynamic error feedback controller is of the form

(21a)
(21b)

2(t) = G12(t) + Gae(t)
u(t) = Kz(t) — ry(t),

2(0) = 2o,

where e(t) = y(t) — yres(t) is the error signal, x > 0,
and the parameters (G1,Gs, K) are to be chosen such that
robust output regulation is achieved. Note that in the usual
formulation of the controller we have ~ = 0, and hence,
the parameter « is not included in the controller parameters.
However, the extra term —ry(t) is required to exponentially
stabilizing the plant (18). The controller (21) is an abstract
linear system on Banach space Z. The operator G, : D(G;) C
7 — 7 generates a Cp-semigroup on Z, Gy € L(Y,Z) and
K e L£(Z,U) (8]

In order to give the state-space presentation of the closed-
loop control system, we define a new variable { = x —
Bsr — Gu, where r = Kz, the operator Bs € L(U, X) is
such that R(Bs) C D(A) and (B + kC)Bsr = r, and the
operator G € L(W,X) is such that R(G) C D(A) and
(B + kC)Gv = Ev. These operators exist as the plant (18)
with input w = Kz — Ky is a boundary control system [12].
Define now the extended state-space by X, := X x C9, and
let &.(t) := (£(t), 2(¢)) be the extended state. Following [6],
the closed-loop control system can be written as

& = Acke + Hv + Dypey, (22)
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where D(A.) = D(As) x C? and

L [ A, — ByKGoC  AB,K — B,K(Gy + GaCB,K)

GaC G1 + G2l B K ’
4| AG - B.KGCG -GS
N GG ’
_ | BsKGo
et

(23)
where the operator A, is given by A, : D(A;) — X with
D(As) = D(A)NN (B+kC) and Az = Az for z € D(A,).

V. THE ROBUST OUTPUT REGULATION PROBLEM

In this section we formulate the robust output regu-
lation problem and present a few related concepts. We
consider perturbations (A, B,C, E,F) € O of the opera-
tors (A, B,C, E, F) where the operators in the class O of
admissible perturbations are such that (i) the perturbed plant
(A, B,C) is a boundary control system and (ii) iw; € p(A)
fork € {1,2,...,q}. Itis easy to see that these conditions are
satisfied for all bounded and sufficiently small perturbations
to (A, B,C) and for arbitrary bounded perturbations to the
operators £ and F' [10].

The following formulation of the robust output regulation
problem is given in [10]:

The Robust Output Regulation Problem. Choose the
controller (G1,G2, K, ) in such a way that the following
are satisfied:

1) The closed-loop system generated by A, is exponen-

tially stable.

2) For all initial states & € X, and vy € W the
regulation error satisfies e®e(-) € L%([0,00);Y) for
some a > 0.

3) If the operators (A,B.C,E,F) are perturbed to
(A,B,C,E,F) € O in such a way that the closed-
loop system remains exponentially stable, then for all
initial states .o € X, and vy € W the regulation error
satisfies e e(-) € L2([0,00);Y) for some & > 0.

We say that a controller (Gi,Gs, K) incorporates a p-
copy of the internal model of the exosystem S if for all
ke {1,2,...,q} we have dim(N (iw, — G1)) > dim(Y)
[8]. Since we assumed that the eigenvalues of S are distinct
and we have dim(Y) < oo, the controller incorporates a
p-copy of the internal model of the exosystem if G =
diag(iwy Iy, iwaly, ..., iwgly). Furthermore, a controller
(G1,Ga, K) is said to satisfy the G-conditions if

R(iwg — G1) NR(G2) = {0},
N(G2) = {0},

1q}- [8]

VI. CONSTRUCTION OF THE ROBUST CONTROLLER

(242)
(24b)

for all k € {1,2,...

In this section we will prove that a controller of the
form (21) with suitably chosen parameters (G;, G, K) and
Kk > 0 solves the Robust Output Regulation Problem for
an impedance energy-preserving port-Hamiltonian system of
even order.
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Theorem 1: Let the control system be as described in
Section IV. There is a controller of the form (21) such that
for every k > 0 there exists an €, > 0 such that for every
0 < € < ¢, the Robust Output Regulation Problem is solved.

Proof: Let us begin the proof from the stabilization
of the plant (18). We denote temporarily Kz(t) = r(t), and
hence, the input for the plant (18) is of the form u(t) = r(t)—
ky(t). Since the plant is an impedance energy-preserving port-
Hamiltonian system of even order, such an input exponentially
stabilizes the plant due to Lemma 3. Thus, there is an operator
Ag : D(Ag) — X with D(A,) = D(A) NN(B + kC) and
Agx = Ax for © € D(A;) that generates an exponentially
stable C-semigroup.

Now that the plant is exponentially stabilized, we will
choose the controller parameters (G, Ga, K) such that the
controller exponentially stabilizes the closed-loop system and
solves the robust output regulation problem. We can utilize
the controller parameter choices made in [6] where a robust
regulating controller was constructed for an exponentially
stable system. Essentially the controller parameters are chosen
in such a way that the controller incorporates a p-copy of the
internal model of the exosystem and satisfies the G-conditions.

Following [6] and [10] we define Z = Y'? and choose the
controller parameters as

Gy = diag (iwy Iy, iwa Iy, . .., iw,Iy) € L(Z),  (252)
K =eKo=¢|K},Kj,...,K{| € L(Z,U), (25b)
Go = (G5)f—y = (—(Puliwr) Kg)*)pzy
—(Py(iw1)Kg)* (250)
= : € L(Y,Z),
—(Pm(iwq)Kg)*

where P, (iwg) = P(iwk)(I + kP (iwy))”! is the transfer
function of the stabilized plant [11]. As we assumed that
P(iwy) is surjective for every k € {1,2,...,q}, it follows
that P, (iwy) is surjective as well for every k.

Since the surjectivity assumption of the transfer function
holds, we choose the components K(’]" of K such that the
operators Py (iwy,) K} are invertible, e.g., by choosing K} =
P, (iwg)t (the Moore-Penrose pseudoinverse of P (iwy)), in
which case we have G§ = —Iy forall k € {1,2,...,q} [10].

It has been shown in [6] that, if the plant is exponentially
stable, there exists an ¢* > 0 such that the closed-loop
system is exponentially stable for every 0 < € < €* and that
the proposed controller solves the robust output regulation
problem. Since we choose the controller parameters according
to [6] and exponentially stabilized the plant, it follows
from the results of [6] that, when the plant is exponentially
stabilized with output feedback u(t) = Kz(t) — ry(t), where
K > 0, there exists an €,, > 0 such that for every 0 < € < ¢,
the closed-loop system is exponentially stable and the robust
output regulation problem is solved. [ ]
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VII. EXAMPLE
As an example we study Schrodinger equation on the

spatial interval ¢ € [0, 1] considered in [1], given by

0 02

8tw(C7t) = lTG,w(C7t)a
which is a second-order port-Hamiltonian system with P, = i,
Py =Py =0, H(¢) =1 and state z(¢,t) = w(¢,t) [1]. The
inputs are given by

t>0, (26a)

C[w@®) ] [ 2(0,8) .
u(t) - |: uz(t) :| - |: I(l,t) :| + (t), (26b)
and the outputs are given by
Y2 (t) iz’ (1,t)

Using the boundary port variables fs and ey the inputs and
outputs can be written as

oy —wp [ B0 [0 0 1],
y(t):wC[ZiEii]zé[? 0 0 3“@&3

As the matrices W and W satisfy equations (15a)—(15b),
the system (26) is an impedance energy-preserving port-
Hamiltonian system of order two, and thus, we may use
Theorem 1 to construct a robust regulating controller for the
system.

Let us first consider the transfer function of the system
(26), given by

 tanh(iv@)
m —Vistanh(iv/is)

The transfer function is surjective for every s # 0 and s #

- ((2m+41)7 2
—i (5] where m € N, and thus, we cannot track

signals including those frequencies.

Let the exosystem be given by S = diag(—4im?, —in?)
and £/ = F' = I. If we choose the output feedback parameter
as k = 1, the transfer function for the stabilized plant is given
by P.(s) = P(s)(I+ P(s))~%, and thus, for the eigenvalues
of the signal generator S we have

P, (—4in?) = { L 1L } = P.(—in®)*. (29

)

N =

Thus, if we choose K(’f = Py (iwg)~?, the controller parame-
ters are given by

Gy = diag(—idn?, —idn?, —in?, —in?),

—I
gZ |: 71;: :| )
K = ¢ [Po(—4in®) ™", Po(=in®) '],

and based on Theorem 1 there now exists an €,, > 0 such that
for every 0 < e < ¢, the closed-loop system is exponentially

(30)
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stable and the robust output regulation problem is solved for
the system (26).

VIII. CONCLUSIONS

We presented a simple robust regulating controller for
an unstable, impedance energy-preserving port-Hamiltonian
system of even order. By deriving a new condition for
exponential stability of even-order port-Hamiltonian systems
we were able to stabilize the system, which allowed us to
utilize the theory of robust output regulation for exponentially
stable system. Thus, we constructed a simple controller for
an unstable system that exponentially stabilizes the original
plant and solves the Robust Output Regulation Problem for
the stabilized plant.
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Robust Regulation of Infinite-Dimensional
Port-Hamiltonian Systems

Jukka-Pekka Humaloja and Lassi Paunonen

Abstract—We will give general sufficient conditions under
which a controller achieves robust regulation for a boundary
control and observation system. Utilizing these conditions we
construct a minimal order robust controller for an arbitrary
order impedance passive linear port-Hamiltonian system. The
theoretical results are illustrated with a numerical example where
we implement a controller for a one-dimensional Euler-Bernoulli
beam with boundary controls and boundary observations.

Index Terms—port-Hamiltonian systems, robust control, dis-
tributed parameter systems, linear systems.

I. INTRODUCTION

The class of infinite-dimensional port-Hamiltonian systems
includes models of flexible systems, traveling waves, heat
exchangers, bioreactors, and in general, lossless and dissipative
hyperbolic systems on one-dimensional spatial domains [1]—
[3]. In this paper, we consider robust output regulation for
port-Hamiltonian systems in general, and as an example we
implement a robust controller for Euler-Bernoulli beam which
can be formulated as a second-order port-Hamiltonian system.
By robust regulation we mean that the controller asymptotically
tracks the reference signal, rejects the disturbance signal and
allows some perturbations in the plant.

The internal model principle is the key to understanding
how control systems can be robust, i.e., tolerate perturbations
in the parameters of the system. The principle indicates that the
regulation problem can be solved by including in the controller
a suitable internal model of the dynamics of the exosystem
that generates the reference and disturbance signals. One of the
first robust controllers that utilize the internal model principle
is the low-gain controller proposed by Davison [4]. Davison’s
controller has many practical advantages as it has simple
structure and it can be tuned with input-output measurements.
The controller was generalized to infinite-dimensional systems
and its tuning process was simplified in [5], [6].

The main contribution of this paper is that we present
sufficient criteria for a controller to achieve robust output
regulation for boundary control and observation systems. A
corresponding result has already been shown for various system
classes [7]-[9] but not for boundary control systems. As our
second main result, we will construct a minimal order robust
regulating controller for an arbitrary order impedance passive

The research is supported by the Academy of Finland Grant number 310489
held by Lassi Paunonen. Lassi Paunonen is funded by the Academy of Finland
grant number 298182.

The authors are with Tampere University of Technology, Mathematics,
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linear port-Hamiltonian system for which we can show certain
assumptions to hold.

Robust output regulation of port-Hamiltonian systems has
been considered by the authors in [10], [11] where first- and
even-order port-Hamiltonian systems were considered, respec-
tively. Outside robust regulation, stability, stabilization and
dynamic boundary control of port-Hamiltonian systems have
been considered, e.g., in [12]-[15]. This paper generalizes the
results of [10], [11] for port-Hamiltonian systems of arbitrary
order N. Furthermore, as opposed to [10], [11] considering
only impedance energy preserving systems, here we will be
considering impedance passive systems as well. Additionally,
here the observation operator is allowed to be unbounded,
which is essential for true boundary observation. This is also
an extension to the results of [6] where robust regulation
of boundary control systems with bounded observations was
considered.

Robust regulation has been considered for boundary control
systems in [6] and for well-posed systems in general in [16].
In both references, the robust regulation result is formulated
for a single controller structure, whereas our result (Theorem
4) holds for any controller that includes a suitable internal
model of the exosystem and stabilizes the closed-loop system.
Furthermore, both references assume that the controlled system
is initially stable, which is not required here. We also note
that in the proof of Theorem 8 we could utilize the frequency
domain proof of [16, Thm. 1.1] to show that the minimal order
controller stabilizes the closed-loop system, but we present an
alternative time domain proof instead.

The structure of the paper is as follows. In Section II we
present the control system consisting of the plant, exosystem
and controller. In Section III we formulate the robust output
regulation problem and present the robust regulation result for
boundary control and observation systems. In Section IV we
present the specific structure of linear port-Hamiltonian systems
with stability and stabilization results, so that in Section V we
can construct a robust regulating controller - that is also of
minimal order - for these systems. The theoretical results are
illustrated in Section VI where we construct a robust regulating
controller for Euler-Bernoulli beam.

Here £(X,Y') denotes the set of bounded linear operators
from the normed space X to the normed space Y. The domain,
range, kernel, spectrum and resolvent of a linear operator A are
denoted by D(A), R(A),N(A),o(A) and p(A), respectively.
The resolvent operator is given by R(\, A) = (A — A)~1,
and it exists for all A € p(A4). The growth bound of the Co-
semigroup T4 (t) generated by A is denoted by wo(T4), and
T4 is exponentially stable if wo(T4) < 0. In that case we also



say that A is exponentially stable.

II. THE PLANT, EXOSYSTEM AND CONTROLLER

The plant is a boundary control system of the form

z(t) = Az(t), x(0) = xo, (la)
Bx(t) = u(t) + w(t), (1b)
Ca(t) = y(t) (Ic)

where the disturbance signal w(t) is generated by the exosystem
that will be presented shortly. In Section IV, we will make an
additional assumption that the plant is an impedance passive
port-Hamiltonian system, but for now it is sufficient to consider
the plant a boundary control and observation system given by
the following definition:

Definition 1. [3, Def. 2.3.13] Let X,U and Y be Hilbert
spaces. The system (A, B,C) of linear operators A : D(A) C
XX B:DB)CcX —-UandC:DIC)C X =-Y
is called a boundary control and observation system if the
following hold:
1) D(A) C D(B) and D(A) C D(C).
2) The restriction A = A|yx () of A to the kernel of B
generates a Cy-semigroup (Ta(t))i>0 on X.
3) There is a right inverse B € L(U,X) of B such that
R(B) C D(A), AB € L(U,X) and BB = I.
4) The operator C is bounded from D(A) to'Y, where D(A)
is equipped with the graph norm of A.

Let A = Al g be the generator of a Co-semigroup Ta(t)
on X. We define the A-extension Cp of C by

Caz = lim ACR(\, A)z,
A—o0

and its domain D(Cy) consists of those z € X for which the
limit exists. Throughout this paper, we also assume that C is
admissible for A [17, Def. 4.3.1], i.e., for some 7 > 0 there
exists a constant K, such that

Jliezamlipd < K2aoli a0 € D).

Furthermore, if there exists a constant K > 0 such that K. <
K for all 7 > 0, then we say that C is infinite-time admissible
for A, for which we will give sufficient conditions in the
port-Hamiltonian context later on.

The exosystem that generates the boundary disturbance signal
w(t) and the reference signal y,..s(t) is a linear system

o(t) = Sv(t), v(0) = vp, (2a)
w(t) = Ev(t), (2b)
Yref(t) = —Fu(t) (2¢)

on a finite-dimensional space W = C? with some ¢ € N. Here
SeL(W)=C™, E e L(W,U) and F € L(W,Y). Fur-
thermore, we assume that S has purely imaginary eigenvalues
o(S) = {iwk}7_, C iR with algebraic multiplicity one.

The transfer function of the plant (1) is given by

P(\) = CAR(N\, A)(AB — AB) +CoB € L(U,Y), (3)

and it is defined for every \ € p(A) as R(B) C D(A) C D(C).
Note that the boundedness of the transfer function implies that
M must be bounded for every A € p(A). Hence, by the
Plancherel theorem we must have v € H', which we will
show to hold at the end of this section. Furthermore, we need
to assume that P(iwy) is surjective for all k € {1,2,...,q},
which is crucial to the solvability of the robust output regulation
problem presented in Section III. Note that the surjectivity
assumption implies that we must have dim(U) > dim(Y").

Since the plant is a boundary control and observation system,
it follows from Definition 1 that we can define an operator
G := BE € L(W, X) satisfying AG € L(W,X), BG = FE
and R(G) C D(C). It is easily seen by following the proof of
[18, Thm. 3.3.3] that if u € C%(0,7;U) and v € C%(0,7; W)
for all 7 > 0, then the abstract differential equation

£(t) = AE(t) + ABu(t) — Bu(t) + AGu(t) — Gi(t)  (4)

with £(0) = & is well-posed. Furthermore, if {o = o — Bug —
Guy € D(A), the classical solutions of (1) and (4) are related
by £(t) = x(t) — Bu(t) — Gu(t), and they are unique.

The plant (1) - as well as equation (4) - has a well-defined
mild solution for & € LP(0,7;U), v € LP(0,7; W) for some
p>1and xp € X. In that case, the summary related to [18,
Thm. 3.3.4] implies that the mild solution of (1) is given by
z(t) = Ta(t)(xo — Bug — Guvg) + Bu(t) + Gu(t) +

¢

/ Ta(t — 5)(ABuls) — Bi(s) + AGu(t) — Git))ds

0
Similarly for every { = x¢p — Bug — Gvg € X, one obtains
the mild solution of (4) using the above solution and the
relation between z(t) and £(t). We will show at the end of
this section that @ € L2(0,7;U), which together with the
fact that v € C°°(0, 7; W) ensures that the mild solutions are
well-defined.

The dynamic error feedback controller is of the form

2(t) = G12(t) + Ga(y(t) — Yrer(t)), 2(0) = 29, (5a)
u(t) = Kz(t) (5b)

on a Banach space Z. The parameters G; € L(Z), Go €
L(Y,Z) and K € L(Z,U) are to be chosen in such a way
that robust output regulation is achieved for the plant (1).

We are finally in the position to give the formulation of
the closed-loop system consisting of the plant (1) written as
the abstract differential equation (4) and the controller (5).
Furthermore, we will show that @ € L2(0,7;U) for every
7 > 0. Using the above notation and definitions, the closed-loop
system can be written on the extended state space X, = X x Z
with the extended state £,(t) = (£(t), 2(t))T as

ée( ) =A ge( )+B U( )7 ge(o) = e,
e(t) = Cele(t) + Dev(t),

(6a)
(6b)

where e(t) == y(t) — yres(t) is the regulation error, £ =
(€0, 20)T, [CA CaBK]|, D, =CyG + F and
{ A BKG>Cn ABK — BK(G; + G2CABK) }
G2Ca G1+ G2CaABK ’
{ Gal CAG +F) ]



The operator A, has domain D(A,) =
can be written in the form

D(A) x Z, and it

A o0 ~BKGs
A, = |: 0 G :| + |: Gs :| [CA CABK}
0 ABK — BKG;
Tlo 0

=A1 + AsC, + As.

Since all the operators associated with the controller (5) are
bounded and since AB,B € L(U,X) due to the plant (1)
being a boundary control and observation system, it follows
that the operators A, and Az are bounded. Furthermore,
since C is admissible for A and CAB € L(U,Y), it follows
that C, is admissible for A;. Thus, since A; is clearly the
generator of a Cp-semigroup, A and As are bounded, and
C, is admissible for Ai, it follows from [17, Thm. 5.4.2]
and standard perturbation theory that the operator A, is the
generator of a C-semigroup, and that C, is admissible for
A, as well. Finally, combining (5) and (6b) we obtain that
= KG z+ KGy(Ce&e+ D.v), which by the above reasoning
shows that & € L2(0,7;U) for all 7 > 0, and thus, the mild
solutions of (1) and (4) are well-defined.

III. THE ROBUST OUTPUT REGULATION PROBLEM AND THE
INTERNAL MODEL PRINCIPLE

In this section, we formulate the robust output regulation
problem and present the concept of the internal model via the
G-conditions. After that, we are in the position to present and
prove the first main result of this paper.

In order to discuss robustness, we consider perturbations
(A,B,C,E,F) € O of the operators (A, B,C, E, F). The class
O of perturbations is defined such that the perturbed operators
(A B,C,E,F ) satisfy the following assumptions which the
operators (.A7 B,C,E, F) are assumed to satisfy as well.

Assumption 2. The operators (A,B,C,E,F) satisfy the
following:
1) The plant (A, B,C) is a boundary control and observation
system.
2) The operator C is admissible for A = A‘N(B)
3) The transfer function of the plant (A B,C) is surjective
and bounded for every eigenvalue of S.
4) Ee L(W,U) and F € L(W,Y).

It is easy to see that these conditions are satisfied for arbitrary
bounded perturbations to F and F', whereas the boundary
control and observation system requirement imposes stricter
conditions on the perturbations on A, 3 and C. However, at

least sufficiently small bounded perturbations are acceptable.

Note that the operators B and G associated with the boundary
control and observation system will also change when the
system is perturbed. We denote these operators by B and G.
The Robust Output Regulation Problem. Choose a controller
(G1,G2, K) in such a way that the following are satisfied:
1) The closed-loop system generated by A, is exponentially
stable.
2) For all initial states .o € X, and vy € W, the regulation
error satisfies e e(+) € L%(0,00;Y) for some o > 0.

3) If (A,B,C, E, F) are perturbed to (A, B,C,E, F) €0
in such a way that the closed-loop system remains
exponentially stable, then for all initial states &.o € X,
and vg € W, the regulation error satisfies e%¢e(-) €
L?(0,00;Y) for some & > 0.

‘We note that without the last item in the above list the problem
is called output regulation problem which will be considered
in the proof of our first main result in the next subsection.

The internal model principle states that the robust output

regulation problem can be solved by including a suitable
internal model of the dynamics of the exosystem in the
controller. The internal model can be characterized using the
definition of G-conditions below. What follows is our first
main result where we show that a controller satisfying the
G-conditions is robust.

Definition 3. [7, Def. 10] A controller (G1,Ga, K) is said to
satisfy the G-conditions if

R(iw, — G1) NR(G2) = {0}, (72)

N(Gs) = {0} (7b)

forall k€ {1,2,...,q}, where o(S) = {iwk}i_;.

A. Sufficient Robustness Criterion for a Controller

We will now show that a controller (G1, G2, K) that satisfies
the G-conditions solves the robust output regulation problem
for a boundary control and observation system, provided that
the controller exponentially stabilizes the closed-loop system.

Theorem 4. Assume that a controller (G1, G2, K) exponentially
stabilizes the closed-loop system. If the controller satisfies the G-
conditions, then it solves the robust output regulation problem.
The controller is guaranteed to be robust with respect to all
perturbations under which the closed-loop system remains
exponentially stable and Assumption 2 is satisfied.

Proof. Let (A B,C ,E,F ) be such arbitrary perturbations of
class O that the perturbed closed-loop system generated by
A, is exponentially stable. As the perturbations of the class O
satisfy Assumption 2, it follows that B. and D, are bounded
and C, is admissible for A,. Thus, the closed- -loop system is
a regular linear system, and by [9, Thm. 4.1] we have that
the controller (G, Ga, K) solves the output regulation problem
if and only if the regulator equations £S5 = A% + B, and
0 = C.X + D, have a solution ¥ := (I, )T e L(W, X,).
Note that the result of [9, Thm. 4.1] only requires that the
closed-loop system is regular, and therefore it can be used
here. Further note that as A, is assumed to be exponentially
stable and o(S) C iR, by [19] the Sylvester equation £S5 =
A.Y + B, has a unique solution ¥ € L(W, X,) satisfying
R(E) C D(A ). Thus, in order to show that the controller
solves the output regulation problem, it remains to show that
the bounded solution ¥ of the Sylvester equation satisfies the
second regulator equation as well. We will do this for the
arbitrary perturbations (A, B,C, E,F) € O, which implies
that the controller is robust under these perturbations, i.e., it
solves the robust output regulation problem.

Let k£ € {1,2,...,q} be arbitrary and consider the eigen-
vector ¢y, of S assomated with the corresponding eigenvalue



iwy, satisfying S¢j, = iwy.¢x. Then $S¢), = A S¢y, + Bedy,
implies (iwy — Ae)X o = Beoy, which yields

[ (iwr, — A+ BKGC )y, — (ABK — BK(Gy + GaCrBK))Toy,
~GoCaTlgy, + (iwy, — G1)Tpy, — GoCA BK Ty,
[ (AG — GS — BKG,(CAG + F))on
Go(CAG + F) oy,

The second line implies (iwg, — G1)Tdr = QQ(éAHm +
CABKT ¢y, + (CAG + F)(j)k) and now by the G-conditions
we have that 0 = CpIlgy, + CABKT ¢y, + (CAG + F)¢y, =
C. Yoy + Dcm As the eigenvectors ¢y, form an orthogonal
basis on IV and the choice of k was arbitrary, it follows that
¥ satisfies the second regulator equation C,% + D, = 0 as
well. Thus, [9, Thm. 4.1] implies that the controller solves the
robust output regulation problem. |

IV. BACKGROUND TO PORT-HAMILTONIAN SYSTEMS

In this section, we give some background to port-Hamiltonian
systems. We note that while [1] is a classical reference paper
regarding these systems, we use [3] as our main reference as it
gives a slightly more general formulation for port-Hamiltonian
systems than [1]. Therefore we will cite [3] for the base results
as well, even though essentially the same results can be found
in [1].

Define a linear port-Hamiltonian operator A of order NV on
the spatial interval ¢ € [a, ] as follows:

Definition 5. [3, Def. 3.2.1] Let N € N and P, € C**"
satisfying Pf = (—=1)**'Py for k € {1,2...,N} with Py
invertible. Furthermore, let Py € L™ (a,b;C"*™) satisfying
Re(Po(C)) = L(Fo(C) + F{(Q)) < 0 for ae. ¢ € [ab]. Ler
the state space X = L*(a,b;C") be equipped with the inner
product {-,-)x = (-, H-)p2 where H : [a,b] — C"*" satisfies
Ml < (& HOEen < MIEP, € € T ae ¢ € [a]
for some constants 0 < m < M < oo. Then the operator
A:D(A) C X — X defined as

Zpkack

with domain D(A) = {x € X : Hx € HY (a,b; C")} is called
a linear port-Hamiltonian operator of order N.

Let @ : HV(a,b;C") — C>™V defined by
(@) i= (@(b), ...,s ¥V (b),2(a), ..., sV (a))T

be the boundary trace operator and define the boundary port
variables fp, eg by

)26, 1) + Po(OH(C)z(C, 1),

fo|l _ 1 ]Q -@ —
{ e | =BT T O(Ha) = Rop®(Hz) (8)
where Q € C*V*"N s a block matrix given by
Qi = (-1 1Py 1, i+j<N+1
” 0, else ’

Note that since Py is assumed to be invertible, it follows that
(@ is invertible, and hence, R.,; is invertible as well.

Using the boundary port variables we can now define the
boundary control and boundary observation operators B and
C, respectively. Their definitions are included in the following
definition of port-Hamiltonian systems.

Definition 6. [3, Def. 3.2.10] Let A be a port-Hamiltonian
operator of order N with associated boundary port variables
fo and eg. Further let W, Wg € C™NX2nN pe full rank
matrices such that N(Wg) NN(W¢) = {0}. Then the input

map B : D(B) = D(A) C X — U := C"N and the output
map C: D(C) =D(A) C X — Y :=C"N are defined as
Bz(t) := Wg { gzgg } , Cx(t):=We { gggg } )

and the system (A, B,C) is called a port-Hamiltonian system.

We note that the above definition implies that we have full
control and measurements, which is not very common in
practice. However, the exponential stability criterion given
in part a) of Lemma 7 essentially requires that we have full
control. If we were considering a less general class of port-
Hamiltonian systems, e.g., first- or even order systems, we
could utilize [15, Thm. III.2] or [12, Prop. 2.16], respectively,
to obtain exponential stability with fewer controls. However,
to our knowledge there are no weaker exponential stability
criteria than the one given in part a) of Lemma 7 for arbitrary
order port-Hamiltonian systems, and thus, we assume having
full control and measurements.

We have by [3, Thm. 3.2.21] that a port-Hamiltonian system
(A, B,C) is a boundary control and observation system if and
only if the operator A = A|x(;3) generates a Cp-semigroup on
X. Furthermore, by [3, Thm. 3.3.6] the operator A generates a
contractive Co-semigroup if and only if WpXWj5 > 0 where

0 I
s [0 1].
Following [3, Def. 3.2.12], we define a system (A,B,C)
impedance passive if it satisfies

Re(Ax(t), z(t))x < Re(Bu(t), Ca(t))cnv,

and impedance energy preserving if the above holds as an
equality. These systems can be easily identified based on
Wpg,Wc and Fy. Define a matrix Py, w, such that

WeEW}, WpEWE
WeSW;, WeSWe

By [3, Prop. 3.2.16], a port-Hamiltonian system is impedance
energy preserving if and only if Py(¢) = —FPy(¢)* for ae.
¢ € [a,b] and Pw, w. = X, and it is impedance passive if
and only if Re Py(¢) < 0 for a.e. ¢ € [a,b] and Py, w. < X.
We consider impedance energy preserving and impedance
passive port-Hamiltonian systems as they can be exponen-
tially stabilized using output feedback. Stabilization of port-
Hamiltonian systems with negative output feedback was first
presented for first-order impedance energy preserving port-
Hamiltonian systems in [20, Sec. IV], and we will next
generalize the result for systems of arbitrary order V.

(10)

x € D(A)

PWBWc:

Lemma 7. a) A port-Hamiltonian system that

WpYXWpg > 0 is exponentially stable.

satisfies



b) An impedance passive port-Hamiltonian system can be
exponentially stabilized using negative output feedback
u(t) = —ry(t) for any k> 0.

Proof. a) The claim can be proved similarly to [11, Lem. 2]
by using the techniques utilized in the proof of [2, Lem. 9.1.4]
and the estimate Re(Az,z)x < Re(fs,eq)cn~ which holds
as Re Py(¢) < 0 ae. ¢ € [a, b]. Eventually, we obtain

N-1
Re(Az,z)x <=y Y > |[(Ha)®(Q)?
k=0 C=a,b

for some v > 0, which by [3, Thm. 4.3.24] is sufficient for
the port-Hamiltonian system being exponentially stable.

b) Let W and W be such that the port-Hamiltonian system
is impedance passive. It has been shown in [20, Sec. IV]
that the closed-loop system with negative output feedback

u(t) = —rky(t) can be written as
@(t) = Ax(t),
(W + £We) [ fzgg ] — (B4 KC)at) = 0,
Ca(t) = y(t).

By [3, Prop. 3.2.16, Lem. 3.2.18], it holds for impedance pas-
sive port-Hamiltonian systems that WX W5 > 0, WeXW§ >
0 and WpXW¢ = I = W XW5. Denote W, := Wp+sWe
which satisfies

W EW = WeXW5 + 26l + &*WeXWg > 281 > 0,

and now part a) completes the proof. |

V. ROBUST REGULATING CONTROLLER FOR IMPEDANCE
PASSIVE PORT-HAMILTONIAN SYSTEMS

In this section, we will construct a finite dimensional,
minimal order controller for an impedance passive port-
Hamiltonian system and a finite dimensional exosystem as given
in (2). The choices of the controller parameters (G, Ga, K) are
adopted from [21, Sec. 4]. However, as an impedance passive
port-Hamiltonian system is not necessarily exponentially stable
to begin with, we will need to add an extra term to the controller
in order to ensure the exponential stability of the closed-loop
system. The controller that we will construct is of the form

2(t) = G12(t) + Gee(t), 2(0) = zo,

u(t) = Kz(t) — ke(t),
where as opposed to the controller given in (5) we have the
extra feedthrough term —re(t). Here the control signal consists
of two parts u(t) = uq(t) + uz(t) where the second term
contributes to exponentially stabilizing the plant and the first
one provides the robust regulating control. Note that instead
of —rky(t) we use —re(t) which we will show to stabilize
the plant as well. Furthermore, using —xe(t) simplifies the
controller as y(t) and y,.;(t) are not needed separately.

We define Z = Y. The controller parameters are chosen
as kK > 0 and

g1 = diag (iw1Iy7 iwaly, ... ,iway) € E(Z)7
K =eKo =¢[K}, K§,...,K{| € L(Z,U),
Go = (G5)1_y = (—(Pulivr) K§)* )i, € L(Y, Z)

where ¢ > 0 is the tuning parameter and P, (iwy) = P(iwy) (I+
kP(iwg)) ™! is the transfer function of the triplet (A, B +
kC,C). Note that since P(iwy) is assumed to be surjective
for every k € {1,2,...,q}, P.(iwy) is surjective as well.
Further note that if we choose K(’f = Pm(iwk)f (the Moore-
Penrose pseudoinverse of P (iwy)), then G§ = —Iy for all
ke{1,2,...q}.

Theorem 8. Assume that (A,B,C) is an impedance passive
port-Hamiltonian system of an arbitrary order N and (S, E, F)
is a finite-dimensional exosystem such that Assumption 2 is
satisfied. Then there exists an €, > 0 such that for any 0 <
€ < €, the controller with the above parameter choices solves
the robust output regulation problem.

Proof. Consider an input of the form u(t) = Kz(t) — re(t) =
u1(t) — kY(t) + Kyres(t). The plant with such an input can be
written as

z(t) = Ax(t),
(B+ kC)x(t) = ur(t) + KYres(t) + w(t),
Cz(t) = y(1),

where we also included the boundary disturbance signal w(t).
Note that as w(t) = Fv(t) and y,es(t) = —Fv(t), the term
KYref(t) can be considered an additional disturbance to the
original system.

We know by Lemma 7 that the negative output feedback ex-
ponentially stabilizes the impedance passive port-Hamiltonian
system, and thus, the operator A, := A|x(s4rc) generates an
exponentially stable Cp-semigroup on X. Furthermore, as the
stabilized plant is a boundary control and observation system,
there exists an operator B, satisfying (B + ~C)B, = Iy, and
we can define an operator G, := B, (E — £F) that satisfies
(B+kC)G,, = E— kF and takes the reference signal £y (t)
into account.

The closed-loop system consisting of the plant and the
controller is still given as in (6) with A, B and G replaced
by A,, By and G, respectively, and the A-extension of C is
given by Cax = limy_oo ACR(X, A, )x. Note that since the
plant is an impedance passive port-Hamiltonian system, we
have by Lemma 7 that (Wg + kWe)Z(Wg + kWe)* > 0,
and thus, by Lemma 9 presented in the Appendix the operator
C is admissible for A,..

Now that the feedthrough term of the controller is associated
with the plant, the remaining controller is of the standard form
given in (5). Thus, we have by the proof of [21, Thm 4.1]
that the controller satisfies the G-conditions, and hence, by
Theorem 4 the controller solves the robust output regulation
problem, provided that the closed-loop system is exponentially
stable.

To conclude the proof, we will show that the closed-loop
operator A, is similar to an exponentially stable operator and
hence, exponentially stable. Choose a similarity transformation

| T eHd |
o=| 7 ]t ec
where the operator H := (Hy, Hs,...,H,) € L(Z,D(A,)) is

chosen as

Hy = R(iwg, Ap)(AB, — iwy By ) K§



for all k € {1,2,...,q}. Let us define A, := QA.Q~'. We
will next show that A, is exponentially stable, which implies
that A, is exponentially stable as well.

By the choices of Hy, we have (iwy — A, )Hy = AB K} —
iw, B KE, ie., Hyiwg = AgHy + AB K§ — B, KFiwy, and
thus, HG, = A, H + AB,Ky — B, K(G; due to the diagonal
structure of G;. Furthermore,

Ca(Hy + BoKY) =CAR(iwy,, A.)(AB,. — iwy B, ) Kk
+ CABLK§ = P, (iwy) K¥,

and thus, Cy(H + B, Ko) = —G5. Using the above identities
A, can be written as

A _ A/-; - G(H + BNKU)QQCA 0
e —GaCr G1 — €G2G5
2| 0 —(H + B.Ko)G2G5
+€ { 0 0 } .

Since C is admissible for A, and (H + B, K()G- is bounded,
there exists an €,, > 0 such that for all 0 < € < ¢, the operator
A, — €(H 4+ B,,K()G2Ca generates an exponentially stable
semigroup. Furthermore, we have by [22, App. B] that the
semigroup generated by G; — eG2G3 is exponentially stable
for every € > 0 and that there exists a constant M > 0 such
that ||R(\, G1 — €G2G3)|| < M/e for A € C,. Consider the
operator A, in the form A; + €2A,. Using the above upper
bound for ||R(\,G1 — €G2G3)|| it can be shown that there
exists an €* such that for all 0 < € < ¢* and A € C;. we have
[|e2A2R(X, A1)|| < 1. Thus, it follows that there exists an €],
such that for all 0 < e < € the resolvent of A, is bounded in
the right half plane, i.e., A, is exponentially stable.

Since the controller satisfies the G-conditions and the closed-
loop system is exponentially stable for every 0 < € < €}, we
have by Theorem 4 that the controller solves the robust output
regulation problem for any 0 < € < €. O

VI. ROBUST CONTROL OF A 1D EULER-BERNOULLI BEAM

In this section, we construct a robust controller for Euler-
Bernoulli beam which is an example of a port-Hamiltonian
system of order two. The formulation of Euler-Bernoulli beam
as a port-Hamiltonian system is adopted from [3, Ex. 3.1.6].

The Euler-Bernoulli beam equation is given on the spatial
interval ¢ € [0, 1] by

0? 0? 02
P(C)@V(Cvt) = *TCQ(EI(C)TCQ
where v((,t) denotes the displacement at position ¢ at time ¢,
p(C) is the mass density times the cross sectional area, E(()
is the modulus of elasticity and () is the area moment of the
cross section. Due to their physical interpretations, the functions
p, E and I are uniformly bounded and strictly positive for all
¢ elo,1].

In order to write the Euler-Bernoulli beam equation as a

port-Hamiltonian system, let us define the state z:(¢,t) by

ned = med ]

V(1))

atc.0 = |

Now we can write the equation as 0;x(¢,t) = Axz((,t) where

_[o =172 (e 0
which is a second-order port-Hamiltonian operator with Py =
P1 = 0,

Py — [(1) *H and H(C) = [ p(go)il EIO(C)]'

Using the new state variables, define the control and observation
operators by Bx(-,t) := [27(0,t), 21 (0,t), 25 (1, 1), zo(1,)]T
and Cx(-,t) == [—22(0,t), 25(0,t), —21 (1, 1), 2 (1,1)], from
which it can be seen that the triple (A, 3,C) is an impedance
energy preserving port-Hamiltonian system.

Let the reference signal y,..; and the disturbance signal d
be given by

— sin(mt) sin(27t)
wstt)i= | ooy | e a0i= | SH .
sin(27t) sin(nt)

so that we have S := diag(—2im, —im,im,2im), and E and F'
are suitably chosen matrices.

The controller parameters (G, Ga, K, k) are chosen accord-
ing to the previous section, i.e., we choose

e=0.17,
gl = diag (—2i7‘r1y7 —i7TIy7i7rIy7 Qiﬂ'Iy) s
Go=(GN)i_,, GEF=—Iy Vke{1,2,3,4},

K =€ [Pu(—2im) ", Pu(—im) ™", Pu(im) !, Pu(2im) 7],

where P, is the transfer function of the triplet (A, B + xC,C)
and € is chosen such that the growth bound of the closed-
loop system is close to its minimum. Note that as we chose
K% = Py (iwy,)™1, each block of G, is equal to —Iy.

Figure 1 shows the numerical simulation of the Euler-
Bernoulli beam with initial conditions vy = 1, §, = 0 and
zo = 0. It can be seen that the regulation error diminishes
very rapidly. In the simulation the spatial derivatives were
approximated by finite differences with grid size 0.05.

k=1,

24

1 L

€1
€2
€3
€4

Figure 1. Regulation error on ¢ € [0, 20].

VII. CONCLUSIONS

We considered robust regulation of impedance passive port-
Hamiltonian systems of arbitrary order and showed that a
controller satisfying the G-conditions is robust. The robustness



result not only holds for impedance passive port-Hamiltonian
systems but for any boundary control and observation system
satisfying Assumption 2. We also presented a simple, minimal
order controller structure that satisfies the G-conditions and
showed that it stabilizes the closed-loop system, thus solving
the robust output regulation problem. The theory was illustrated
with an example where we implemented such a controller for a
one-dimensional Euler-Bernoulli beam with boundary controls
and boundary observations.

APPENDIX

Lemma 9. Consider a port-Hamiltonian system (A, B,C) as
in Definition 6 and assume that the operator B is such that
WpEXWE > 0. Then the observation operator C is infinite-time
admissible for the semigroup Ty generated by A = A‘N(By

Proof. Consider the classical solution x(t) = Ta(t)zo of
#(t) = Az(t), (0) = z9 € D(A) and recall the estimate
that was mentioned in the proof of Lemma 7:

Re(Az,z)x < Re(fs,ea)cnn. (€5))

Since x € D(A), we have that Bz = 0, i.e., (fs,e0)T €
N(Wg). As WgEW}, > 0, [1, Lem. A.1] implies that we may
write W = S[I+Vp I—Vg] where S is invertible and Vp
is square satisfying V;Vp < I. Furthermore, as (fs,e9)T €
N(Wpg), by [1, Lem. A.2] we may write

AL

—1-Vp
for some ¢ € C™V. Let us define the output as y = Cz and
write W = [C1, C3] with Cy » square. We have

[2}:[%} gi}:[cl(ffvmgcz(uva}e

for some £ € C"V. Since N (Wg) NN (W) = {0}, it follows
from the above that the square matrix R := C1(I — V) —
Cy(I+ Vp) is invertible. Now using the estimate (11) together
with (12) we obtain
d
il

12)

()]|% = 2Re(Az, z)x < 2Re(fs,ea)cnn.
= 0" (=21 +2V3Vp)(
=y*R™* (=21 + 2V4VB)R™ 1y
< —mlly|[Enn,

for some m > 0 as V3Vp < I. Integrating both sides over
[0, 7] and using y(t) = CTa(t)zo yields

lla(m)I% = llzol & < *m/ ICTA ()0 B dt.
0

Letting 7 — oo, we have ||z(7)||% — 0 as T4 is exponentially
stable by part a) of Lemma 7, and we obtain

(e o]

1
/HCTA(t):coHéwdt < ol
0

which concludes the proof. |
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Approximate robust output regulation of boundary
control systems

Jukka-Pekka Humaloja, Mikael Kurula and Lassi Paunonen

Abstract—We extend the internal model principle for systems
with boundary control and boundary observation, and construct
a robust controller for this class of systems. However, as a
consequence of the internal model principle, any robust controller
for a plant with infinite-dimensional output space necessarily
has infinite-dimensional state space. We proceed to formulate
the approximate robust output regulation problem and present
a finite-dimensional controller structure to solve it. Our main
motivating example is a wave equation on a bounded multidimen-
sional spatial domain with force control and velocity observation
at the boundary. In order to illustrate the theoretical results, we
construct an approximate robust controller for the wave equation
on an lar d in and d trate its performance with
numerical simulations.

Index Terms—Robust control, Distributed parameter systems,
Linear systems, Controlled wave equation

I. INTRODUCTION

Intuitively speaking, the problem of output regulation of a
given plant amounts to designing an output feedback controller
which stabilizes the plant, and in addition the output of the
plant tracks a given reference signal in spite of a given
disturbance signal. If a single controller solves the output
regulation problem for the plant and also for small pertur-
bations of the plant, and for more or less arbitrary reference
and disturbance signals, then the controller is said to solve the
robust output regulation problem. See the beginning of §IV]
for exact definitions of these concepts.

Output tracking and disturbance rejection have been studied
actively in the literature for distributed parameter systems
with bounded control and observation operators [[I], [2], [3]],
[4], [S] and robust controllers have been constructed for
classes of systems with unbounded control and observation
operators, such as well-posed [6]] and regular [7] systems, in
81, [9], [10], [11]. The key in designing robust controllers
is the internal model principle which in its classical form
states that a controller can solve the robust output regulation
problem only if it contains p copies of the dynamics of the
exosystem, where p is the dimension of the output space of
the plant. The internal model principle was first presented
for finite-dimensional linear plants by Francis and Wonham
[12]] and Davison [13]]. The principle was later generalized to

The research is supported by the Academy of Finland Grant number 310489
held by L. Paunonen. L. Paunonen is funded by the Academy of Finland grant
number 298182.

J-P. Humaloja and L. Paunonen are with Tampere University of Technol-
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M. Kurula is with Abo Akademi University, Mathematics and Statistics,
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infinite-dimensional linear systems in [L1l], [14], [15] under
the assumption that the plant is regular.

In this paper, we focus on output regulation for boundary
controlled systems with boundary observation. Our motivating
example is a wave equation on a multidimensional spatial
domain, with force control and velocity observation on a
part of the boundary. This n-D wave system is challenging
from the robust control point of view since it is neither
regular nor well-posed. Moreover, the output space of the
wave system is infinite-dimensional and then the internal
model principle implies that any robust controller must also
be infinite-dimensional. However, as the main contribution
of this paper, we demonstrate that it is possible to achieve
approximate tracking of the reference signal in the sense that
the difference between the output and the reference signal
becomes small as ¢ — oo. More precisely, we introduce a
new finite-dimensional controller that solves the robust output
regulation problem in this approximate sense, hence extending
the recent results of [[16] to continuous time. At the same time,
we extend the class of reference signals that can be tracked.
As a part of the construction of this controller, we present an
upper bound for the regulation error.

The second main result of this paper is a generalization
of the internal model principle presented in [[14]], [[15] to
boundary control systems that are not necessarily regular linear
systems. The sufficiency of the internal model for achieving
robust control has been presented in [[17], albeit here our
formulation is more general in terms of boundary controls
and disturbances. The necessity of the internal model is a new
result for boundary control systems.

As our third main contribution we characterize and construct
a minimal finite dimensional controller to solve the output
regulation problem. Due to the reduced size of the controller,
it does not have any guaranteed robustness properties. The
controller concept was presented for regular linear systems in
[[L1]], and here we will generalize such controllers for boundary
control systems.

In §l we present the wave equation and show how it fits
into the abstract framework of the later sections. In §III we
present the abstract plant, the exosystem and the controller
(which is to be constructed), and reformulate the intercon-
nection of these three systems as a regular input/state/output
system. In §[V] we present the output regulation, the robust
output regulation and the approximate robust output regulation
problems, and present controller structures to solve them. A
regulating controller without the robustness requirement is
presented in §IV-A] and an approximate robust regulating
controller is presented in §I[V-C| In §IV-B] we present the



internal model principle for boundary control systems, follow-
ing which we present a precise robust regulating controller in
In §V] we construct an approximate robust regulating
controller for the wave equation on an annular domain and
demonstrate its performance with numerical simulation. The
paper is concluded in §V1}

Here £(X,Y) denotes the set of bounded linear operators
from the normed space X to the normed space Y. The domain,
range, kernel, spectrum and resolvent of a linear operator A are
denoted by D(A), R(A), N (A),c(A) and p(A), respectively.
The right pseudoinverse of a surjective operator P is denoted
by Pl

II. THE WAVE EQUATION

In this section, we describe the example which motivates the
robust output regulation theory in this paper, a wave equation
(the plant) on a bounded domain € C R™ with force control
and velocity observation at a part of the boundary. We try to
keep the exposition brief; more details can be found in [I8]],
(191, [20].

Let 2 C R™ be a bounded domain (an open connected set)
with a Lipschitz-continuous boundary 0f) split into two parts
Tg, T such that ToUT'; = 9Q, TyNI'y = (), and ATy, AT both
have surface measure zero. We consider the wave equation

0w .
o022 (C.1) = aiv (T Vw (C.1), Cen,
U(C,f) =Vv: T(C) V1U(<7t)7 C S FL
0
y(C,t):aif(C,t), ¢eTy, (L1
0:%(Cvt)7 C€F0>t>0
w(~,0) = Wo, %('70) = wr,

where w((, t) is the displacement from the equilibrium at the
point ¢ €  and time t > 0, p(-) is the mass density, 7*(-) =
T(-) € L*(Q;R™) is Young’s modulus and v € L>®(99;R")
is the unit outward normal at 9€2. We require p(-) and T'(-) to
be essentially bounded from both above and below away from
zero. Please note that the input u is the force perpendicular
to I'; and the output y is the velocity at I'y while waves are
reflected at the part I'y of the boundary where the displacement
is constant.

In order to solve the robust output regulation problem for
the wave system, we shall need to stabilize (I.T)) exponentially
using a viscous damper on I'y, which corresponds to the output
feedback

u(<7 t) = _b2(<) y(c t)v

This requires that we make some additional assumptions solely
for the purpose of obtaining exponential stability (see §II-B]
below for more details). Additionally, to prove later on that
the velocity observation on I'; is admissible, we assume that

¢ely, t>0.

§:= inf b(¢)% > 0. (IL.2)

¢ery

A. The wave equation as a formal boundary control system

Our first step is to show that the wave equation on a bounded
domain in R™ can be written as a boundary control system
(BCS) in the sense of [21]. To this end, we first write the
wave equation

0w

P(Q) Gy (6:8) = div (T(Q) V(<. )
in the first-order form (as an equality in L2(Q)"+1)
d {p()w(,t)] _ [0 div] [1/p() 0 | [p() (1)
dt | Vw(-,t) vV o0 0 TO)| | Vw(,t) |’
(1.3)
where div denotes the (distribution) divergence operator and
V is the (distribution) gradient. Hence, the state at any time
is the pair of momentum and strain densities on 2.
Under the standing assumptions on p and 7', the operator of

multiplication by H := [1/ g(') T(()_>] defines an inner product
on L2(Q)"*+! via

on xRy

(w,2)3 = (Mw, 2) 2 (qynin

and (-, -),, is equivalent to (-, ) ;> (q)n+1. The space L*(Q)"
equipped with this equivalent inner product is denoted by Xy
and will be used as the state space of the plant.

We next introduce some function spaces for the wave
equation. The notation H'(f2) stands for the Sobolev space
of all elements of L2(f2) whose distribution gradient lies in
L?(Q)™ and H'(Q) is equipped with the graph norm of the
gradient. Similarly H4V(Q) is the space of all elements of
L2(2)™ whose distribution divergence lies in L?(£), equipped
with the graph norm of div. In order for ([L3) to make
sense as an equation in L2(£2)"*1, we need for every fixed
t > 0 that w(-,t) € HYQ), Vw(,t) € L*Q), and
T(:) Vuw(-,t) € HW(Q), or equivalently

[pw@)} - {Hl(m } 7

V() Hv(Q) £20.

If Ty = 0, then the output y lives in the fractional-order
space H'/2(9Q) on the boundary of Q (see, e.g., [19, §13.5]
or [20]). This space is important to us also when Ty # 0,
because the Dirichlet trace o maps H'(2) continuously onto
H'/2(89Q). Indeed, we set

Wi={we H'2(00) | w], =0}  witn

ol = |26 e
HY(9)

where | denotes the restriction to a given subdomain in the
appropriate sense and

— -1
W= 30l e € LIHY2(09); HY(Q)).
Moreover, we introduce
HE,() = {g € H'Q) | gy, =0},

with the norm inherited from H!(Q). This setup makes
both W and HY () Hilbert spaces; indeed, H'/2(9) is
continuously embedded into L2(9Q) by [19, (13.5.3)], and so
H} () is the kernel of Pr,vo € £(H"(2), L?(99)), where



Pr, is the orthogonal projection onto L2(T'y) in L2(912). This
proves that H}D (€2) is a Hilbert space, and moreover, vy maps
the Hilbert space HE () © N (yo) unitarily onto W which
is then also complete.

The embedding + : W — L2(T';) is continuous, because
L= Pplf'yufy([fl, where ¢ is the continuous embedding of
H'Y2(09) into L?(99). The embedding is also dense by [T9,
Thm 13.6.10], so that we may define W’ as the dual of W
with pivot space L2(T'1) (see [19} §2.9]). Then in particular

(@, Wy = (W W) papyy s we LATy), weW.

Thm 1.8 in Appendix 1 of [I8] states that the restricted
normal trace vy, h = (v - Voh)‘n, h € HY Q)" has a
unique extension to a continuous operator (still denoted by
1) that maps HV(Q) onto W'. Please note that y, is not
the Neumann trace yy: If Tg = ), then W = H'/2(9Q) and
the relation between the two operators is yyz = v, Vz, for
a sufficiently regular z, where the equality is in H~/2(5Q).
The space H~1/2(99) equals W' in the case where Ty = 0§
(which is not the main case of interest to us, see (IL6) below).

Now we include the boundary condition at I'j into the do-
main of [ ¥ ] H, see (IL3), by requiring that w € H} ()
instead of the weaker 1 € H'(Q2) which we motivated above.
We can then write ([LI)) as

&(t) = AHx(t),
u(t) = BHz(t),

t>0, 2(0) = {pwﬂ . (IL4)
y(t) = CHa(t),

vﬂ)o

where z(t) = {éi((?)] is the state at time ¢, A = [ & div],

B = [0 "yL], and ¢ = [’Y(] 0}, with domains

D) := D(B) := D(Q) = Ei%((%))} C Xy,

which is Hilbert when equipped with the graph norm of .
Here Xy is the state space, U = W’ the input space, and
Y = W the output space.

In [18 Thm 3.2] it was shown that (IL4) has the structure
of a boundary triplet (or abstract boundary space in the
original terminology of [22 §3.1.4]). This easily implies that
the undamped wave equation is a boundary control system in
the sense of Curtain and Zwart [21} Def. 3.3.2]:

Definition IL.1. Let the state space X and input space U be
Hilbert spaces, and let A : X D D(A) — X and B: X D
D(B) — U be linear operators with D(A) C D(B).

The control system i(t) = Az(t), Bx(t) = u(t), t > 0,
2(0) = o, is called a boundary control system (BCS) if the
following conditions are met:

1) The operator A := .A|D (4) with domain

D(A) := D(A) NN (B)

generates a Cy-semigroup on X and
2) there exists a B € L(U,X) such that BU C D(A),
AB € L(U,X), and BB = Iy.
An output equation may be added to the BCS by setting
y(t) = Cuz(t), where C is a linear operator defined on
D(C) D> D(A) and mapping into some Hilbert output space

Y, with the additional property that CB € L(U,Y’). We shall
briefly say that (B,.4,C) is a BCS on (U, X,Y) if all of
the above conditions are met. Finally, we say that a BCS on
(U, X,Y) is (impedance) passive if the input space U can be
identified with the dual Y’ of the output space and

Re (Az,z)x < Re (Bz,Cz)y y , z € D(A).

For more information on abstract passive BCS, we refer
to [23], [24]]. Unlike the setting of Malinen and Staffans, the
original definition of Curtain and Zwart does not consider the
observation operator C or passivity, and it is not assumed that
D(A) is a Hilbert space. The robust output regulation theory
presented in §[V]below is formulated for the general, abstract
systems in Definition [T}

We now return to the particular case of the wave equation
(IC4). However, later we shall need to use L?(T';) as both
input and output space rather than ¥V’ and W. Fortunately,
this can be achieved by restricting (BH,AH,CH): Choose
the new input space as & := L?(I';) and set

DA) = {z € H'D(R) | BHx € L*(T1)}
with the norm given by

2l q) = IHal,, + ARz, + [1BHz|Z

2 .
D) *
Furthermore, we define the restrictions

A= AH| 5 B = BH| 5, €= 1CH 5,
where ¢ : W — L%(T';) is again the (continuous) injection.

Theorem 11.2. The triple (%5(,&) is a passive BCS on
(u7 X’H7u)

Proof. We first note that N(B) = HIN(B) C D) and
then we prove that Ql| N () generates a unitary group on Xy.
It follows from [[I8, Cor. 3.4] that Ql|N » is a skew-adjoint,
unbounded operator on L?(Q2)"™! and we will show that this
implies that Q[| N(B is skew-adjoint on X4 . Indeed, for an
arbitraryflxed z € }( , there exists w € X4 such that for all
x € N(B) = H N (B) we have

(T, w)x,, = <le, Z>XH = (AHz, 1) p2qurr  (AL5)
if and only if Hz € D(Q[U\/(%)) = N (8B), where the adjoint
is computed with respect to the inner product in L2 ()L,
Hence, Ql} N has the same domain as its adjoint with respect
to X4, and for every z in this common domain, (IL.3) can be
continued as

<Qlyc,z>xH = (Hz, 7Qle>L2(Q>n+1 = <x, fQ[z>XH ,
for all z € N/ (%) By Stone’s theorem, A generates a unitary
group on Xy. ) ~

As v maps HUV(Q) onto W, it is clear that B maps
D(A) onto U, and thus, B := Bl € £L(U, D(A)) has the
properties in Definition m% Moreover, the 2-boundedness
of € and the fact that HD(2l) is continuously embedded in
D(2) imply that €B € L(U, W). Finally,

Re <§lT,T> = Re <%T, ET> R

X u

zev(ﬁ),



follows from the following integration by parts formula which
was established in the appendix of [18], valid for all h €
H(Q) and g € HE (Q):

<diV h, 9>L2(Q) + <h7 vg>L2(ﬂ)n = <'Yif, 709)1/\)/?1/\/ 5

recall that W' is the dual of W with pivot space ¢ and that
Bz € U for x € D(A). O

B. Exponential stabilization and admissible observation

The robust controller design in §[V] involves exponential
stabilization of the plant with output feedback, and in this
section we will comment on this problem for the wave
equation ([LT). We shall use a special case of a result by
Guo and Yao [25]] to obtain exponential stabilization using
the so-called multiplier method. The case where all physical
parameters are identity was covered also in [19], see [26], [27]
for other related results.

In order to apply the multiplier method, we assume that the
boundary 992 is of class C? and that it is partitioned into the
reflecting part I'y and the input/output part I'; in the following
way (see [19, Chap. 7] for a longer discussion): Fix ¢° €
R™ \ Q arbitrarily and define m(¢) := ¢ — (% ¢ € R™ We
assume that

To=int {¢ €| m(¢) -v(C) <0} #0
Iy ={¢ea|m(C)-v(C) >0} #0,
and that the sets I'g, I'y C 992 form a partition of the boundary
0 in the sense that Ty UT; = 0€). In our wave equation, we

add a viscous damper u = —b%y on I'y, where

b(¢)* == m(¢) - v(Q),

This damper is rigorously interpreted as the following equation
in W

and
(I1.6)

Cery. (IL7)

Y. T Vw(t) = =%y (1), t>0.

In order to guarantee exponential stability, we do not need to
explicitly make the common, but rather restrictive, assumption
that ToNT; = (). However, combining the assumption that O
is of class C? with the assumption that we need for the
admissibility of velocity observation, we unfortunately seem
to end up in a situation where necessarily T N T'; = 0.

The total energy associated to a solution x = [§] of the

wave equation in Thm at time ¢ is
% H {%ﬂ 2 /g % 9(¢, 1) + h(¢, 1) " T(O(C, 1) dC,

representing the sum of kinetic and potential energy.

1

2
Xn

Theorem IL.3. Assume that p and T are constant, that ) C
R" is a bounded C*-domain with n < 3, and that Ty, satisfy
([C6). Then there exist ¢ > 1 and w > 0, such that all 7] €
CH Ry Xon) with & [70)] = An [ 2] and 11T h(t) =
—(m-v)y0g(t) for t >0, and h(0) € VH} (), satisfy
g(t) 9(0)
h(t) h(0)

2 2
<ce vt

X

s t>0.
X

(IL8)

Proof. Let [7] have the properties in the statement and let
n € H{, () be such that Vi = £(0). Setting

1t
wt) =n+ [gds, ez

P Jo
we get that w(t) = g(¢t)/p and Vw(t) = h(t) for all ¢ > 0.
Moreover, w is a classical solution of the wave equation since

(IL9)

w(t) = div (% Vw) (1), t>0, (IL.10)
with the left-hand side in C(Ry;L*(Q2)). Note that the
constant matrix T'/p is positive definite and hence invertible.

In [28 Ex. 3.1], a Riemannian manifold (R™,g) is asso-
ciated to ([LI0), and it is concluded that the vector field
H = >, (¢ — ) 8/0¢; on this manifold satisfies the
condition [25, (3.2)] with @ = 1 (here (; is coordinate
number k of ¢). We further observe that w(t) € Hf ()
and v, TVw(t) = —(m - v)yw(t) for all ¢ > 0, while
w(0) € Hf (Q), and w(0) € L*(€). By [25, Thm 1], we

have (IL3). O

In general, a solution w of ([L3) is only required to be
constant on T'g. The condition h(0) € VHy () corresponds
to the initial condition w(0) € Hf (Q) via (L9, and this
implies the stronger statement that w is constantly equal to
zero on I'y. This is one way to guarantee that the potential
energy decays to zero.

Returning to the case of the general BCS, we will replace
the multiplication by —m-v on L?(I';) by an admissible output
feedback operator Q € L£(),U) which stabilizes the given
BCS exponentially: Let (B,.A,C) be a BCS on (U,X,Y).
We call Q@ € L(Y,U) an admissible (static output) feedback
operator for (B, A,C) if (B+ QC,A,C) is a also a BCS.
Moreover, let the Hilbert spaces Y and Y be duals with some
pivot Hilbert space U, and let Q € L(Y,Y”). We say that Q
is uniformly accretive if there exists some d > 0 such that

Re (Qy, y)yf,y

By an admissible observation operator for a Cy-semigroup
T on X with generator A, we mean a linear operator C' €
L(D(A),Y) for which there exist some 7 > 0 and K, > 0
such that

>yl yev.

| len@ali de< k2 alk,  vee D). iy
0

If ((CTT) holds for some 7 > 0 and K, > 0, then for every
7 > 0 it is possible to choose a K, > 0 such that ([LTT)
holds. The observation operator is infinite-time admissible if
(ICTT) holds for all T > 0 with K. replaced by some bound
K which is independent of 7. In particular, if the semigroup
T is exponentially stable, then every admissible observation
operator is infinite-time admissible [[19, Prop. 4.3.3].

Proposition II14. Ler (B, A,C) be a passive BCS on
(Y',X,Y) and let Q € L(Y,Y’) be a uniformly accretive,
admissible output feedback operator for (B, A,C). The re-
sulting BCS (B + QC,A,C) is also passive and we denote
its associated semigroup by Tq. The observation operator C,



interpreted as an operator mapping into the pivot space Y
rather than into Y, is infinite-time admissible for Tg,.

Proof. By the definitions of admissible feedback operator and
BCS, it follows that (B+ QC,.A,C) is a BCS on (Y, X,Y),
and by definition the generator of T is Ag = A‘N(B+QC)'

For a fixed zp € D(Ag). the associated state trajectory
x(t) = Tgo(t)zo stays in D(Ag), and by the assumed
passivity, for all ¢ > 0 we have

Re (Az(t),a(t)) y < Re (Br(t),Cr(t))y.
— —Re (QCa(t), Ca(t))y .y -
Multiplying this by 2 and integrating over [0, 7], we get

()% = l=(0)1% = /OT 2Re (Aqu(t), (1)) x dt

< -25/ lCx(®)]12 dt.
0
Letting 7 — +00, we obtain that C is infinite-time admissible,
since

. 1
/0 ICT(t)zoll2 dt < = [laol%,

=95 :L‘()ED(AQ).

O

We end the section by discussing the wave system as an
example for the above abstract definitions. It is clear that
the multiplication by > = m - v in ([.7) is a bounded
operator on L?(I'1), and hence it is also in £(W,W') and
it is uniformly accretive if holds. Furthermore, multipli-
cation by b? is an admissible feedback operator for the wave
system in (IL4) and for its restriction in Thm Indeed,
N(BH + b CH) = N(B +b?¢) C D), by [I8 Thm
3.5] the operator QlH|N(%H+b2 en) = Q[|N(%+b‘2 & generates
a contraction semigroup on X4, and the operators

BH+0CH = [1>y 7 ]H and  B+bC

are continuous and surjective; hence they have right-inverses
with the properties required in Definition [[T1]

III. THE PLANT, THE CONTROLLER, AND THE EXOSYSTEM

In the next section, we solve the robust output regulation
problem for a general BCS (5,.4,C) on the Hilbert spaces
(U,X,Y); the system is not necessarily related to the wave
equation. In the following we assume that the whole boundary
0N is accessible via B and R;, Ry are arbitrary restrictions to
certain parts of 0€2. We first add an external disturbance w to
the BCS, thus obtaining the plant

z(t) = Az(t), 2(0) = xo,
Bx(t) = Riu(t) + Raw(t), ¢ >0, (IIL1)
Ca(t) = y(t),

where v and w may act on different parts of the boundary
depending on R; and Rs.

In what follows, @ is such that R, is an admissible static
output feedback operator for (IILI) such that the semigroup

T, generated by Ay := ‘A‘D(A)N\/(BJrRlQC) is exponentially

stable and C is an admissible observation operator for T (here
the subscript s’ stands for “stabilized plant”).
We will connect the plant to the dynamic controller

t) = Gr2(t) + G2(y(t) = yres (1),  2(0) = 20
u(t) = Kz(t) = Qy(t) —yres(t), =0,
where s is an external reference signal and the state space Z
of the controller is a Hilbert space, but G; € £(Z) is bounded.
Moreover, we assume that Go € L(Y,Z), K € L(Z,U) and
Q € L(Y,U). The disturbance signal w and the reference
signal y,..y are assumed to be generated by an exosystem
0(t) = Sv(t), v(0) =y,
w(t) = Ev(t), t>0,
Yreg(t) = —Fo(t),
which is a linear system on a finite-dimensional space W =
C?, ¢ € N. We assume that S = diag(iws,iws, ... ,iw,) with
w; #wj fori# j, E€ LW,U) and F € L(W,Y).
Setting u and y equal in (II) and ([I.2), and using (IL3)),

we obtain
dfz] _[A 0]]= i 0
at |2) T [GC Gi| |2) T |GeF| "

(ReE — R1QF)v = [B+ R1QC —R1K] m . (IIL4)

(111.2)

(IIL3)

e=[c 0 m L Fo,

where we chose the regulation error e(t) =: y(t) — Yres(t)
as the output and the state-space is X, := X x Z. This
system is no longer a BCS and we now proceed to write it
in the standard input/state/output form. First we observe that
we may interpret the feedthrough @ of the controller as a part
of the plant without changing (IL4). This amounts to pre-
stabilizing the plant via replacing the input equation of ([ILI))
by (B + Ri1QC)z(t) = Riu(t) + (ReE — R1QF)v(t) and
simultaneously removing the term —Q(y(t) — yres(t)) from
the output equation of ([IL2)).

As R;Q is assumed to be an admissible feedback operator,
the pre-stabilized plant (B + R1QC,.A,C) is a BCS and by
Def. [IL1]2, we can choose a right inverse By € L(U, X) of
B+ R1QC such that

BsRU C D(A), ABsRy € L(U,X), CB:R; € L(U,Y).
(IILS)
In order to present the transfer function of (B+ R1QC, A,C),
consider the auxiliary function

Py(N) :=C(A — A)"H(ABs — ABy) +CBs, M€ p(Ay).
Now, define the transfer function by
Pq()\) = P(]()\)Rh A E P (A;) . (HI6)

The auxiliary function P, becomes useful later on in describ-
ing the mapping from v to y.

Now let [Z] be a classical state trajectory of (L), i.e.,
(2] € C' (R4 Xe), Goyres € C(R452), (B + RiQC)z €
CR4;U), w € CHR;U), and the first two lines of (ITF)



hold for all ¢ > 0. Next introduce a new state variable for

(T3 by

|V =BsRiK| |z| |BsEsv
e = 1o 1 z 0
where we denote F, := RoE — R1QF for brevity. This

transformation can be inverted as

m _ {1 BsRlK} . {BSE,,.U} |

} € CY(Ry; X,),

. 0 ) 0 (IIL.7)

Differentiating z. and using the first line of (IL4), we get

P {A — BsRiKGoC  ABSRIK — BSRIKQ]} .

‘ GoC G1 ‘
N {ABSES — BsE;S — B;R1KG>(CBsE, + F)] ;
G2(CB,E, + F) ’

where we denote G1 := Gy + GoCB,R1 K for brevity.
With the new state variable, the input equation of ([II4)
becomes

Ego = [B + R1QC —K] <;(;e + {%ﬁ} (R1Kz+ Esv))

which simplifies to z. € N/ ([B + R1QC 0} ). Hence recall-

ing that A, = 'A}D(A)N\/'(BJrRlQC) and defining

4 [As = BR1KGoC  ABRK — BSRlKg}}
< g2c gl D(Ae)7
D(Ae) :=N (B+ R1QC) x Z,
(T11.8)

we get that every classical solution of ([IL4) satisfies z.(t) €
D(A) forall t > 0 and &, = A.z + Bev, where the control
operator B, € L(W, X.) is

5. . [AB.Es — B.E.S — B,RIKG(CB,E, + F)
e QQ(CBSES + F) ’

Finally, using ([IL7) the output for (ILZ) becomes
e= [C CBsRlK] ze + (CBsEs + F)v.
Thus, the closed-loop system is of the form

{rbe = A.x. + Bev,

111.9
e=Coxe+ D, ( )

where
C.:=[C CB,RiK], D(C.) = {D(C)} , and
D, :=CB,E;+ F € LW,Y).
We denote the transfer function of ([ILJ) from v to e with
P.(\) = C.(A\ ~ A.)"'B. + D..

The above calculations show that every classical solution
of (II4) with v € C(Ry; W) is also a classical solution
of ([ILJ). Conversely, assume that z. € C1(R;;X.) with
ze(t) € D(A.), v € C(Ry; W) and ([LI) holds on R;.
Then v, [Z] in (I7) and e satisfy (IL4). We conclude that
(IT4) and ([ILI) are equivalent systems in the sense that they
have the same classical solutions.

The following result forms the basis for the output regula-
tion theory in the next section. Note that we do not assume
that the original plant ([ICT) is well-posed or regular, but the
closed-loop system ([IL.9) nevertheless has these properties.

Theorem IIL1. The operator A, in (IL8) generates a Co-
semigroup T, on X, and C. is an admissible observation
operator for T.. The closed-loop system [IL9) is well-posed
and regular such that P.(\) — D. as Re\ — oo.

Proof. We begin by splitting A, = Ay + As + A3, where

A = ﬁ) gol] . D(A)) = D(A),

—B,R1KGC 0
Ay = { ac o} . D(A3) =D(A),
4. [0 AB.RiK — BiRiK(Gy + GoCB. Ry K)
5700 GoCBs R K
D(A;) = X...

Here A; generates a Cy-semigroup T; on X.. The operator
Ay can be factored as

N

where the first factor is bounded from Y into X.. Our
assumption that C is admissible for T, implies that [C O} :
X. D D(A.) — Y is an admissible observation operator for
Ty, and by [19, Thm 5.4.2], A;+ A, generates a Cp-semigroup
Ty on X, and [C 0] is admissible for T,. Since Aj is
bounded, A, generates a Cp-semigroup by [19, Thm 5.4.2]
and due to the boundedness of CB;R1 K, C, is admissible for
Te. As in addition B, and D, are bounded, the well-posedness
and regularity of the closed-loop system follow immediately
from [19] Thm 4.3.7] |

IV. OUTPUT REGULATION

We begin this section by presenting the three output regu-
lation problems considered in this paper. The structure for the
remainder of this section will be presented after the problem
definitions.

The Output Regulation Problem. For a given plant ([ILI),
choose the controller (G1,Ga, K, Q) in in such a way
that the following are satisfied:

1) The closed-loop system generated by A. is exponen-
tially stable.

2) For all initial states z.o € X, and vy € W the regulation
error satisfies e*¢e(-) € L2([0,00);Y) for some a > 0
independent of x.9 € X, and vy € W.

Furthermore, if the controller solves the output regulation
problem despite perturbations in the parameters of the plant
or the exosystem, then we say that the controller solves the
robust output regulation problem with respect to this class of
perturbations. To make this precise, we first define the class
of admissible perturbations:

Definition IV.1. A quintuple (A’,B',C’,E',F’) of linear
operators belongs to the class O of admissible perturbations
if it has the following properties:



1) The triple (B’ + R1QC’, A’,C’) is a BCS on (U, X,Y).

2) The observation operator C’ is admissible for the semi-
group generated by A/, := ‘A,|/\/’(B’+R1QC’)'

3) The eigenvalues of S are in the resolvent set of the
perturbed pre-stabilized plant, i.e., {iwx}i_; C p(A}).

4) E' € LW,U) and F' € LW,Y).

In the above definition it would appear that the class O of
perturbations depends on (). However, as () only contributes
to stabilizing the plant, we have much more freedom choosing
@ than choosing the other controller parameters (as seen later
on). For example, in the wave equation considered in Section
any uniformly accretive operator can be chosen as Q).
Therefore, in Definition [VI] one could think of @ being
chosen such that the class O is as large as possible. Moreover,
if (A',B',C",E’, F') € O then the transfer function ([ILE) of
the triple (B’ + R1QC’, A’,C’) is well-defined and bounded at
the frequencies of the exosystem.

‘We make the natural assumption that the unperturbed system
is in class O as well, that is, (A,B,C,E,F) € O. Note
that this does not include the assumption that the semigroup
generated by A, is exponentially stable. Further note that even
though (B, A, C) is assumed to be a BCS, that is not required
from (B’, A,C’) but only from (B’ + R1QC’, A',C").

From Definition [[V1] it follows that the perturbed closed-
loop system is well-posed and regular. Please note that while
no perturbations are allowed in the eigenvalues of the generator
S of the exosystem or in the controller parameter G;, the
parameters (G2, K, Q) would in fact allow certain bounded
perturbations. We will comment on this more thoroughly in
Remark

The Robust Output Regulation Problem. For a given plant,
choose the controller (G1, s, K, Q) in such a way that the
following are satisfied:

1) The controller (G1,Ga, K, Q) solves the output regula-
tion problem.

2) If the operators (A,B,C,E,F) are perturbed to
(A',B',C’",E',F") € O in such a way that the closed-
loop system remains exponentially stable, then for all
initial states x.op € X, and vy € W the regulation
error satisfies e e(-) € L2([0, 00); Y') for some o/ > 0
independent of x.o € X, and vg € W.

In Section [V-C| we will construct a controller that solves
the robust output regulation problem approximately. That is,
the regulation error does not decay asymptotically to zero
but can be made small. For this purpose, we introduce the
following new control problem:

The Approximate Robust Output Regulation Problem. Let
0 > 0 be given. Choose the controller (G1, G2, K, Q) in such
a way that the following are satisfied:
1) The closed-loop system generated by A. is exponen-
tially stable.
2) For all initial states z.o € X, and vy € W the regulation
error satisfies

t+1
/ lle(s)1* ds < Me™"(||zeol|* + [lvol*) + dllvo]l*
Jt

for some M, o > 0 independent of x.o € X.,v9 € W.

3) If the operators (A,B,C,E,F) are perturbed to
(A',B',C’",E',F") € O in such a way that the closed-
loop system remains exponentially stable, then there
exists a ¢’ > 0 such that for all initial states z.q € X,
and vy € W the regulation error satisfies

rt41
/ lle(s)1?ds < M'e™**(||zeo|* +lvo]|*) +0[|vo]|*
t

for some M’, o’ > 0 independent of g, vg.

Remark IV.2. The approximate robust output regulation prob-
lem formulation implies that, in the absence of perturbations,
the asymptotic regulation error must be smaller than §||vo||?
for any given (or in practice chosen) 6 > 0. However, when
perturbations are present, the asymptotic regulation error is
merely bounded by §'[|vg]|2. For details, see Theorem

(IVI4)-(VI3) and the discussion therein.

Now that we have presented the different output regulation
problems to be considered, the structure of the remaining
section is as follows. Before proceeding to constructing the
controllers, we will present two auxiliary results to be used
throughout the remainder of this section. In §[V-A] we present
a regulating controller without the robustness requirement, in
§IV-B] we present the internal model principle for boundary
control systems, in §[V-C] we present an approximate robust
controller, and finally in §[V-D| we present a precise robust
controller.

The following auxiliary result is a consequence of [[15, Thm
4.1] under the assumption that the closed-loop system (IL9)
is a regular linear system. The result states that the solvability
of the regulator equations

S =A%+ B,
0=C.X+ D,

(IV.1a)
(IV.1b)

is equivalent to the solvability of the output regulation prob-
lem. The result of [[15, Thm 4.1] essentially follows from [[15
Lem. 4.3] by which the regulation error can be written as

e(t) = CeTe(t)(weo — Tvg) + (CeX + De)u(t),

where the first part decays to zero at an exponential rate
provided that T, is exponentially stable, C. is an admissible
observation operator for T, and ¥ is the solution of ([V.Ta).

Theorem IV.3. Assume that the closed-loop system is regular
and exponentially stabilized by a controller (G, G, K, Q).
Then the controller solves the output regulation problem if
and only if the regulator equations (V1) have a solution ¥ €
L(W, X.). The solution ¥ is unique when it exists.

Proof. We first note that the feedthrough term —Qe(t) in
the controller is not part of the controller in [I5, Thm 4.1].
However, as in (IL4) we can interpret the feedthrough @
as a part of the plant (IIT) and simultaneously remove it
from the controller ([IL.2), so that the input equation becomes
(B 4+ R1QC)x(t) = Riu(t) + R1Qures(t) + Row(t). The
closed-loop system is unaffected by this algebraic trick, and
hence, we may continue with a pre-stabilized plant and the
same controller structure as in [[15, Thm 4.1].



Now the result follows from [L5, Thm 4.1] as an expo-
nentially stable semigroup is also strongly stable, and for A,
being the generator of an exponentially stable semigroup and
o(S) C iR the Sylvester equation ¥.5 = A.X+ B, always has
a unique solution ¥ € L(W, X.) by [29, Cor. 8]. Furthermore,
the exponential decay of the regulation error follows from the
assumed exponential stability of the closed-loop system. [

Theorem [[V3] assumes that the controller exponentially
stabilizes the closed-loop system. We will therefore need to
show that the controllers we present in Proposition m
Theorem [[VIT] and Corollary [V.I4] have this property. For
this, we present the following tool which uses the notation of
g0l Here we need to assume that there exists an operator Q
as described in the following:

Lemma IV4. Let 7 = Y]‘f/, where Yy is equal to C or
a closed subspace of Y. Choose the controller parameter
Q € L(Y,U) such that the semigroup T generated by As
is exponentially stable and C is an admissible observation
operator for Ts. Choose the remaining parameters as

G, = diag (iwll, twol, ... 7'£qu) S E(Z)7
K =eKy = ¢|[K}, Kg, ..., K8 € L(Z,U),
Gs = (G5 Pn)izy € L(Y, Z),

where I is the identity in Yy, and Py is a projection onto Yy
inY if YN CY or the identity on' Y otherwise. Additionally,
assume that G§ and K} satisfy (G5 Py Ps(iwy)KE) c C_
forall ke {l,2,...,q}.

Then there exits an €* > 0 such that the closed-loop system
(OTI) is exponentially stable for all 0 < € < €*.

Proof. Define the operator H = (Hy, Ha, ..., H,) € L(Z,X)
by choosing

Hy, = (iwp — Ag) " (AB, — iwp Bs) R K&

for all & € {1,2,...,q}. By the choice of H) we have
(iwy — Ag)Hy, = AByR KF — iwyB;RIKE, ie., Hyiwy =
AsHy+ AByR1 K¥ — ByRy Kfiwg, and thus, HG, = A H +
ABsR1 Ky — BsR1K¢G; due to the diagonal structure of Gj.

Define
-1 eH

R:{o 1

and denote A, = RA.R™'. Note that as R(H) C N(B+
R1QC), it follows that D(A.) = D(A). Using the above

identity we can write A, as

i {Asfeﬁgzc 0o
‘ Y G1 + €GoCH

where we denote H = H + BsR1 K for brevity.

In the remaining part of the proof we apply the Gearhart-
Priiss-Greiner Theorem in [30, Thm V.1.11]. More precisely,
we will show that the resolvent of A, is uniformly bounded
on the closed right-half plane. We first note that since C is
admissible for Ty which is exponentially stable, we have by
[T9, Thm 4.3.7] that C(A — A4)~! is uniformly bounded for
all A € @Jr. Thus, as FI% is bounded, there exists an My > 0
such that || G2C(A — A,) 71| < Mo, and for 0 < e < My ' a

} =R 'eL(X.)

5[0 HG.CH
}-ﬁ-e {0 0 }

Neumann series expansion implies that 1+ eflggC(/\ — A7t
is invertible. Thus, we obtain that

(A=A +eHGoC) ™t = (A= A) " (1+eHGoC(A—A,) )7

is uniformly bounded in the right half plane. Hence, the
semigroup generated by A, — eHG>C is exponentially stable
by [30, Thm V.1.11].

Note that by the choice of Hj we have

C(Hy + BsR,K¥)
= Cliwg — As) Y (ABs — iwBo)R1KE + CB. R K
= P, (iwp) K,

and thus o(G5 PxC(Hy+Bs R K§)) € C_ by the assumption
made on G4 and K. Furthermore, since o(G1) = {iwg }7_,,
the operator G; + GQQCH satisfies the stability conditions of
the operator A, — ePK in [31, Appendix B]. Hence, by [31]
Appendix B] there exist constants M7, 3 > 0 such that for
all € > 0 sufficiently small we have | Ta(t)|| < Mie=%* for
t > 0, where T is the semigroup generated by G; + €GoCH.
This further implies that

N M
(A = G1 + €GoCH) ™| < 5—51

e Cs.
Consider the operator Ae in the form A; + €2 A,. Since we
have shown that the diagonal operators of A; generate expo-
nentially stable semigroups and since C is admissible for A,
it follows that A; is the generator of an exponentially stable
semigroup. Furthermore, there exists an M> > 0 such that for
all € > 0 sufficiently small, the estimate ||(A—A;) 7Y < Ma/e
holds for all A € C,. Since Aj is bounded, this implies that

HGZAQ(A_Al)71H SGHAQHA/[Q, AGEJN

so that for € < (|| A2||M2)~! we have ||e2Aa(A—A1)7Y| < 1
on the closed right half plane. Using another Neumann series
expansion, we obtain that

(A=A = (A= A) 71— Ap(A— 4)TH !

is uniformly bounded on C.

Thus, by the preceding argument there exists an €* > 0
such that the resolvent of A, is uniformly bounded on C,
for all 0 < € < €*. By the Gearhart-Priiss-Greiner theorem,
the semigroup T, generated by A, is exponentially stable,
and therefore, the semigroup RT.R™! generated by A, is
exponentially stable as well, for all 0 < € < €*. |

A. A regulating controller

The following theorem gives necessary and sufficient con-
ditions for a controller to achieve output regulation for the
plant ([ICT), i.e., a criterion equivalent to the solvability of
the regulator equations. The result extends [15| Thm 5.1] to
boundary control systems.

Theorem IV.5. Assume that the closed-loop system is regular
and exponentially stabilized by the controller (G1,Ga2, K, Q).



Then the controller solves the output regulation problem if and
only if the equations

P5 (iwk)sz = —Po(iwk)Esd)k — F¢k (IV.Za)
(iwk - gl)Zk =0 (IV2b)
have solutions z, € Z for all k € {1,2,...,q}, where

{ér}i_y is the Euclidean basis of CY. Furthermore, the
solutions zj, are unique when they exist.

Proof. Let us first assume that the controller solves the out-
put regulation problem, i.e., by Theorem [[V3] the regulator
equations have a solution ¥ = (II,I)T € L£(W,X,). Let
k € {1,2,...,q} be arbitrary. As ¢ is an eigenvector of
S, applying the Sylvester equation XS = A.X + B, to ¢
yields (iwy — Ae)Xdr = Bedy, i.e.,

|:(iwk — Ay + BsRiKGoC)lldy, — (ABs i K — BSR1K61)F¢k:|

—GoCTlg + (iwy, — G1)Toy,
 [(AB,E, — B.E,S — B,R1KGs(CB,E, + F))¢y,
B [ Ga(CBEs + F) ¢y } ’

where we again denote G1 = G1 + GoCBs R, K. The second
line implies
(iwg — G1)Tdy = Go(CI1 + CB,R1 KT + (CB,E, + F)) ..

Iv.3)
Now, as applying the second regulator equation to ¢y, yields
0= OS¢+ Doty = Cllgy+CBy Ry KT+ (CByEs+ F) by,

(IV.4)
it follows from ([V4) and (IV3) that (iwy — G1)I'ds, = 0.
If we choose 2z, = ['¢y, then ([V:2B) follows immediately.
Furthermore, from ([V4) we obtain

Cllgy, = —CBsR1KT'¢y, — (CBsEs + F) . (IV.5)
Substituting CII¢y, for ([V3) in the first line of the Sylvester
equation yields

(twy, — As)Ilpy, — AB;R1 KT, + B4R KG Ty, av6)
= (ABsEs — BsEsS) gy, ’
and utilizing S¢y = iwr¢r and G1I'¢y = iwl'¢y, we obtain

from (V) that

I¢r = (iwk — As)fl(ABS — ikas)(RlKF¢k + Esd)k)

av.7
Finally, substituting I1¢, for (IV.7) in ([VA) yields
0 = Py (iwr) KTy, + Poliwk) Esdr + For,

from which ([V:2a) follows as we chose zj, = ['¢y.

Now assume that equations ([V.2a)-([V.2B) have solutions
2 € Z. Define 1 € £(W, X),T € L(W, Z) and © = (I, T)7
by

q

L= (o),

k

Il
—

(v dn) (iwp, — Ag) " (ABg — iy Bs) (R K 2 + Es ).

Iv.g)
The definitions imply that R(X) C D(A.) C D(Ce), and we
will show that ¥ is the solution of the regulator equations.

M-

II:=

x>~
Il
-

Let k € {1,2,..., ¢} be arbitrary. Considering the first line
of (iwg — Ae)X¢r — Bedy, we obtain using (IV2H), S¢y, =
iwg, the definition of II, and ([V:2a) that

(twy — As)Ilog + BsR1KGyCIlgy

— (ABsR1K — BsR1K (G + GoCBsR1K))Tohy,

— (ABsEs — BsE,S — BsRi1KGo(CBEs + F)) i
= BsR1KGy(Cllgy, + CBsR1 KT'¢y, + CBsEspy, + Fopy)
= ByR1KGy(Ps(iwy) KT ¢ 4 Py (iwr) Esor + Fpr.) = 0.

Note that by (IV:Za) we also have

CeXpy + Doy, = Cllgy + CBsR1 KTl'¢y, + CBsEspr, + Foop
= P,(iwp) KT ¢y + Po(iwr)Esor + Fér, = 0,

i.e., X solves the second regulator equation. Finally, the second
line of (iwy, — Ae)X¢r — Begy yields

— GoCIlgpy, + (iwr, — G1)Td, — GoCB R KT ¢y,
— Ga(CBE, + F)gy,
= — Go(Cll¢y + CBsR1KT'¢y + CBsEs¢ + Fpy) = 0.

Thus, as {¢x}7_, is a basis of C? and the choice of k was
arbitrary, 3 is the solution of the regulator equations XS =
AX 4 B and C.X + D, = 0. Now, by Theorem [[V.3] the
controller solves the output regulation problem.

It yet remains to prove the uniqueness of the solutions
z, of (V2a)-([V2ZB). Let z, and zj, be two solutions of
(IVZa)-(IV2b), and use (V) to define ¥ = (I,I)T and
Y = (I',T’)T corresponding to zj and =z}, respectively. It
now follows from the above proof that both 3 and ¥’ satisfy
the Sylvester equation, and by the uniqueness of the solution
of the Sylvester equation we must have ¥ = ¥’. In particular,
2z, = P, = ¢y, = 2, i.e., the solutions zj of ([V-Za)-
(IV2B) are unique. O

Based on Theorem [IV.3] we can now construct a regulating
controller for the plant (ILT). Choose Z = W and choose the
controller parameter @ € £(Y, U) such that the semigroup T
generated by A, is exponentially stable and C is an admissible
observation operator for A,. Choose the remaining parameters
as

G = S = diag(iwy, iws, . . ., iwy), (TV.9a)
K =eKy=€lur,ug, ..., uq, (IV.9b)
Go = (G3)fy = (—(Puliwn)ur) )iy, av.9¢)

where € > 0 is called the tuning parameter and u;, € U are
chosen such that [32], Sec. 4.2]
{Ps(mm = s vk # 0,

o (IV.10)
Ye =Y,

uy & N(Ps(iwy)) arbitrary,

where we denote yr = —Pp(iwg)Es¢r — Fy. For this to
be possible, we need to assume that Ps(iwy) # 0 and yi €
R(Ps(iwg)) for all k € {1,2,...,¢}, so that there exist some
ug € U satisfying (IVI0). However, this assumption is also
necessary for the solvability of the output regulation problem
by Theorem [[V3]



Proposition IV.6. There exists an ¢ > 0 such that the

controller with the parameter choices (IN9a)~([V9¢) solves
the output regulation problem for all 0 < € < €*.

Proof. First of all we note that the choices of G; and K
imply that the equations ([V.2a)-(IV-2b) have the solutions
2k = 6_1¢]€ if Po(iwk)Es(bk + F¢r # 0 or 2z, = 0
otherwise. Now, as ) exponentially stabilizes the plant and
C is admissible for A, o(G1) = {iw}i_;, and

a(gé“Ps(iwk)Ké") = 0(—(Ps(iwg)ug)* Ps(iwg )ug) € C_

as Py(iwg)ug # 0 for k € {1,2,...,q}, we have by Lemma
[V4] that there exists an ¢* > 0 such that the closed-loop
system is exponentially stable for all 0 < e < €*. Thus,
by Theorem [[V3] the controller solves the output regulation
problem. 0

B. The Internal Model Principle

Before presenting an approximate robust controller in §[V-C]
and a robust controller in we will present a general
result that characterizes robust controllers. That is, we will
show that in order for a controller to achieve robust output
regulation, it has to contain an internal model of the dynamics
of the exosystem. We will express this using the following
G-conditions [33, Def. 10].

Definition IV.7. A quadruple of bounded operators
(G1,G2, K, @) is said to satisfy the G-conditions if

R(iwr — G1) N R(g2) = {0}7
N(G2) = {0}.

vk € {1,2,...,q} (IV.11a)

(IV.11b)

Note that while the parameters K and () are not present in
the G-conditions, they contribute to exponentially stabilizing
the closed-loop system. The sufficiency part of the following
result has been presented in the case R; = Ro = I in [17,
Thm 4] and the necessity part extends the results of [14, Thm
5.2] and [[L1, Thm 7] to boundary control systems.

Theorem IV.8. Assume that the closed-loop system is regular
and exponentially stabilized by the controller (G1,G2, K, Q).
Then the controller solves the robust output regulation problem
if and only if it satisfies the G-conditions.

Proof. Let us assume that the controller solves the robust
output regulation problem and show that (IV.IT) hold start-
ing with ((VITa). Let £ € {1,2,...,q} be arbitrary and
w € R(iwg — G1) N R(G2). Then there exist z € Z and
y € Y such that w = (iwy, — G1)z = Gay. Let us leave the
operators (A, B,C) unperturbed and choose such perturbations
from O that E, = 0 and F’ = (-, ¢y,) (y— Ps (iwg ) K ). Choose
¥ = ([,M)T € £(W, X.) such that

I'= <'7 ¢k>zv

which can be shown to be the solution of the Sylvester
equation by a direct computation. As C.X¢y + D.dr = 0 by

I1 = (-, ¢y} (iwp — Ag)(AB, — iwp By)R1 K 2,

the controller solving the robust output regulation problem, we
obtain

w = (iwg — G1)2 = Goy = Go(Ps(iw) Kz + F'by.)
= Go(Cll¢y + CBsR1KT ¢y + F'y,)
= G2(CeXoy + Do) =0,

and thus w = 0, which concludes the first part of the necessity
proof.

Let us now show that (IV.ITH) holds. Let y € A (G,) and let
¢ € W be such that ||¢|| = 1. Leave the operators (A, B,C)
unperturbed and choose E/ =0 and F' = (-, ¢)y € LIW,Y).
If we choose ¥ = 0 € L(W, X,.), for all v € W we have
¥Sv =0 and

BsRlKQZF//U:| _ {-(M ¢)BsR1 KGay

ASv+Bo=|"
e+ Bev { GoF'v (v, )Gay
:()7

and thus, ¥ = 0 is the unique solution of the Sylvester
equation. As the controller solves the robust output regulation
problem, we have by Theorem [[V3] that

0=CeXo+Dop=F'¢=(s0)y=vy,

which concludes the necessity proof. The sufficiency part
follows by simple modifications from [[I7, Thm. 4]. |

Remark IV.9. Theorem [V states that any controller that
stabilizes a regular closed-loop system exponentially and
satisfies the G-conditions solves the robust output regulation
problem. In particular, this implies that if a robust regulating
controller (G1,Gs, K, @) is constructed, then every controller
(G1,G5, K',Q’), where (G5, K',Q’) are boundedly perturbed
(G2, K, Q), solves the robust output regulation problem, pro-
vided that the closed-loop system remains exponentially stable
and (G1,GY) satisfy the G-conditions. Note that only rather
specific perturbations would be allowed in G; as it has to
include an exact internal model of the dynamics of the
exosystem.

Note that the rank-nullity theorem and the second G-
condition imply that dim Z > dimR(G2) = dimY. Thus,
if the output space of the system is infinite-dimensional as,
e.g., in the wave equation of §lIl Theorem [[V.§] implies that
robust controllers for such systems are necessarily infinite-
dimensional. However, we can construct a finite-dimensional
controller that solves the robust output regulation problem
approximately. We will construct such a controller in the
next section. Finally, in we will construct an infinite-
dimensional controller that achieves exact robust output regu-
lation. The following assumption is required for the remaining
sections:

Assumption IV.10. The transfer function Ps()) is surjective
at all the eigenvalues {iwy}7_; of S.

C. An approximate robust controller

In this section, we consider approximate robust output reg-
ulation on Y. We will solve the control problem by choosing
a subspace Yy of Y and constructing a controller that robustly



tracks the reference signal projected onto Yy . If Y is chosen
to be finite-dimensional, we can construct a finite-dimensional
robust regulating controller even if the output space of the
system is infinite-dimensional. Furthermore, we derive an
upper bound for the asymptotic regulation error. Our result
generalizes the controller structure presented in [16, Thm. 3.5]
where discrete-time systems with constant reference signals
were considered.

Let Yy be a closed subspace of Y and choose Z := Y.
Choose the controller parameter () € L£(Y,U) such that the
semigroup T, generated by A is exponentially stable and
C is an admissible observation operator for T,. Choose the
remaining parameters as

G1 = diag(iw1 Iy, iwalyy, - - iwg Iy ), (IV.122)
K =eKy = ¢[K}, K2,...,KJ] € L(Z,U),  (IV.12b)
Go = (G5, PN)i_, € L(Y, Z), (IV.12¢)

where Py is a projection onto Yy, and 950 and K(’} are such
that

(Gl P P (iwy) Ky) € C- (IV.13)

forall k € {1,2,...,q}. We can choose, e.g., G5, = — Iy, and
Kk = (PNPS(iwk))[q] for k € {1,2,...,q}, and conversely,
the spectrum condition implies that g§0 and P]\;PS(iwk)K(’]C
are boundedly invertible.

In the following theorem, we show that a controller with the
aforementioned structure solves the approximate robust output
regulation problem. Furthermore, we will show that for some
constants M, a > 0 and all ¢ > 0 the regulation error satisfies

t+1
/ lle(s)* ds < Me™*"(||zeol® + l[oo]|*) + dllwoll?,
t

(IV.14)
where z.o and vy are the initial states of the closed-loop
system and the exosystem, respectively, and 0 is given by

6= ||(I — PN) EZ:I (Ps(iwk)KZk + Po(iwk)ESUk + ka) ”2 s

(IV.15)
where vy, are the components of the unit vector vymax € W
satisfying ||CeX + De|| = [|CeXVmax + DeVmax|ly and zx =
I'vj, where T is given in (IV.I6). Note that since W is finite
dimensional, v,y is well-defined. Further note that we cannot
guarantee pointwise convergence for the regulation error, and
therefore the upper bound is presented in the integral form.
Finally, since > 7_, (Ps(iwr) K 2k + Po(iwy) Esv, + Fug) €
Y, the projection Py (or rather the space Yy ) can be chosen
such that ¢ becomes arbitrarily small. We will demonstrate
this procedure in §V] for the wave equation.

Theorem IV.11. There exists an ¢ > 0 such that for all
0 < € < €* the controller with the parameter choices (IV12a)—
(IV.12d) solves the approximate robust output regulation prob-
lem and there exist some constants M, o > 0 such that for all
t > 0 the regulation error satisfies ([V.14).

Furthermore, the controller is robust with respect to those
perturbations of class O that give rise to an exponentially
stable perturbed closed-loop system, and the regulation error
behaves as in ((N14) for the perturbed parameters of the plant
and the exosystem.

Proof. By Lemma [[V4] the closed-loop system is expo-
nentially stable for all sufficiently small ¢ > 0. Thus, as
o(S) C iR, the Sylvester equation has a unique solution
¥ = (ILT)7T, and a direct computation using (ILG) verifies
that

r= (Fk)z-:l
= = ({ 01) (Pr Py (iwon) K§) ™' P (Po (iwi) Es + F)éi)_y»

q
=", ¢u)(iwr — Ag) " (AB, — iwi BL) (R KT + Ey)

k=1

Iv.16)

solves £S5, = A.S¢p + Beoy, ie., (iwg — A)Sdy = Booy

forall k € {1,2,...,q}. Here one also uses that our I satisfies
P Py(iwy,) KT ¢y, = P Py (iwy ) KT

= 7PNP(](Z'wk)E5¢k — PNF¢k

Note that ([VI6) is well-defined and bounded since
Py P, (iwg) K} are boundedly invertible by ([V_13).

Let us now consider the behavior of the regulation error. By

[I5) Lem. 4.3], we may write
(’(t) = Cer[re(t)(xe() - EUO) + (CeE + De)’U(t)v

and we obtain that for all ¢ > 0

t+1 9
/ le(s)]? ds
t

t+1
= / [[CeTe(s)(zeo — Xvg) + (CeX + DE)U(S)HZ ds
t

< Me™(||zeol® + [[v0*) + [[CeS + Del*|fvol|?

for some M, > 0 as ¥ is bounded, T, is exponentially
stable, C. is admissible for T, and due to the structure of the
signal generator ||v(t)|| = ||e*vo]| = ||vo]-

We will show that

(IV.17)

Cezvmax + Devmax
q
= (I = Pn) Y (Puliwn) K2, + Po(iwr) Esvg + Fuy).
k=1

A direct computation using ([V.I6) shows that
CeXUmax + DeVmax

q
IV.18
= Z (Pé(zwk)Kka + Po(iwk)Esvk -+ F‘U}C)7 ( )
k=1
Denoting z;, = I'vy,, we have by (IV.I7) that
PNP,s(iWk)sz = —PNP()(Z'wk)ESUk — P]\/ka7 (IV.]9)

and now, combining ([V.I9) with (IV.I8) yields

CeXUmax + Devmax
q
= (I - PN) (Ps(zwk)sz + Po(iwk)Es’Uk + ka),
k=1
which implies (IV.I3), and thus, (IV.14).

If the parameters (A,B,C,E,F) are perturbed in such
a way that the closed-loop system remains exponentially
st?b%e, then the regulation error asymptotically satisfies
L le()Pds < MYe (laeol® + fluol?) + IO +

t =



D.|?||lvg||? for all ¢ > 0, where M’,/ > 0, and
C/,D. and X' are related to the the perturbed closed-
loop system. By repeating the above computations with
the perturbed parameters we clearly obtain C/¥'v),. . +
Dyt = (I — Py) YL, Plliwn) K5}, + Pyliior) ELoy, +
F'v;,), where zj, is the unique solution of Py P (iwy) Kz}, =
—PyPi(iwy)Elvy, — PnF'vy, in N(iw,, — Gi). Thus, the
controller approximately solves the robust output regulation
problem. |

Remark IV.12. As an alternative to the error estimate given
in (IVI4), one can make a coarser choice for ¢ that does not
require Vpax:

§= 0 ||(I = Py)(Pyiwn) Kz + Policon) Eséi + Foi) ||
where {¢,}]_, is the Euclidean basis of W and z, = I'¢y.

Corollary IV.13. In Theorem [[VI]] the regulation error sat-
isfies e’ Pye(-) € L%([0,00);Y') for some B > 0 independent
of xeo € X and vg € W. Under perturbations of class O
that give rise to an exponentially stable closed-loop system,
the regulation error satisfies ¢®” Pye(-) € L*([0,00);Y) for
some 3’ > 0 independent of .o € X, and vy € W.

Proof. Let us first show that PyC.X + PyD, = 0. A direct
computation using ([[V-I6) together with ([V.I7) shows that for
all k € {1,2,...,¢}:

PnCeXey + Py Doy
= Py Ps(iwg) KT ¢y 4+ P Po(iwy) Esdr + PnFop = 0,
and as {¢x (13::1 form a basis of CY9, we have that PyC.X +

Py D, = 0. By the proof of Theorem [[V.I1] we now have for
some (3 > 0 that

t4+1 t+1
[ e pyeoas < e [ e as
t t
< & Ml |lz,o]2 + JJuo]l?),

so for any 0 < 3 < o we obtain

o &S]
/ e Pe(s)|> ds < e®M([lzeol + [luolI?) S e~
0 t=0
_ M|zl + lleo]?)
1—ef-a

by which e” Pye(-) € L?([0,00)) for any 0 < 8 < . By the
robustness part of Theorem [[IVIT} the same holds for some
0 < 8/ < o under perturbations of class O that give rise to
an exponentially stable closed-loop system. O

D. A robust controller

In this section, we utilize the approximate controller struc-
ture of the previous section to construct an exact robust
controller which, however, necessarily has infinite-dimensional
state space if the output space of the plant is infinite-
dimensional. Thus, we choose Z = Y7 and choose the
controller parameter @ € £(U,Y) such that the semigroup T
generated by A, is exponentially stable and C is an admissible

observation operator for T. Following [IL1, Sec. IV] or [17,
Thm. 8], we choose the remaining parameters as

Gi = diag (iw Iy, iwa Iy, . . . yiwgly) € L(Z), (IV.20a)
K =eKo=¢|K},K;,...,K¢| € £L(Z,U),  (IV.20b)
Gy = (—(Ps(iwy) K§)")I_, € L(Y, Z). (IV.20c)

Above the components K¥ can be chosen freely provided that
Py (iwy) K§ are invertible. If we choose K = P (iwy)"1,
then G§ = —Iy for all k € {1,2,...q}, then the controller is
the same as the approximate controller for the choice Yy =
Y. The following result follows immediately from Corollary

V13

Corollary IV.14. There exists an €* > 0 such that a controller

with the parameter choices given in (IV.20a)—({[V.209) solves
the robust output regulation problem for all 0 < € < €*.

Remark IV.15. The above result also follows from Lemma
and Theorem as the choice K(’]C = PS(iwk)[‘ll
yields (G5 Ps(iwg)KE) = o(=Iy) C C_, which together
with the choice of ) completes the assumptions of Lemma
[[V4 by which the closed-loop system is exponentially stable.
Furthermore, it has been shown in the proof of [[II, Thm 8]
that G; and Gy in ([V20a)-([V.20d) satisfy the G-conditions,
and thus, the controller solves the robust output regulation
problem by Theorem [[V.8]

V. APPROXIMATE ROBUST REGULATION OF THE WAVE
EQUATION

Consider the wave equation as given in (IT)) with the spatial
domain © := {¢ € R? | 1 < [|¢|| < 2}. Choose the partition
0 =ToUTy where Ty = {(€9Q|||¢|| =1} and T'; =
{¢ € 99| |[<|| = 2} which satisfies the assumption in ([L6),
e.g., for (o = 0, and thus the results presented in Section [[I-B]
are applicable.

For the approximate robust output regulation problem, let
6 = 0.01 be given. We choose the output space as Y :=
L?(T'y) which is equivalent to L2([0, 2]). Thus, for the finite-
dimensional closed subspace Yy we may choose, e.g.,

Yy :=span{l,cos(k-),sin(k-) |k =1,...,N},

and the projection Py from Y onto Yy is then given by

N
Py = o 1)+ 72 D (cos(i) + (s

(V.1
By standard Fourier analysis, it holds that for all f €
L2([0,27]), we have im (1 — Pn)f|l = 0, and thus, by
Theoremm for a givaloieference Yref, We can choose IV in
(VI) sufficiently large such that asymptotically the regulation
error becomes smaller than &||vg||? (in the L?-sense).
Let the reference and disturbance signals be given by

Yrep(0,t) = 7$(7r — 0)?sin(nt) — %sin (g) cos(27t)
d(0,t) = cos() sin(27t) + sin(f) sin(t)

and the disturbance d acts on I';. Thus, we choose S =
diag(—2im, —im,im,2iw), and the operators F and F are



chosen such that y,.y = —Fv and d = Ev for vy = 1. The
controller parameter () is chosen as Q(¢) = 3, and according

to §IV-C] we choose

G1 = diag(—2imlyy, —imlyy,inlyy, 2inlyy),  (V.2a)
K =c[K}, K§, K, K{] (V.2b)
G = (=P )iey (V.2¢)

where K} = (PyPy(iwg)) ™, N =5 and ¢ = 0.15.

For simulation, the operators related to the wave equation
are approximated by the orthonormal eigenfunctions of the
Laplacian A with homogeneous boundary conditions. In polar
coordinates, these are of the form

1 1
= ——no(r), €N
¢710(T) \/%()0 O(T) n
1
1 — .
Gpm (1,0) = ﬁgpnm(r) cos(m#), m,n € N
Gin(r.0) = —=pun(r)sin(md).  m.n R,

where @y, (r) are the appropriately normalized Bessel func-
tions corresponding to the radial part of the Laplacian such that
the functions {¢%:2} form an orthonormal basis of L?(2). The
eigenvalues are computed numerically and in the simulation
we use n = 8 radial and m + 1 = 12 angular eigenfunctions
corresponding to the eigenvalues. The transfer function Ps is
computed using the approximated operators, and the initial
conditions are given by zop = 0 and zp = 0.

In Figure [T} the output profile y of the controlled wave
equation and the reference profile y,.; are displayed for
t € [0,10]. It can be seen that the output starts to follow the
reference signal rather soon, even though some undershooting
can be observed throughout the simulation.

Fig. 1. The output profile y of the controlled wave equation and the reference
profile y,.¢ for t € [0,10] and in the same scales.

In Figure [2] the time average of the norm of the regulation
error is displayed for ¢ € [0,20]. Here it can be seen that,

apart from the oscillations and initial errors, the regulation
error decays at an exponential rate and that asymptotically it
decays beyond the given 6||vp/2. In Figure the wave profile
of the controlled system is displayed at time ¢ = 9 and in
Figure [d] the disturbance signal is displayed for ¢ € [0, 6].

— 3wl

t41

Fig. 2. The regulation error / lly(s) — yTef(S)H2d5 for t € [0,20].

N
N
RN
R

G

Fig. 3. The wave profile of the controlled system at t = 9.

Fig. 4. The disturbance signal d for ¢ € [0, 6].

VI. CONCLUSIONS

We developed output regulation for abstract boundary con-
trol systems, parametrizing all regulating and robust regulating
controllers, and also suggesting some particular choices of
such controllers. Since the internal model principle implies
that the state space of any robust controller for a system
with infinite-dimensional output space has infinite dimension,
we extended the concept of approximate robust output reg-
ulation to boundary control systems. We demonstrated that



approximate robust regulation can be achieved with a finite-
dimensional controller by constructing such a controller for
the two-dimensional wave equation and demonstrating its
performance with numerical simulations.
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Jukka-Pekka Humaloja**! and Stevan Dubljevic?

Abstract— The paper considers the finite-horizon constrained
optimal control problem for Schrodinger equation with bound-
ary controls and boundary observations. The plant is mapped
from continuous to discrete time using the Cayley-Tustin
transform, which preserves input-output—stability of the plant.
The proposed transformation is structure and energy preserving
and does not induce order reduction associated with the spatial
discretization. The controller design setting leads to the finite
horizon constrained quadratic regulator problem, which is
easily realized and accounts in explicit manner for input and
output/state constraints. The model predictive control (MPC)
design is realized for Schriodinger equation and the results are
illustrated with numerical simulations showing successful stabi-
lization of Schrodinger equation with simultaneous satisfaction
of input and output/state constraints.

I. INTRODUCTION

A central concern in modern chemistry is controlled making
and breaking of chemical molecular bonds. The state-of-the-
art laser technology provides foundation for laser control
in a favorable manner to alter the molecular dynamics
phenomena. In particular, laboratory implementation and
design are focused on successful laser field realizations
capable of altering constructive and destructive interferences
of the underlying molecular wave function [12].

In molecular control one seeks to achieve the best possible
solution, and therefore it is natural to consider optimal control
design methodologies as a starting point. Along this line,
optimal control of quantum-mechanical systems was first
considered by Dahleh, Peirce and Rabitz in [2], [9] where
the finite-dimensional Schrodinger equation was considered
under different circumstances. Later on, controller design
problems for the finite-dimensional Schrodinger equation
were considered in [7] by Mirrahimi and Rouchon and in
[8] by Mirrahimi, Rouchon and Turinici. Recently, control
of the infinite-dimensional Schrodinger equation has been
considered, e.g., in [4], [10], [11]. The important notions of
boundary applied actuation and observation in the context of
Schrodinger equation have beed addressed in detailed manner
in [14], due to the importance of accurate steering a system
from initial to final observable state in the finite time.
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In reality, the key to the laser control realization is accurate
description of the Hamiltonian. In some cases for simple
molecular species [2], [9] one can describe Hamiltonian
with high accuracy and successfully apply design, while for
polyatomic molecules and the subsequent design achieving
acceptable accuracy is a very complex task. In addition, to
this complexity, the control realizations with the presence
of complex external fields contribute to the higher level of
difficulty in realizing and implementing molecular control
[13]. Besides these difficulties, one might need to account
for the generation of undesirable chemical products (reflected
in breaking the wrong chemical bonds). Along this line in
[13], a theoretical method for optimization based control has
been presented with application of multiple constraints and
with guaranteed convergence to desired physical objectives.
Motivated by this notion, we explore another design method-
ology that is optimal, explicitly accounts for constraints and
is already well-known in control practice, a model predictive
control [6], [17].

In particular, we consider a linear model predictive control
design which has been successfully applied for similar types
of distributive parameter systems [16]. It will be shown
that one can extend the well-known design of the MPC
to the setting of complex distributed parameter systems
described by the Schrédinger equation and incorporate input
and output/state constraints - as well as optimality - in the
computationally fast and numerically realizable design setting.
An additional benefit to our MPC design is that continuous
Schrodinger equation model of the underlying plant is not
subjected to any type of order reduction by spatial discretiza-
tion and the issue of boundary applied actuation is realized
by applying an appropriate exact boundary transformation
[14]. Generalization to infinite-dimensional systems requires
taking several theoretical aspects into account, even though
here we omit some of the technical details.

The structure of this paper is as follows. In Section II, we
present the general Cayley-Tustin time discretization scheme
for distributed parameter systems which is symplectic and
structure preserving [3]. In Section III, we present Schrodinger
equation with boundary controls and boundary observations
and apply the Cayley-Tustin discretization to the system.
In Section IV, the model predictive control problem is
presented and solved for the Schrodinger equation. Numerical
simulations are presented as well. Finally, conclusions are
presented in Section V.

Here £(X,Y) denotes the set of bounded linear operators
from the normed space X to the normed space Y. The
domain, kernel and resolvent of a linear operator A are
denoted by D(A), N'(A) and p(A), respectively. For a linear



operator A : D(A) C X — X and a fixed sy € p(4),
define the scale spaces X; := (D(A),||(so — A) - ||) and
X_1 = (X,|[(so —A)~L-|]) [14, Sec. 2.10]. The scale
spaces are related by X; C X C X_; where the inclusions
are dense and with continuous embeddings. The extension
of A to X_; is denoted by A_;.

II. CAYLEY-TUSTIN TIME DISCRETIZATION

Consider a linear infinite-dimensional system described by
the following equations:

#(C,t) = Ax(C,t) + Bul(t),
y(t) = Cz(¢,t) + Du(t).

2(C,0) =xo(¢)  (la)

(1b)

The state-space X, the input space U and the output space
Y are assumed to be Hilbert spaces. The linear operator
A:D(A) C X — X is the generator of a Cp-semigroup
and for the other operators we assume that B € £(U, X_1),
CeL(X,,Y)and D € L(U,Y).

Given a discretization parameter h > 0, a Crank-Nicolson
type time discretization of (1) is given by

x(-,ih) — x(-, (i — 1)h) < Az("ih) +a(, (i = 1)h)
h 3
y(ih) ~ I T 3”2( (i = 1)h)

+ Bu(ih)

+ Du(ih)

for i > 1. Approximating u(ih) by u!//h (using a chosen
sampling), it has been shown in [5] that the Cayley-Tustin
discretization is a convergent time discretization scheme for
a general class of input-output stable systems satisfying
dimU = dimY = 1 such that y?/ Vh converges to
y(ih) in several different ways. A straightforward manip-
ulation yields the Cayley-Tustin transform (4, B,C, D) —
(Ad, Bd7 Cd, Dd) by

5 {Ad Bd} . [(6+A)(§—A)’1 V256 —A_1)7'B
Ca Da| ™~ | V25C(A—6)"1 G(9)

where G(8) := C(6 — A_1)"'B + D denotes the transfer
function of the system and § = 2/h which needs to be in
p(A). Tt is easy to see that the operator A4 can be equivalently
expressed as Ag = —1 +25(6 — A)~L.

III. SCHRODINGER EQUATION

In this section, we apply the Cayley-Tustin time dis-
cretization to the boundary controlled Schrodinger equation
on the unit interval ¢ € [0,1]. The system is given for

(¢, 0) = wo(¢) by

0 (¢, t) =17 » z((,t a t 2

E‘I(Cv )7j%07<2¢((7 )_UI(C7 ) (22)

0

&I(O, t)=0 (2b)

%x(l., t) = u(t) (2¢)
z(0,t) = y(t) (2d)

where £ is the reduced Planck constant, m is the mass of
the particle, v > 0 accounts for the potential energy of the

particle and v € U,y € Y are boundary control and boundary
observation signals, respectively, where U =Y := C.
In order to write the system (2) in the usual state-space
form (1), we define an operator .4 by
Lo 0?

5L — VT

Az = j%agz

with domain
D(A) = {L € Ly(0,1;0) : fow € H2(0,1;C), 22(0) = o} .

Furthermore, we define a boundary control operator 3 by

0
Bx(-,t) = acx(l,t)

with domain D(B) := D(A). The operator A corresponds
to the port-Hamiltonian formulation of Schrodinger equation
(see, e.g., [1, Ex. 2.18]), and [1, Thm. 2.3] implies that the
operator A := Al gy with domain D(A) = D(A) NN (B),
i.e., the restriction of A to the kernel of B, generates a
Cl-semigroup.

The aforementioned implies that the pair (A,B) is a
boundary control system in the sense of [14, Def. 10.1.1].
Thus, by [14, Prop. 10.1.2, Rem. 10.1.4] there exists a unique
operator B € L(U,X_1) such that the system (2) can be
equivalently written as

(¢, t) = Az (¢, t) + Bu(t), (3a)
y(t) = Cx((, 1) (3b)

where C € £(X1,Y") with domain D(C) := D(A) is defined
as Cz(-,t) := z(0,¢) so that (3b) corresponds to (2d).

The aforementioned operator B can be found by solving
the abstract elliptic problem [14, Rem. 10.1.5] Af = sf,
Bf = u for any s € p(A) and u € U. The solution is unique
and satisfies f = (s — A_;)"'Bu. A direct computation
shows that for any s € p(A) and u € U, the solution is given
by

z(0) = zo

1 cosh(es()
¢s sinh(cy)

f(Q) = (C))

where ¢, = 1;2]'1/%(3 + v), and thus, the operator B is

obtained by Bu = (s — A_1) fs(¢).

A. Discretized Operators

In this section, we will compute the discrete time linear
system operators (Ag, By, Cyq, Dg). In order to do that, let
us find the resolvent of the operator A by considering the
homogeneous PDE

$(Cv t) = AI(Cv t)’ :E(C, O) = IO(C) )

where A is the same as in (3). Applying Laplace transform
to (5) yields

2
.933((,8)*17(4,0): 0

%TCZI(CJ) —vz((,t), (6)

that is,
82

Seza(C ) = =3 sa(C.8) = o el )+ 5 5 (G0,



which can be equivalently written as

67[5%4%] = |zt 3] [6?&&2)]*[@5@70)}

The above system is an ODE of the form
9:X(C,s) = AX(C,s) + B(Q),

the solution of which is given by

_ ¢ _
X(¢.) = AX©.0) + [ ACIBayan. )
0

A direct computation shows that

ac | cosh(cs() o+ smh(csg)
T e sinh(c,() Cosh(cS()
where again ¢, = %\/%

By the definition of D(A), we must have 9;z(0,s) =
O¢z(1, s) = 0, which yields that in (7), X (0, s) is given by

2Tn
X(0,5) = { ey Jo I Cozh(fs(l—n)) v (n 70)dn]

Finally, the solution of (6) is given by
J 2m cosh(cs()

1
(¢o) = =25 [ costien (1= m)ato. 00y
j2m S
o A sinh(cs(¢ — n))xz(n, 0)dn
= (s — A)""'2(¢,0)

®
which yields the expression for the resolvent operator.
Now that we have derived an expression for the resolvent
of A, a direct computation shows that
207 2m
Az () = —z(() + o

247 2m cosh(cs()

cs h

¢
i sinh(cs (¢ —n))z(n)dn

1

In order to compute Bg, we choose s = ¢ in (4) so that
Bu = (6 — A_1)f5(¢), and we obtain (§ — A_;)"'Bu =
f5(¢), and thus

\/7275 cosh(csC)

By = .
¢ cs sinh(cs)

(10)

The operator Cy is simply given by

V2652m 1

1
2(¢) = — — sh(cs(1 — :
Cun() =~ 5 s [ eosbles(t = m)atyn
(1D
and finally, the operator D; = G(6) = C(6 — A_1)" !B is
given by
1 1
12)

- cs sinh(cs)”
‘We note that
lim G(s) =0
85— 00

which implies that the system (3) is in fact a regular linear
system (see, e.g., [15]) and, in particular, well-posed.

B. Adjoint Operators

In this section, we will compute the adjoints of the
operators (A4, Ba, Ca, Dg). We note that the state space
X := L%(0,1;C) is equipped with the inner product

f7 g)x = / f d€7
and the input and output spaces U =Y := C are equipped
with the usual complex inner product (uj, uz)c = ujus.
By definition, the adjoint P* of an operator P satisfies

(Pz,y) = (x, P*y) with respect to the corresponding inner
products. Now for A4, we obtain

(Ag 2 — — / L Q20
L
/ / 7 iuh(c}(¢ — )z

—- / 2 (Q)=(C)de
/ = (0) /
/ () /

cosh(c3 (1 - n))a* (n)=()dnd¢

*(m)z(¢)dnd(

4m5j cosh(cjn)
sinh(c})

smh(cs(n €))z(n)dnd¢

cosh(c;(1 = ¢))z(n)dnd¢

- (‘L7 Adz>
so we have
. 205 2m [* .,
1) = —2(¢) = =250 [ sib(es(n — )l
€ ¢
267 2m cosh(cs(1 — () /1
_—— b d
cs h sinh(c}) 0 cosh(czm)a (n)dr.
(13)
For B; we obtain
(Bau, ) x = (u, (Ba, x)x)c = (u, Bjz)c,
that is,
* \/7 CObh(CtsC)
Bjz = (Bg,7)x = o Jo mﬂ()d(- (14)
Similarly for C; we have
boV2652 h(c;(1-n)) .
07 2m cosh(cj n
Cqzx = T d
(Caz,y)c Ve sinh() «*(n)dn
= (z,Cqy)x,
where
€ V255 2m coshie3(1 —0) s
c; h sinh(c})
Finally, the adjoint D} of D, is simply given by
1 1
Dj=———. (16)

¢; sinh(c})



IV. THE MODEL PREDICTIVE CONTROL PROBLEM

In the case of complex scalar input and output spaces, the
objective function with constraints at a given sampling time
k is given by

m“inZy*(k +)Qu(k +1) +u*(k +i+ D)Ru(k+i+1)
=0

st. (¢ k+1i)=Aqx((,k+1i—1)+ Bau(k +1)
y(k +1i) = Cqz((, k + i) + Dgu(k + 1)
Re umin < Reu(k +7) < ReUmax
Im Upmin < Imu(k +14) < Imumax
(

)
Re Ymin S Rey k + Z) < R(:‘ Ymax
)

Im ymin < Imy(k + i) < Im Ymax

where ) and R are positive constants. Note that as the
input and output spaces are complex, we need to consider
lower and upper bounds separately for the real and imaginary
parts of « and y. However, in the following we will restrict
to considering only real inputs as complex inputs are not
implementable in practice. Thus, in the following we treat
the input space U as R.

The aforementioned infinite-horizon open-loop objective
function can be cast as a finite-horizon open-loop objective
function under the assumption that the input u is zero beyond
the control horizon N, i.e., u(k + N) = 0. Additionally,
an output penalty term needs to be included. Under the
assumption of observability, the output terminal penalty can
be expressed as a terminal state penalty term (z(k + N —
1), Qz(k+N —1)), and the finite horizon open-loop objective
function can the be written as

min Y QY +UL RU,+(x(C, k+N—1), Qz(¢, k+N—1))x

amn
where Uy, € RV~1 Y, € CV~1 are given by
Ui = [u(k+1) u(k+2) u(k+ N —1)]
Vi = [yk) y(k+1) y(k+N—-2)].

In the preceding, the operator Q) can be calculated from a self-
adjoint solution of the following discrete Lyapunov equation
(see [16])

1QA: — Q = —C3QC.

We will address solving (18) in more detail in Section IV-A.

A straightforward manipulation of the objective function
given in (17) yields the following finite-dimensional quadratic
optimization problem

(18)

nl}in UL HU, + 2Re (U] P2(C, k)
3

_ (19)
+ (@ (¢ k), Qu(C, k) x + (y(k), Qy(k))c
where H € CN=1xN—1 ig self-adjoint given by
DiQDy+ BiQBy+ R for m=n

P = D;QCdAZZ’"’le + B;QA;”’"Bd form >n

Ny form <n

and P € £(X,CN~1) is given by
D;QCq + BjQA
DZQCdAd + B; QA(Zl
P= .
DiQCAY 72 + B5QAY !
Note that since we are restricted to real inputs, we only need
to consider the real parts of H and Px((, k). The objective
function given in (19) is subjected to constraints
Umin S Uk S Umax
ReYmin < Re(SU 4+ Tx(¢, k) < Re Yiax
Im Yiin < Im (SU 4 Tx((, k) < Im Yiax,

which can be written in the form

I Umax
-1 7Umin
Re S Re (Yinax — T(C, k)
U <
Im S Im (Yiax — T2(¢, k))
—ReS —Re (Yinax — Tz(¢, k))
—ImS —Im (Yiax — T2((, k))
where S € CN~1XN—1 is Jower triangular given by
Dy form=n
Smn = CdAfln'*”*le form >n
0 form <n
and T € £(X,CN71) is given by
Ca
CaAd
T= .
C@Aévfz

A. A Solution of the Lyapunov Equation

Before going into simulations regarding model predictive
control of Schrodinger equation, we will derive a self-adjoint
solution for the discrete time Lyapunov equation (18). It
has been shown in [16] that the solutions of the discrete
time Lyapunov equation coincide with the solutions of the
continuous time Lyapunov equation

A*Q+ QA= -C*QC.
We will find a solution of the continuous time Lyapunov

equation by utilizing the spectral presentation of A.
Consider the eigenvalue equation

Apr = Mop

for Schrodinger equation considered in Section III. A direct
computation shows that the eigenvectors ¢, are of the form

¢ = acosh (1\}2'7"/2;”(1) + >\k)<>

which satisfy O¢¢x(0) = 0. Since ¢y, € D(A), ¢, must also
satisfy O¢ ¢y (1) = 0, which yields
i [2m

NG ?(U'i-)\k) sinh <1\;§j\/%> )

0=a—7——



Since sinh(z) = 0 holds for z = jkm, n € Z, we obtain that
the eigenvalues of A are given by

. h
A = 7‘]%(]671')2 —v

for k € Ny, which implies that A is the generator of an
exponentially stable Cy-semigroup. The eigenvectors ¢, are
now given by

¢r = acosh(jkm) = acos(km)

which form an orthonormal basis of X with the choices oo = 1
for k = 0 and o = /2 otherwise.

Let us now apply the continuous Lyapunov equation to an
arbitrary = € D(A):

A*Qz + QAz = —C*QCx.
Representing x in the basis formed by the eigenvectors of A
yields

oo

D (A" Q(x, )b + QA(w, dr) bk + C*QC(x, b)) = 0,

k=0

that is,
ST (A" + )@, 1) + C*QC L, b)) = 0,
k=0

which especially holds if

Qlx, d)r = (=M — A*)7'C*QC{x, )b (20)

for all £k € Ng. We note that as A is densely defined and
—A; € p(A), we have by [14, Prop. 2.8.4] that (—\; —
A%~V = ((=A; — A)~1)". Now summation over k in (20)
yields a solution:

Qu =" (x,¢1) (C(=N. — A)7")" QCoy

k=0

20

where we have based on C} that

« _ 2mj cosh(ci(1 - ())
~ cth sinh(cr)

(C(s - A)fl)

for all s € p(A).

We note that as C¢, = a and C(— A} — A)~! is uniformly
bounded for all k¥ € Ny, (21) is a convergent series. Thus,
denoting the Mth partial sum of (21) by Qas, we obtain
for every x € D(A) that A}iinoo (@ — Qur)z|| — 0, which
implies that the solution Qx can be evaluated to arbitrary
precision € > 0 by choosing a sufficiently large (finite) M.
A sufficiently large value for M can be determined, e.g.,
by numerical experiments, as done in the simulation of the
following section.

B. Simulation Results for Schrodinger Equation

In this section, we present simulation results for
Schrodinger equation considered in Section III under the
model predictive control law (19). For the simulation, we
consider Schrodinger equation for a free electron, so in atomic
units the parameters in (2) are given by m = 1, A =1 and
we choose v = 1.

The input and output weights are chosen as R = 10 and
@ = 5, respectively. For the Cayley-Tustin time discretization,
we choose h = 0.05, so § = 40. Furthermore, d¢ = 279 is
chosen for numerical integration. The initial condition is
20(¢) = cos(m¢) and the model predictive control horizon
is N = 10. For computation of the function Q, the series in
(21) is approximated by summing the first M = 101 terms.
The input and output constraints are given as Ui, = —0.3,
Umax = 0.03, Ymin = —0.1 = 0.25 and ymax = 0.2 + 0.055.

The input profile of the simulation and the input constraints
are shown in Figure 1. Figure 2 shows the comparison
between the output profiles of the open- and closed-loop
systems under model predictive control, along with output
constraints. One can see from these figures that a maximal
control effort is required near the beginning to keep the real
and imaginary parts of the output signal within the allowed
limits. Thereafter virtually no control is imposed nor required.

Fig. 1. Input profile model predictive control law under input and output
constraints (solid line) and input constraints (dash-dot-line).

Im(yx)

0 0.5 1 1.5 2

Fig. 2. Comparison between the profile of the closed-loop system under
model predictive control (solid line) and the profile of the open-loop system
(dashed line). Output constraints are shown in dash-dot-line



In Figures 3 and 4 the state profiles of the open- and closed-
loop systems, respectively, are presented for comparison.
The effect of control can be seen here as well, as the state
under the model predictive control law in Figure 4 decays in
the beginning faster than the state of the open-loop system.
Even thought both the MPC and the open-loop states decay
asymptotically to zero due to the system being exponentially
stable, the most substantial difference between the open-loop
and the MPC behaviors — as seen in Figure 2 — is that MPC
keeps the output within the given constraints while the open-
loop output violates them.

Fig. 3. The evolution of the state profile of the open-loop system.

Fig. 4. The evolution of the state profile under the model predictive control
law with input and output constraints.

V. CONCLUSIONS

We considered the finite-horizon constrained optimal
control problem for the Schrodinger equation with boundary
controls and boundary observations. The plant was mapped
from continuous to discrete time using the Cayley-Tustin
transformation, which is a convergent time discretization
scheme for a rather general class of systems. No spatial

approximations were required in the process. The control
problem was solved for Schrodinger equation and the results
were illustrated with numerical simulations.
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Abstract

The present work extends known finite-dimensional constrained optimal control realizations to the realm of well-posed reg-
ular linear infinite-dimensional systems modelled by partial differential equations. The structure-preserving Cayley-Tustin
transformation is utilized to approximate the continuous-time system by a discrete-time model representation without using
any spatial discretization or model reduction. The discrete-time model is utilized in the design of model predictive controller
accounting for optimality, stabilization, and input and output/state constraints in an explicit way. The proposed model pre-
dictive controller is dual-mode in the sense that predictive controller steers the state to a set where exponentially stabilizing
unconstrained feedback can be utilized without violating the constraints. The construction of the model predictive controller
leads to a finite-dimensional constrained quadratic optimization problem easily solvable by standard numerical methods. Two
representative examples of partial differential equations are considered.

Key words: infinite-dimensional systems, modeling and control optimization, controller constraints and structure, model

predictive control, regular linear systems, Cayley-Tustin transform

1 Introduction

The concept of regular linear systems came about at
the turn of 1990’s by the work of George Weiss [34-36].
This subclass of abstract linear systems is essentially
the Hilbert space counterpart of the finite-dimensional
systems described by the state-space equations:

I8
—
~
=
Il

Ax(t) + Bu(t),
Cz(t) + Du(t),

z(0) = xo

<

—
~

N
I

where, however, the operators A, B and C' may be un-
bounded. Regular linear systems are often encountered
in the study of partial differential equations (PDEs) with
boundary controls and boundary observations, and they
cover a large class of abstract systems of practical inter-
est.

The control of linear distributed parameter systems
(DPS) is a mature control field with seminal contribu-
tions given in [5, 13,27, 31, 32]. The system theoretic
properties and controller designs were explored in these
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Email addresses: stevan.dubljevic@ualberta.ca
(Stevan Dubljevic), jukka-pekka.humaloja@tut.fi
(Jukka-Pekka Humaloja).

Preprint submitted to Automatica

contributions with the emphasis on full state feedback,
boundary and/or in-domain stabilization, optimality
and robustness. In addition, classical control problems
such as state feedback regulation [21] and robust output
regulation [22,23] have been considered, and regulator
theory has been developed for regular linear systems.
Above contributions fully explored the functional space
setting of the continuous-time system representation
and only minor considerations have been devoted to the
discrete-time counterparts. In addition, despite the myr-
iad of work on unconstrained stabilization, the design of
low order constrained optimal/suboptimal controllers
for DPS which accounts for input and state/output
constraints remained elusive.

Over the past decade, there have been several attempts
to address control of distributed parameter systems
within an input and/or state constrained optimal con-
trol setting. There are several works on dynamical
analysis and optimal control of hyperbolic PDEs, most
notably the work of Aksikas et al. on optimal linear
quadratic feedback controller design for hyperbolic
DPS. [1,2,30]. Other contributions considered optimal
and model predictive control applied to Riesz spectral
systems (parabolic and higher order dissipative PDEs)
with a separable eigenspectrum of the underlying dis-
sipative spectral operator and successfully designed
algorithms that account for the input and state con-
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straints [6,14,41]. In prior contributions, some type of
spatial approximation is applied to the PDE models to
arrive at finite-dimensional models utilized in the con-
troller design. As it will be claimed and demonstrated
in the subsequent sections, the linear distributed pa-
rameter system can be treated intact and controller
design can be accomplished without any spatial model
approximation or reduction.

The research area of model predictive control (MPC)
and contributions associated with this design method-
ology has flourished over past two decades [8, 15,16, 24].
The appealing nature of applying to the state the first
control input in a finite sequence of control inputs ob-
tained as a solution of an online constrained, discrete-
time, optimal control problem with explicit account for
the control and state constraints, and achieving stability
by adding a terminal cost or terminal constraints, or by
extending the horizon of the the optimal control prob-
lem, is well understood and explored [15,16,26] but could
not be easily extended to the DPS setting. Apart from
the aforementioned contributions [6,14,41] where some
type of model approximation has been applied, other
contributions explored unconstrained MPC with empha-
sis on the computational complexity of the optimization
problem [7]. However, the clear link between the discrete
constrained optimization based MPC design, the well-
understood modelling of distributed parameter systems
described by PDEs, and the well-established control the-
ory of linear DPS has not yet been established apart
from the recent work by the authors [11,40].

Motivated by the preceding, in this contribution, the
model predictive control for regular linear systems is
developed. In particular, the essential feature of the
discrete-time infinite-dimensional representation neces-
sary in the MPC design preserving the continuous-time
system properties is established by applying the Caley-
Tustin (CT) [10] time discretization, implying that no
spatial discretization or model reduction is required. At
the core of the CT transformation, one can find the ap-
plication of a Crank-Nicolson type time discretization
scheme which is a well-know implicit midpoint integra-
tion rule that is symmetric, symplectic (Hamiltonian
preserving) [9], and guarantees structure preserving nu-
merical integration so that stability and controllability
are not altered by the discrete-time infinite-dimensional
model representation. Furthermore, boundary and/or
point actuation transformed to the discrete-setting
yields bounded operators.

As the first main contribution, the MPC design utilized
in [40] is generalized for stable regular linear systems
(Theorem 2). Under the assumption of infinite-time ad-
missibility of the observation operator, optimality and
stability of the proposed design is proved. The design
is demonstrated on a numerical example of the one-
dimensional wave equation.

As the second main contribution, an MPC-based control
design is presented to achieve constrained stabilization of
exponentially stabilizable systems (Theorem 3) and the
design is demonstrated on a simulation study of a tubu-
lar reactor. The proposed design belongs to the class of
dual-mode control [17,29] implying that the model pre-
dictive controller steers the state to the neighborhood of
the origin where local unconstrained stabilizing feedback
can be applied without violating the input constraints.
A stabilizing terminal penalty is added to the MPC for-
mulation to guarantee stabilizability while no terminal
constraints are imposed. Stabilization of a finite-number
of unstable eigenvalues is considered in the MPC set-
ting in [40], but here the proposed methodology can be
applied to arbitrary exponentially stabilizable systems.
Finally, the proposed work provides a foundation to link
regular linear systems to the well-established area of lin-
ear model predictive control designs.

The structure of the paper is as follows. In Section 2,
we present the notation, the mathematical preliminaries
concerning regular linear systems and the Cayley-Tustin
time discretization scheme. In Section 3, we present the
MPC problem, and in Sections 3.1 and 3.2, stability and
optimality results of the proposed MPC and dual-mode
control designs are presented. In Section 4, we present,
as an example of a stable system, the wave equation on a
one-dimensional spatial domain and compute the oper-
ators corresponding to the Cayley-Tustin transform and
their adjoints. Furthermore, in Section 4.3, we derive a
solution of the Lyapunov equation for the wave equation
as required by the proposed MPC design. The perfor-
mance of the MPC is demonstrated by numerical sim-
ulations of the controlled wave equation in Section 4.4.
In Section 5, the dual-mode controller design is demon-
strated on an unstable tubular reactor which is success-
fully stabilized by the proposed control strategy. Finally,
the paper is concluded in Section 6.

2 Mathematical Preliminaries
2.1 Notation

Here £(X,Y) denotes the set of bounded linear opera-
tors from the normed space X to the normed space Y.
The domain, range, kernel and resolvent of a linear op-
erator A are denoted by D(A), R(A), N(A) and p(A),
respectively. For a linear operator A : D(A) ¢ X — X
and a fixed sy € p(A), define the scale spaces X; =
(D(4), [[(s0—A)- ) and X_y = (X, (5o — A) 1 - |} [32.
Sec. 2.10]. The scale spaces are related by X; € X C
X_1 where the inclusions are dense and with continu-
ous embeddings. The extension of A to X_; is denoted
by A_1. The A-extension of an operator P is denoted by
Py (see (1)).



2.2 Regular Linear Systems

Consider a well-posed linear system (4, B, C, D), where
A:D(A) C X — X is the generator of a Cy-semigroup,
B € L(U, X_4) is the control operator, C' € £(X1,Y) is
the observation operator, and D € L(U,Y). We assume
that the spaces X, U, and Y are separable Hilbert spaces
and that U and Y are finite-dimensional.

The operator B is called an admissible input oper-
ator for A if for some 7 > 0, the operator &, €
L(L2(0,00;U), X_1) defined as [32, Sec. 4.2]:

.

B — / T(r — 5)Bu(s)ds,

0

satisfies R(®,) C X. Correspondingly, the operator C
is called an admissible output operator for A if for some
7 > 0, there exists a K, such that [32, Sec. 4.3]:

/HCT(S)J:||2d5 < K |le|’, V& e D(A).
0

Furthermore, if there exists a K such that K, < K for
all 7 > 0, then C' is called infinite-time admissible. The
A-extension of the operator C is defined as [35]:

Caz = lim AC(A— A) 'z, (1)
A—00

and the domain of C'y consists of those elements x € X
for which the limit exists.

Let G denote the transfer function of the system
(A,B,C, D). The transfer function is called regular if
)‘lim G(AN)u = Du (A € R) for all w € U [36, Thm.
—00

1.3], in which case (4, B, C, D) is called a regular linear
system.
The transfer function G of a regular system is given by:

G(s):=Cr(s —A_1)"'B+ D, (2)

and in the time domain the system is described by the
following equations:

‘i(gt) = AI(CJ) + Bu(t)v I(C7 0) = IO(C) (33')
y(t) = Cax(C,t) + Du(t). (3b)

Throughout this paper, we assume that we are dealing
with regular linear systems with admissible B and C.

2.3  Cayley-Tustin Time Discretization

Consider a system given in (3). Given a time discretiza-
tion parameter h > 0, the Tustin time discretization of
(3) is given by

z(jh) —2((G —Dh) _ ,=(h) —x(( —1h) ,
7 ~ A | 2 + Bu(jh)
(i) ~ TINZ U= DN

for j > 1, where we omitted the spatial dependence of
x for brevity. Let u;h) /v/h be the approximation of u(t)
on the interval t € ((j —1)h, jh), e.g., by the mean value

sampling used in [10]:

(h) i

U 1

ﬁzﬁ / u(t)dt.
G-1Dh

It has been shown in [10] that the Cayley-Tustin dis-
cretization is a convergent time discretization scheme
for input-output stable system nodes satisfying dim U =
dimY = 1 in the sense that yj(-h')/\/ﬁ converges to y(t)
in several different ways as h — 0. The discussion in [10,
Sec. 6] further implies that the same holds for any fi-
nite dimensional U and Y. Thus, writing yj(.h) / Vh and
ugm/\/ﬁ in place of y(jh) and u(jh), respectively, sim-
ple computations yield the Cayley-Tustin discretization
of (3) as:

(¢, k) = Agz(¢, k — 1) + Bau(k),
y(k) = Cax(¢, k — 1) + Dau(k),

$(C,0) = $0(C)

where:
Aq By —I+25(0—A)~! V26(6 — A_y)7'B
Ca Da| | V26C(5 — A)? G(6)

and  := 2/h. Clearly one must have § € p(A), so that
the resolvent operator is well-defined. Thus, for a large
enough ¢, the discretization can be applied to unstable
systems as well.

Remark 1 Due to the standing assumptions it is easy
to see that the discretized operators are bounded. In fact,
the boundedness of Bq and Cy already follows from B €
LU, X_1) and C € L(X1,Y), respectively, and for Dqy
being bounded it would suffice that the system (3) is well-
posed rather than reqular.

3 Model Predictive Control

The moving horizon regulator is based on a similar for-
mulation emerging from the finite-dimensional system



theory (see e.g. [20]). A corresponding controller in the
infinite-dimensional case is presented, e.g., in [40]. At a
given sampling time k, the objective function with con-
straints is given by:

oo
min > ki Quit )y + (Ui, Rukys)u
j=kt1
s.t. x; = Agzj_1 + Bau; (4)
yj = Cdqu + Ddu]'
Umin < Uj < Umax
Ymin < Yj < Ymax,

where ) and R are positive self-adjoint weights on the
outputs y; and inputs u;, respectively. Here it is assumed
for simplicity that U and Y are (finite-dimensional) real-
valued spaces. For consideration of the MPC with com-
plex input and output spaces, see [11], where the authors
considered MPC for the Schrédinger equation.

The infinite-horizon objective function (4) can be cast
into a finite-horizon objective function under certain as-
sumptions on the inputs beyond the control horizon.
Furthermore, a penalty term needs to be added to the
objective function to account for the inputs and outputs
beyond the horizon. We will present two approaches on
this depending on the stability of the original plant.

3.1 Stable systems

If A is the generator of a (strongly) stable Cyp-semigroup,
we may assume that the input is zero beyond the con-
trol horizon N, i.e., up4+n4i = 0,Vi € N, and add a cor-
responding output penalty term. Under the assumption
that C'is infinite-time admissible for A, the terminal out-
put penalty term can be written as a state penalty term,
so that the finite-horizon objective function is given by:

ket N
min > (w5 Qui)y + (g, Rug)u + (@rg v, Quign) x
=kt1

(5)
with the same constraints as in (4), and where N is the
length of the control horizon.

The operator @ can be calculated from the positive self-
adjoint solution of the following discrete-time Lyapunov

equation: B -

AjQA: - Q = -C3QC,, (6)
or equivalently (see e.g. [5, Ex. 4.30]) the continuous-
time Lyapunov equation:

A*Q+ QA= —C"QC (7)

on the dual space of X_;. The assumption of C' being
infinite-time admissible for A is required as it is equiv-
alent to the continuous-time Lyapunov equation having

solutions [32, Thm. 5.1.1]. Furthermore, as A is assumed
to be stable, we have that the operator @ € L(X) given
by:

Qv = Jim / T (6)C*QCT(t)adt, Va € D(A), (8)
0

is the unique positive self-adjoint solution of the
continuous-time Lyapunov equation (7) (equivalently

(6)).

Now that we have established that the finite-horizon ob-
jective function (5) is well-defined, to further manipu-
late the objective function (5) we introduce the notation
Vi = (Yran)y € YN and Uy := (upen)_y € UV,
Hence, a manipulation of the objective function (5) leads
to the following quadratic optimization problem:

min (U, HUR)y~ +2(Uk, Per)un + (wr, Qur)x, (9)
K
where H € L(UY) is positive and self-adjoint given by:

D;QDy + BiQB4+ R, for i = j

hij = D53QCA ' By + B;QAY /By, fori>j
R fori < j

and P € L(X,UN) is given by P = (D;QC4AL ™" +
BiQAD,

The objective function (9) is subjected to constrains
Umin S Uk S Umax and Ymin < (SUk +T-Tk) S vaax

which can be written in the form:

I Umax

—1 7Umin

S Ymax - Txk
=S _Ymin + TCLk

where S € L(UN, V") is given by:

Dy, fori=j
Sij = CdAf[]*le, fori > j
0, fori < j

and T € L(X,YN) is given by T = (CqAE™HN_ .

Considering a finite-dimensional output space U = R™,
the inner products in the objective function given in (9)
are simply vector products, and we have a finite dimen-
sional quadratic optimization problem:

min J(Uy,xp) = UFHU, 4 20T (Pxy).  (11)
k



Note that the term (xy, Qxy ), can be neglected as xy,
is the initial condition for step k£ + 1 and cannot be
affected by the control input. Furthermore, as all the
operators related to the objective function and the lin-
ear constraints are bounded under the standing assump-
tions, the quadratic optimization problem is exactly of
the same form as the ones obtained for finite-dimensional
systems. Thus, we obtain the convergence and stability
results for free by the MPC theory on finite-dimensional
systems. To highlight this observation, we present the
following result:

Theorem 2 Assume that A is the generator of a strongly
stable Cy-semigroup and that C' is an infinite-time ad-
missible observation operator for A. Then, the input se-
quence (Uy) (and hence the sequence (uy)) obtained as
the solution of the feasible quadratic optimization prob-
lem (11) with constraints (10) converges to zero along
with the states x, hence yielding asymptotic stability.

PROOF. Asthe MPC problem is equivalent to a finite-
dimensional one, assuming that the problem is feasible at
step k =0, the claim follows directly from [25, Thm. 3].

3.2 Ezponentially stabilizable systems

Let us now assume that the pair (A, B) is exponentially
stablizable, i.e., there exists an admissible feedback op-
erator K € L£(X1,U) such that A 4+ BK) is the gener-
ator of an exponentially stable Cy-semigroup [37, Def.
3.1]. Optimal (in terms of minimizing the continuous
version of (4)) state feedback operator is obtained using
the maximal solution R € £(X) of the continuous-time
Riccati equation [18, Def. 10.1.2] (see also [38]) :

K*SK = A*R+ RA+C*QC (12)

onD(A), where S := R+D*QD and K := —S~1(B} R+
D*QC) yields the optimal feedback operator. Moreover,
it follows from the proof of [4, Thm. 9] that the solutions
of (12) are equivalent to the solutions of the discrete-
time Riccati equation:

K:SKy = ASRAy — R+ CQCy, (13)

where S; = B;RBd + R + D;QDg and Ky :=
—S; (AqaRBq + D;QCy) yields the optimal state feed-
back for the discrete-time system with the maximal R.
Furthermore, A4 + B4K,4 corresponds to the Cayley-
Tustin discretization of A + BKy, and thus, the feed-
back up = Kgxp—1 asymptotically stabilizes the pair
(Ag, Ba).

Returning to the MPC problem, we assume that the op-
timal state feedback is utilized beyond the control hori-
zon, i.e., UpyN+i = KaTpinti—1,Ve € N. Thus, the

input and output terminal penalties can be expressed
as state terminal penalties by solving the discrete-time
Lyapunov equations:

A%, 1Ak, — Q1= —KjREK,
Ak, Q2Ak, — Q2= —(Cq + K4Dq)*"QCq + KqDy)

or equivalently their continuous-time counterparts:

AjQi + QA = —~K*RK
kQ2 + Q24x = —(C + DK)*Q(C + DK),

where A := A+ BK,. Note that as Ak is the gen-
erator of an exponentially stable semigroup and K and
C are admissible for Ax by their admissibility for A
and [32, Thm 5.4.2], the positive self-adjoint solutions of
the Lyapunov equations are unique by [32, Thm. 5.1.1]
and obtained similar to (8).

Finally, the input and output terminal penalties are
given by (x4 n, Q2kyn ) and (24 n, QoZk i N ), TESpec-
tively. Thus, the quadratic formulation of the MPC prob-
lem is given as in the stable case, except that in H and
P the operator () must be replaced with Q1 + Q5.

Note that the exponentially stabilizing full state feed-
back u = Kz optimally solves the unconstrained min-
imization problem (4). Thus, in order to utilize it in
the constrained setting, we need to first assume that
the system is stabilizable by a sequence of inputs sat-
isfying the input constraints. Under this assumption,
MPC is utilized to steer the system into a region where
Umin < K2 < Umax, at which point we can switch from
MPC to the state feedback control. The existence of a
constrained stabilizing input sequence can be guaran-
teed by allowing sufficiently high-gain inputs to cancel
output the unstable dynamics of the system.

Theorem 3 Assume that the system (3) is stabilizable
by a sequence of inputs satisfying the input constraints.
Then, the dual-mode control consisting of MPC and op-
timal state feedback asymptotically stabilizes the system
while satisfying the input constraints.

PROOF. Due to the choice of the terminal penalty func-
tion Q = Q1 + Q2, the finite-horizon objective function
in (11) satisfies the assumptions of the function V()
in [29, Thm. 1]. Thus, assuming that the problem is fea-
sible at the step k = 0, the controls obtained by solving
the minimization problem (11) asymptotically steer the
state of the system towards zero by [29, Thm. 1]. When
the state reaches the region where the optimal state feed-
back can be used without violating the input constraints,
the stabilization can be finalized with the feedback control.

In practice, finding the optimal feedback K is rather
challenging as the Riccati equation (12) can rarely be



solved in analytic closed-form. Instead, some other sta-
bilizing feedback can be used as a terminal penalty and
stabilizing feedback as well. One possible option is to
use output feedback uj, = K,yy. This is a valid choice as
well as regularity of the system is preserved under out-
put feedback (see [35]), and rather straightforward com-
putations using Sherman-Morrison-Woodbury formula
show that Ay+ By K, (I—DyK,)~'Cy corresponds to the
Cayley-Tustin discretization of A+ BK,(I — DK,)~'C,
i.e., A after output feedback. The result of Theorem 3
holds for any stabilizing feedback.

Remark 4 Note that even though the results of Theo-
rems 2 and 3 were presented for the discrete-time sys-
tem, it follows from the input/output convergence and the
asymptotic stability preserving property of the Cayley-
Tustin discretization that for, e.g., piecewise constant
inputs u(t) = ug/Vh fort € [kt,(k + 1)h], the output
y(t) of the continuous time system behaves on every in-
terval t € [kh, (k + 1)h] as yx/V'h in some approzimate
sense, where h is the discretization parameter. Thus,
the continuous-time outpul goes asymptotically approz-
imately to zero along with the discrete-time outputs yy..
At that point, the assumed stability or the existence of a
stabilizing feedback yield that the state of the continuous-
time system decays asymptotically to zero, that is, the
discrete-time control laws can be used to asymptotically
stabilize the continuous-time system as well.

4 Wave Equation

As an example of a stable system, consider the wave
equation on a 1-D spatial domain ¢ € [0, 1] with viscous
damping at one end and boundary control « and bound-
ary observation y at the other end given by:

) =~ L (T Rul60) (1t
0= T(()é%w(l,t) + %%w(l,t) (14b)

u(t) = (%w(o, ) (14c)

y(0) = Sw(0,1), (14)

where £ > 0. For simplicity we assume that the mass
density p and the Young’s modulus 7" are constants. We
further assume that x # /pT, which will be needed in
Section 4.3.

In order to write (14) in a more compact form, let
us first define a new state variable z = [z1, 22]T =
[pOyw, dcw]T with state space X = Ly(0,1;R?) and an
auxiliary matrix operator H(¢) = diag(p(¢)~1, T(¢)).

Now define the operator A by:

mmw=ﬁj§mmmm>

with domain
D(A) = {T € X : Ha € H'(0,1;R?), Tay(1) = 759;1(1)} ,

so that the first two lines of (14) can be equivalently
written as & = Ax. Finally, by defining operators B and
C as Bx := Tx5(0) and Cx := p~121(0), the system (14)
can be equivalently written as:

z(t) = Az(t) (15a)
u(t) = Bx(t) (15b)
y(t) = Cx(t), (15¢)

which corresponds to the port-Hamiltonian formulation
of the wave equation (see, e.g., [12, Ex. 9.2.1]).

In order to further write the system (15) in the usual
state-space form, define the operator A as the restric-
tion of A to the kernel of B, i.e., A := Al s) with do-
main D(A) = D(A) NN (B). Due to the definitions of A
and B, it can be shown using (33, Thm. II1.2] that A is
the generator of an exponentially stable Cy-semigroup.
Consequently, the double (A, B) is a boundary control
system in the sense of [32, Def. 10.1.1]. Thus, by [32,
Prop. 10.1.2, Rem. 10.1.4], there exists a unique opera-
tor B € L(U,X_4) such that (15) can be equivalently
written as

&(t) = Az(t) + Bu(t) (16a)
y(t) = Caz(t) + Du(t) (16b)

where C' := C|p(a) and D := lim G(s) which is well-
5—00

defined assuming that the system is regular [12, Def.
13.1.11]. Note that by the general theory of regular linear
systems, the transfer function of the system (16) can be
equivalently expressed as G(s) = C(s — A_1) 1B which
is easier to evaluate than (2).

By [32, Rem. 10.1.5], the operator B can be found
by solving the abstract elliptic problem Af = sf,
Bf = wfor any u € U and s € p(A), the unique so-
lution of which satisfies f = (s — A_;)"!Bu. Since
here A is the generator of an exponentially stable Cj-
semigroup, we can choose s = 0 and obtain the solution
f = (p/k, =T7")Tu, and finally, the operator B is
defined as:

Zl} u. (17)



4.1 Discretized Operators

Assume that p and T are constants and consider the
equation @(t) = Axz(t). Using the Laplace transform

yields
0 0o T
s2(¢,5) = 2(¢,0) = (%( o x(<,s)>7
that is,
d 0 ps p
&T(Cvg): Tﬁls 0:|I(<79) T71 0 T(C,O)

The above is an ordinary differential equation of the
form:

5 _ _
8—CI(C, s) = Az(¢, s) — Bz(¢,0),

the solution of which is given by:

S
z(C,s) = ez%c(()7 s) — /eK(G")Ex(n, 0)dn  (18)
0

where:

cosh (\/£s(¢) V/pT sinh (ﬁs()] .
(\/,17)71 sinh (\/%s¢)  cosh (\/%s()

Recall that D(A) has the boundary conditions Tzo(1) +
%xl(l) = 0 and Tz2(0) = 0, based on which z(0, s) in
(18) can be solved. Eventually, (18) is given by:

2((,s) = u

VpT'sinh (\/2s) + rcosh (\/Zs) (\/ﬁ)71 sinh (\/Zs()

/ (\/’;‘7 sinh (y/Zs(1 —n)) + cosh (\/Fs(1 — n))) 21(n,0)
0

+ (rcosh (\/Fs(1—n)) + vpT'sinh (\/Fs(1—n))) z2(n,0)dn

7/£ ﬁsinh(\/}js(g n) pcosh(fs —n )
J T~ cosh (\/gs(( -1)) fsmh (fs -7 )
= (s — A)1a(C,0),

cosh (y/EsC) } .

:| 2(n,0)dn

which yields the expression for the resolvent operator,
from which we also obtain the operator Aq = —I+2§(6—
A)~L

Based on the expression we derived for the operator B
n (17), we have:

1] ’

T

B
-
RS

(6—A_ ) 'B=— {

+5(6—A_q)t [
T

and a direct calculation yields that:

[ —7)3 s1nh(\/75 Cogh(\/gtsc) :|
ms1nh (\/Z6) + rcosh (/Z0) (VoT )ﬂsinh(\/gé()

N m[ V/Esinh (y/Z6¢) — £ cosh (\/£5¢) :| 1
% cosh (ﬁé() - é\/gsinh (\/gz;(‘)

which can be further simplified using the properties of
hyperbolic: functions to

By = —\/% X
VpT sinh (\/26) + r cosh (1/506)
|:p cosh (/5Z6(¢ — 1)) + ky/Fsinh (\/Z6(¢ + 1))
\/?sinh (\/%(5@ - l)) — 7 cosh (ﬁé(( — 1))

Furthermore, we obtain:

V20
\/ﬁsmh(\/i)ncosh(\/ié)
/( ’;T (\/?§(lfn))+cosh(\/¥6(17n))> z1(n)
0

+ (rcosh (\/Z6(1 —n)) + v/pT sinh (\/Z5(1 = n))) z2(n)dn.

Caz(() =

Finally, based on the expression of By it is easy to see
that the operator Dy = G(8) = C(0 — A_1) "B is given
by:

1 ksinh (V/56) +V/pT cosh (1/20)
VT /pT sinh (\/Z6) + rcosh (/26)

Dq=- (19)

We note that 5lim G(6) = —(pT)~/? to verify that (15)
—00

indeed is a regular linear system.

4.2 Adjoint Operators

In order to find the adjoints of the discretized operators
computed in the previous section, we equip the state-
space X with the L? inner product, and the input and
output spaces are equipped with the real scalar product.
In order to find A}, we find the adjoint of the resolvent



operator (s — A)~h:

(0= A) e, 2)x

:/' Z()
J VpT sinh (\/Zs) + r cosh (/%s)

cosh (ﬁs{) ] o
(VAT snh (1/£50)

/ (\/% sinh (y/Zs(1 —n)) + cosh (\/Zs(1 - 7]))) z1(n)
0
+ (rcosh (\/Zs(1 = 1)) +v/pT sinh (/Zs(1 —n))) z2(n)dnd¢
B /lz* 0 /( VZsinh (\/Zs(¢C—n)) pceosh (\/Zs(¢C—n))
. J T  cosh (\/Zs(¢ —n)) /Zsinh (\/Es(¢ —n))

0 0

_ // 2i(n) cosh (/Zsn) + 25 (n) (\//7)7l sinh (y/Zsn)
T r \/piTsinh(\/?.s) + K cosh (\/1?9)

|: ’;T sinh (\/Zs(1 = ¢)) + cosh (y/Zs(1 - ())

] w()dnd¢

dn x

ﬁ

ki cosh (\/Zs(1 = () + vpT'sinh (\/Es(1 - ()
- /1 /12*(") |:\/¥sinh (VEs(n—1¢)) peosh (y/Zs(n—¢))
11 T~ cosh (\/Zs(n—¢)) /Zsinh (/Zs(n - ()
=(z,(s = A)"2)x,

} z(Q)d¢

} dnx(¢)d¢

and now, A is given by A% = —I +26(6 — A)~*.

For By we have (Bqu,z)x = u(Bq,z)x = uBjz, and in
a similar manner, we obtain for Cy that:

yv20 "
VpT sinh (\/Z6) + r cosh (\/Z5)
1

/l (\/’;TT sinh (\/26(1 —n)) + cosh (\/Fs(1 — 7/))) 21(n,0)
0

+ (rcosh (\/F6(1 = n)) + VpT sinh (\/Z5(1 = n))) z2(n, 0)dn.
= (Ciyv)x.

yCyx =

Finally, Dy is self-adjoint.
4.3 Solution of the Lyapunov equation

In this section, we derive the positive solution for the
continuous Lyapunov equation (7), which is realized by
utilizing the spectral representation of A. Let us at first
find the eigenvalues and eigenvectors of the operator
A. A direct computation shows that the solution of the
eigenvalue equation A¢y, = \p¢y is of the form:

$1,5(¢) = avexp <\/§/\kc> + Bexp (\/g,\kg)

Since ¢, € D(A), we must have ¢o ;,(0) = 0, which yields
« = 3. Thus, the eigenvectors of A are of the form:

cosh (\/g/\kﬁ)

¢r(C) = S sinh (VEAQ) |

and the eigenvalues A\, are determined from the condi-
tion Ty (1) = =% h1k(1), L.,

T . K
. /;smh (\/%*’J + = cosh (, /%AQ —0.

Using the exponential form of the hyperbolic functions
we obtain that one of the eigenvalues is given by:

1 /T VT —
Ao =>4/ =log <u> , (20)
2\ p Vol + kK
which is real if K < /pT. Finally, by the periodicity
of the exponential function along the imaginary axis,
we obtain that in general the eigenvalues are given by

A = Xo + /T /pkmi for k € Z.

We note that damped wave equations have been consid-
ered, e.g., in [3] and [39, Sect. 4] - both referring to the
original work by Rideau [28] - where similar spectra were
obtained. Furthermore, it can be seen from (20) that the
assumption x # \/pT is required to ensure o(A) # (),
which is further required by [3, Thm. 3.5] to ensure that
the eigenvectors of A constitute a Riesz basis for X. In-
deed, we can define an invertible operator:

Ao cosh (v/ZAXo¢) —+/pT sinh (1/ZA(C)
 isinh (y/ZAo¢) —i/pT cosh (/ErC) |
so that
cos(km()
Moy, =
o Lin(lmrﬁ)}

is an orthonormal basis in X, and the biorthogonal se-
quence [32, Def. 2.5.1] (¢x) to (¢x) is given by ¢, =
M*M ¢y,

Let us now return to the Lyapunov equation and apply
it to an arbitrary x € D(A):

A*Qx 4+ QAz + C*QCx = 0.

By [32, Prop. 2.5.2], we can write every = € X as:

T = Z (2, 01) Prs

k€EZ

which yields:

Z (A*Q (=, 1) d1 + QA (m, 1) P1. + C*QC (, d1.) P1.) = 0,

k€EZ

which by utilizing [32, Prop. 2.6.3] further yields:

D (A" + M)Q (m, ¢) bk + C*QC (w, bk ) 61) = 0.

k€EZ



The above especially holds if (A* + A\x)Q (z, i) ¢r, =
—C*QC <$, q@k> ¢ for all k € Z. Thus, for an arbitrary
k € Z, we obtain:

Q (@, by b = (= — A")7'C*QC (x, d1) ..

As A is densely defined and —\; € p(A) since \;, €
o(A), we have by [32, Prop. 2.8.4] that (= — A*)™1 =
((f/_\k — A)*l)*7 so we obtain :

Q{x, dr) b = ((— e — A) 1) C*QC (w, 1) bk
= (C(=M = A) 1) QC (x, 6x) dn.

Finally, summation over k € Z yields the solution:

Qu =3 (2.01) (C(-X = A7) QCox.  (21)

kEZ

Note that as C¢ = 1 and C(—A; — A)~! is uniformly
bounded for all k € Z, the series in (21) is convergent
(as it should since @ € £(X)). Thus, for any z € X we
may approximate:

M

Qr~Quz =Y (w,0k) (C(=N —A)")" QCox,

k=—M

and it holds that lim |Qz — Q|| = 0, by which we
—o0

can evaluate (21) to an arbitrary precision ¢ > 0 by
choosing a sufficiently large M. A suitable value for M
can determined, e.g., by numerical experiments.

4.4 Simulation results for the wave equation

Consider the wave equation (14) with the parameter
choices p =T = 1 and k = 0.75. For the MPC, choose
the optimization horizon as N = 15 and choose the input
and output weights as R = 10 and @ = 0.5, respectively.
For the Cayley-Tustin discretization, choose h = 0.075
so that 0 ~ 26.67. For numerical integration, an adap-
tive approximation of d¢ is used with 519 nodal points.
To approximate the solution of the Lyapunov equation
(21), we choose M = 100. The initial conditions for the
wave equation in the port-Hamiltonian framework are
given by dyw(¢) = cos(m() and dcw(¢) = sin(%w().

The input and output constraints —0.05 < uy, < 0.05
and —0.025 < y, < 0.3 are displayed in Figure 1 along
with the control inputs u(k) obtained from the MPC
problem. The outputs of the system under the MPC and
under no control are displayed as well. It can be seen that
the MPC makes the output decay slightly faster in the
beginning. Then control is imposed to satisfy the output
constraints while the uncontrolled output violates them.
Finally, a minor stabilizing control effort is imposed be-
fore both the MPC input and the output decay to zero.

Naturally the uncontrolled output decays to zero as well
due to the exponential stability of the considered system.

T
z oﬁfr_\
-0.05 - ‘ = ; - ‘ -

y(k)

0 10 20 30 40

Figure 1. Above: MPC inputs u(k) and the input constraints.
Below: MPC and uncontrolled outputs and the output con-
straints.

Figure 2 displays the velocity profiles of the system un-
der the model predictive control law and without con-
trol. No substantial differences can be observed in the
velocity profiles, which is rather expected as the outputs
in Figure 1 were rather close to one another. Relatively
small differences in the outputs are natural as well, since
the control inputs were constrained to rather small gain.

Figure 2. Above: the velocity profile of the wave equation
without control. Below: the velocity profile under the model
predicting control law.

5 Tubular reactor with recycle

As an example of an unstable system, consider a tubular
reactor with recycle given as:

0 0
aé{?((,t) = _UFQI(C’ t) + ax(@,t) (22&)
2(0,t) = ra(l,t) + (r — )u(t) (22b)
y(t) = z(1,1) (22¢)



on ¢ € [0,1], where the parameters are chosen as v =
1, =1/2 and r = 1/3 so that the system has its spec-
trum in the right half plane but is exponentially stabiliz-
able, e.g., by output feedback u(t) = —y(t). Under this
feedback, (22b) changes to z(0,t) = (2r — 1)z(1,t) but
otherwise the system remains the same.

Similar to the wave equation in Section 4, we can com-
pute the resolvent operator and find the discretized op-
erator (A4, Ba, C4, D4) and their adjoints. Since output
feedback is used as a stabilizing terminal cost and in this
case D = 0, for the terminal penalty one needs to solve
the Lyapunov equation A*Q + QA; = —C*(Q + R)C,
where A, is the generator of the exponentially stable Cy-
semigroup corresponding to the boundary control sys-
tem (22) under output feedback u(t) = —y(¢). This can
be done as in Section 4.3, except that the normalized
eigenvectors of A, already form an orthonormal basis in
X =L2(0,1;R).

For the MPC problem formulation, the weights are cho-
sen as @ = 2 and R = 10, and the input constraints
are given by —0.15 < wu; < 0.05 while no output con-
straints are imposed. The optimization horizon is cho-
sen as N = 10, and for approximation of the solution
of the Lyapunov equation, 201 eigenvectors of A, are
used. For the Cayley-Tustin discretization, we choose
h = 0.1 so that 6 = 20. The initial condition is given by
zo(¢) = %sin(ﬂg). For numerical integration, an adap-
tive approximation of d( is used with 510 nodal points.

In Figure 3, the dual-mode inputs and the outputs of
the system under the dual-mode control are presented.
For comparison, the output feedback control and the
output under the feedback control are also presented. It
can be seen that while the output feedback stabilizes the
system faster, it does not satisfy the input constraints
early on in the simulation. In the dual-model control,
the MPC inputs first steer the output close to zero while
satisfying the input constraints, and then at k = 80 it
is switched to output feedback u = —y which completes
the stabilization.

In Figure 4, the state profiles of the tubular reactor are
displayed under the dual-mode and the feedback con-
trols. The states behave according to what could be ex-
pected based on the outputs, that is, both states decay
asymptotically to zero and the state under output feed-
back decays faster.

6 Conclusions

In this work, a linear model predictive controller for reg-
ular linear systems was designed, and it was shown that
for stable systems, stability of the zero output regulator
follows from the finite-dimensional MPC theory. For sta-
bilizable systems, constrained stabilization was achieved
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Figure 3. Above: dual-mode inputs, the input constraints
and the output feedback. Below: outputs of the system under
the dual-mode control and output feedback.

z(¢.t)

z((.t)

Figure 4. Above: the state profile of the tubular reactor under
the-dual mode control. Below: the state profile under the
output feedback.

by dual-mode control consisting of MPC and stabiliz-
ing feedback. The MPC design was demonstrated on an
illustrative example where it was implemented for the
boundary controlled wave equation. Constrained stabi-
lization was demonstrated on a tubular reactor which
had solely unstable eigenvalues. The performances of the
control strategies were illustrated with numerical simu-
lations.

It should be noted that the assumption of regularity was
not in fact needed at any point when considering stable
systems, but it was merely done for the convenience of
the state-space presentation of the systems. Thus, the
result of Theorem 2 can equivalently be formulated for
well-posed instead of regular linear systems. Further-
more, by the obtained stability result, tracking of con-
stant reference signals could be incorporated for MPC
of regular linear systems by the classical MPC theory of
finite-dimensional systems (see [24]). The result of The-



orem 3 could be extended to well-posed linear systems
as well, although state feedback stabilization and Ric-
cati equations are much more involved concepts for these
systems (see [18,19]).
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