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PI Regulation of a Reaction-Diffusion Equation
with Delayed Boundary Control

Hugo Lhachemi, Christophe Prieur, Emmanuel Trélat

Abstract—The general context of this work is the feedback
control of an infinite-dimensional system so that the closed-
loop system satisfies a fading-memory property and achieves
the setpoint tracking of a given reference signal. More specif-
ically, this paper is concerned with the Proportional Integral
(PI) regulation control of the left Neumann trace of a one-
dimensional reaction-diffusion equation with a delayed right
Dirichlet boundary control. In this setting, the studied reaction-
diffusion equation might be either open-loop stable or unstable.
The proposed control strategy goes as follows. First, a finite-
dimensional truncated model that captures the unstable dynamics
of the original infinite-dimensional system is obtained via spectral
decomposition. The truncated model is then augmented by an
integral component on the tracking error of the left Neumann
trace. After resorting to the Artstein transformation to handle the
control input delay, the PI controller is designed by pole shifting.
Stability of the resulting closed-loop infinite-dimensional system,
consisting of the original reaction-diffusion equation with the PI
controller, is then established thanks to an adequate Lyapunov
function. In the case of a time-varying reference input and a
time-varying distributed disturbance, our stability result takes
the form of an exponential Input-to-State Stability (ISS) estimate
with fading memory. Finally, another exponential ISS estimate
with fading memory is established for the tracking performance
of the reference signal by the system output. In particular, these
results assess the setpoint regulation of the left Neumann trace
in the presence of distributed perturbations that converge to
a steady-state value and with a time-derivative that converges
to zero. Numerical simulations are carried out to illustrate the
efficiency of our control strategy.

Index Terms—1-D reaction-diffusion equation, PI regulation
control, Neumann trace, Delay boundary control, Partial Differ-
ential Equations (PDEs).

I. INTRODUCTION
A. State of the art

Motivated by the efficiency of Proportional-Integral (PI)
controllers for the stabilization and regulation control of finite-
dimensional systems, as well as its widespread adoption by
industry [2], [3], the opportunity of using PI controllers in
the context of infinite-dimensional systems has attracted much
attention in the recent years. One of the early attempts in
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this area was reported in [21], [22], then extended in [32],
for bounded control operators. More recently, a number of
works have been reported on the PI boundary control of linear
hyperbolic systems [5], [11], [15], [33]. The use of a PI
boundary controller for 1-D nonlinear transport equation has
been studied first in [31] and then extended in [8]. In particular,
the former tackled the regulation problem for a constant
reference input and in the presence of constant perturbations.
The regulation of the downside angular velocity of a drilling
string with a PI controller was reported in [30]. The considered
model consists of a wave equation coupled with ODEs in the
presence of a constant disturbance. A related problem, the
PI control of a drilling pipe under friction, was investigated
in [4]. Recently, the opportunity to add an integral component
to open-loop exponentially stable semigroups for the output
tracking of a constant reference input and in the presence of
a constant distributed perturbation was investigated in [28],
[29] for unbounded control operators by using a Lyapunov
functional design procedure.

In this paper, we are concerned with the PI regulation con-
trol of the left Neumann trace of a one-dimensional reaction-
diffusion equation with a delayed right Dirichlet boundary
control. Specifically, we aim at achieving the setpoint reference
tracking of a time-varying reference signal in spite of both the
presence of an arbitrarily large constant input delay and a time-
varying distributed disturbance. One of the early contributions
regarding stabilization of PDEs with an arbitrarily large input
delay deals with a reaction-diffusion equation [14] where
the controller was designed by resorting to the backstepping
technique. A different approach, which is the one adopted in
this paper, takes advantage of the following control design
procedure initially reported in [25] and later used in [9],
[10], [26] to stabilize semilinear heat, wave or fluid equations
via (undelayed) boundary feedback control: 1) design of the
controller on a finite-dimensional model capturing the unstable
modes of the original infinite-dimensional system; 2) use of
an adequate Lyapunov function to assess that the designed
control law stabilizes the whole infinite-dimensional system.
The extension of this design procedure to the delay feedback
control of a one-dimensional linear reaction-diffusion equation
was reported in [23]. The impact of the input-delay was
handled in the control design by the synthesis of a predictor
feedback via the classical Artstein transformation [1], [24]
(see also [6]). This control strategy was replicated in [12] for
the feedback stabilization of a linear Kuramoto-Sivashinsky
equation with delay boundary control. This idea was then
generalized to the boundary feedback stabilization of a class
of diagonal infinite-dimensional systems with delay boundary
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control for either a constant [16], [18] or a time-varying [17],
[19] input delay.

B. Investigated control problem

Let L > 0, let ¢ € L*>(0,L) and let D > 0 be arbitrary.
We consider the one-dimensional reaction-diffusion equation
over (0, L) with delayed Dirichlet boundary control:

Yt = Yoo +c(x)y +d(t,x), (t,z) €RL x(0,L) (la)
y(t,0) =0, t>0 (lb)
y(t, L) = up(t) = u(t — D), t>0 (lc)
y(0,z) = yo(z), z e (0,L) (1d)

where y(t,-) € L?(0,L) is the state at time ¢, u(t) € R
is the control input, D > 0 is the (constant) control input
delay, d(t,-) € L*(0,L) is a time-varying distributed dis-
turbance, continuously differentiable with respect to ¢, and
yo € H?(0,L) with yo(0) = 0 and yo(L) u(—D) is
the initial condition. System (1) is commonly used to model
heat distributions over a 1-D domain with applications, e.g.,
in additive manufacturing, heat networks, or heat exchangers.
In this case, the control input = is a heat source while
the distributed perturbation d stands for perturbations of the
ambient temperature.

In this paper, our objective is to achieve the PI regulation
control of the left Neumann trace v, (¢,0) to some prescribed
reference signal, in the presence of the time-varying distributed
disturbance d. More precisely, let » : R, — R be an arbitrary
continuous function (reference signal). We aim at achieving
the setpoint tracking of the time-varying reference signal r(t)
by the left Neumann trace y,(t,0).

Note that an exponentially stabilizing controller for (1),
taking the form of a predictor feedback, was designed in [23]
in the disturbance-free case (d = 0) for a system trajectory
evaluated in HJ-norm. The control strategy that we develop
in the present paper elaborates on the one of [23], adequately
combined with a PI procedure. In this setting, the intro-
duction of the integral component aims at achieving the set
point tracking of r(¢) by the system output y,(t,0). First,
a finite-dimensional model capturing all unstable modes of
the original infinite-dimensional system is obtained by an
appropriate spectral decomposition. Following the standard PI
approach, the tracking error on the left Neumann trace is then
added as a new component to the resulting finite-dimensional
system. Before synthetizing the PI controller, the control
input delay is handled thanks to the Artstein transformation.
A predictor feedback control, obtained by pole shifting, is
then designed to exponentially stabilize the aforementioned
truncated model. The core of the proof consists of establishing
that this PI feedback controller exponentially stabilizes as well
the complete infinite-dimensional system. This is done by an
appropriate Lyapunov-based argument. The obtained results
take the form of exponential Input-to-State Stability (ISS)
estimates [27] with fading memory of the reference input and
the distributed perturbation. In the case where r(t) — 7,
d(t) — d. and d(t) — 0 when t — +oo0, these estimates
ensure the convergence of the state of the system, as well as
the fulfillment of the desired setpoint regulation y, (t,0) — 7.

The paper is organized as follows. The proposed control
strategy is introduced in Section II. The study of the equi-
librium points of the closed-loop system and the associated
dynamics are presented in Section III. Then, the stability
analysis of the closed-loop system is presented in Section IV
while the assessment of the tracking performance is reported
in Section V. The obtained results are illustrated by numerical
simulations in Section VI. Finally, concluding remarks are
formulated in Section VIIL.

Notation. The sets of nonnegative integers, positive inte-
gers, real, nonnegative real, and positive real are denoted by
N, N*, R, R, and R", respectively. All the finite-dimensional
spaces R? are endowed with the usual Euclidean inner product
(r,y) = 2"y and the associated 2-norm ||z| = +/(z, )
VaTz. For any matrix M € RP*9, || M| stands for the
induced norm of M associated with the above 2-norms. For a
given symmetric matrix P € RP*P, \,,,(P) and Ay (P) denote
its smallest and largest eigenvalues, respectively. In the sequel,
the time derivative 0f /0t is either denoted by f; or f while
the spatial derivative 9 f /0 is either denoted by f, or f’. For
a given integer m > 1, H™(0, L) denotes the usual Sobolev
space of order m over (0, L). Finally, H}(0, L) stands for the
subset of H'(0,L) composed of the functions f satisfying

f(0)=f(L) =0.

II. CONTROL DESIGN STRATEGY

A. Augmented system for PI feedback control

The control design objective is: 1) to stabilize the reaction-
diffusion system (1); 2) to ensure the setpoint tracking of the
reference signal r(t) by the left Neumann trace y,(¢,0). We
address this problem by designing a PI controller. Following
the general PI scheme, we augment the system by introducing
a new state z(t) € R taking the form of the integral of
the tracking error y,(¢,0) — r(t) (as for finite-dimensional
systems, the objective of this integral component is to ensure
the setpoint tracking of the reference signal in the presence of
the distributed disturbance d):

Yt = Yoo +c(@)y +d(t,x), (t,x) €RL x(0,L) (2a)
2(t) = y2(¢,0) — (1), t>0 (2b)
y(t,0) =0, t>=0 (20
y(t,L) = up(t) = u(t — D), t>0 (2d)
y(0,z) = yo(x), x € (0,L) (2
2(0) = 2z (2f)

where zp € R stands for the initial condition of the integral
component. As we are only concerned in prescribing the future
of the system, we assume that the system is uncontrolled for
t <0, 1ie. u(t) =0 for ¢ < 0. Consequently, due to the input
delay D > 0, the system is in open loop over the time range
[0, D) as the impact of the control strategy actually applies in
the boundary condition only for ¢ > D. Thus, we assume in
the reminder of the paper that yo € H?(0,L) N H(0, L).
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B. Modal decomposition

It is convenient to rewrite (2) as an equivalent homogeneous
Dirichlet problem. Specifically, assuming! that u is continu-
ously differentiable and setting w(t,z) = y(t,z) — Fup(t),
we have

Wi = Waq + c(x)w + Ec(az:)uD(t) — —up(t) +d(t,x)

L
(3a)
(1) = walt,0) + up(t) (1) (3b)
w(t,0) =w(t,L)=0 (3¢)
w(0, ) = yo(x) (3d)
2(0) = 2o (3e)

for t > 0 and z € (0, L), where we have used that up(0) =
u(—D) = 0. We consider the real state- space L2(0 L) en-
dowed with its usual inner product (f,g) fo x) da.
Introducing the operator A = 0, +cid : D(A) C L2 (O L)
L?(0, L) defined on the domain D(A) = H?(0, L)NHZ(0, L)
and which generates a Cy-semigroup, (3a-3c) can be rewritten
as

wy(t, ) = Aw(t,-) + a(-)up(t) + b(-)ip
1
+*’LLD(t)

(1) = wa(t,0) + pun(t) = (1)

with a(z) = Fc(x) and b(z) = —F for every z € (0,L),
with initial conditions (3d-3e). Since A is self-adjoint and
of compact resolvent, we consider a Hilbert basis (e;);>1 of
L?(0, L) consisting of eigenfunctions of A associated with the
sequence of real eigenvalues

(t) +d(t,) (4a)

(4b)

<A\ —

J—+o0

We note that e;(-) € H}(0,L) N C* ([0, L]) for every j > 1
and, from the classical Sturm-Liouville theory [34],

o

when j — +o0. The solution w(t, ) € H?(0,L) N H}(0,L)
of (4a) can be expanded as a series in the eigenfunctions e;(-),
convergent in H}(0, L),

t,) =Y w;(t)e; ()

Jj=z1

—OO<"~</\J'<~'~ with )\j —00.

2 ;2

(6)

Therefore (4) is equivalent to the infinite-dimensional control
system:

wj(t) = /\jwj(t) + ajuD(t) + bjdp(t) + dj(t) (7a)
= 3" w0 (0) + pun(®) ~ (1) (7b)
for j € N*, with
L
wj(t) = (w(t, ), e;) = ; w(t, x)e;(x) d,
1 L
a; = (a,ej) = Z/o ze(z)ej(x) de,

I'This property will be ensured by the construction carried out in the sequel.

1 L
(b, e;) = f—/ ze;(x)dz,
L Jo

L
¢ ),ej>=/o d(t, )e; (z) da.

Introducing the auxiliary control input v £ 4, and denoting
vp(t) £ v(t — D), (7) can be rewritten as

d;(t)

up(t) =vp(t) (8a)
w;(t) = Ajw;(t ) + ajuD(t) +bjup(t) +d;(t)  (8b)
i) =Y wyt %uD () — r(t) 8c)

j=1

for j € N*. Since u(t) = 0 for ¢ < 0, (8a) imposes that
the auxiliary control input is such that v(¢) = 0 for ¢ < 0,
and that the corresponding initial condition satisfies up(0) =
u(—=D) = 0. In the sequel, we design the control law v in
order to stabilize (8). In this context, the actual control input
u associated with the original system (2) is u(t) = fot o(t)dr
for every t > 0.

C. Finite-dimensional truncated model

In what follows, we fix the integer n € N such that A\,,; <
0 < Ap. In particular, we have A\; > 0 when 1 < j < n and
Aj < Apgy1 <0 when j>n+1.

Remark 1: In the case of an open-loop stable reaction-
diffusion equation, we have n = 0. In this particular case, as
discussed in the sequel, the objective of the control design is
to ensure the output regulation while preserving the stability
of the closed-loop system. o

Let us first show how to obtain a finite-dimensional trun-
cated model capturing the n first modes of the reaction
diffusion-equation. We follow [23]. Setting

up(t) 0 0 -~ 0
w1 (t) ay /\1 e O
X1(t) = : , A= : ) - |
w,;(t) a.n 0 /\.,,L
Bi=(1 b ba)'
Di(t)= (0 du(t) da(t)) ",

with X;(t) € R**!, 4, ¢ R+OUx(+) B ¢ Rt
Dy (t) € R**1, (8a) and the n first equations of (8b) yield

X1 (t) 9)

We could now augment the state-vector X; to include the
integral component z in the control design. However, the time
derivative of z, given by (8c), involves all coefficients w; (1),
7 = 1. Thus, the direct augmentation of the state vector X;
with the integral component z does not allow the derivation
of an ODE involving only the n first modes of the reaction-
diffusion equation. To overcome this issue, we set
A €;(0)
SOEEOEEY 3

jent1 Y

= A1X1(t) + Bﬂ)D(t) + Dl(t).

w;(t). (10)
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!
€

Noting that, from (5), | =5

that (€’(0)/A;); and (w;(t)); are square summable sequences,
using the Cauchy-Schwarz inequality, we see that the series
(10) is convergent and that
e5(0)
. t _ ]
€0- 3 9
j=>n+1

= aup(t) + Bop(t) — ~y(t) + Z w; ()€} (0),

2
0 .

_)‘ ~ 7Tsz—?Qwhen] — 400 and thus
J

w; (t)

where we have used (8b-8¢), with

1 (0 (0
Oé:z— Z 6])\(4)095 /8:— Z ej)\(l)bjy (11a)
iznt1 7Y jznt1 Y
! O
A0 =r+ ¥ Dy (11b)

jent1 Y
The convergence of the above series follow again by the
Cauchy-Schwarz inequality. Then we have

((t) = La Xy (t) + Pup(t) — »(t) (12)
with Ly = (o €{(0) e, (0)) € RYX("+1)_ Now, defin-
ing the augmented state-vector X (t) = [X1(t)" ¢ (t)]—r €

R"2, the exogenous input I'(t) = [Dy(t)" —W(t)]—r €
R™*2 and the matrices
_ (A1 0 (n+2)x (n+2) _ (B n+2
A_(L1 JER , B= 3 e R"™,
(13)
we obtain from (9) and (12) the control system
X(t) = AX(t) + Bup(t) + T'(t) (14)

which is the finite-dimensional truncated model capturing the
unstable part of the infinite-dimensional augmented with an
integral component for generating the actual control input
and an integral component for setpoint reference tracking. In
particular, system (14) only involves the n first modes of the
reaction-diffusion equation.

Remark 2: The above developments allow the particular
case n = 0, which corresponds to the configuration where
(1) is open-loop stable. In this configuration, the vectors
and matrices of the truncated model (14) reduce to X (t) =

[up(t) ¢@®)] €eRLT(H)=[0 —(1)] €Rr?

(0 ()

In this setting, the control objective consists of ensuring the
setpoint tracking of the system output y,. (¢, 0) while preserving
the stability of the closed-loop system. o

Putting together the finite-dimensional truncated model (14)
along with (8b) for 7 > n+ 1 which correspond to the modes
of the original infinite-dimensional system neglected by the
truncated model, we get the final representation used for both
control design and stability analyses:

X(t) = AX(t) + Bup(t) + T'(t)
w;(t) = Ajw;(t) + ajup(t) + bjup(t) + d;(t)
=n+ 1

(15a)
(15b)

with j

D. Controllability of the finite-dimensional truncated model

As mentioned in the introduction, the control design strategy
relies now on the two following steps. First, we want to design
a controller for the finite-dimensional system (14). Second, we
aim at assessing that the obtained PI controller successfully
stabilizes the original infinite-dimensional system (2) and
provides the desired setpoint reference tracking. In order to
fulfill the first objective, we first establish the controllability
property for the pair (A, B).

Lemma 1: The pair (A, B) satisfies the Kalman condition.

To prove the result of Lemma 1, we resort to the following
lemma, whose proof in place in Appendix, that generalizes the
result of [13, Chap. 12.4] to the case D # 0.

Lemma 2: Let A € R B € R*"™™, C ¢ RP*", and
D € RP*™ pe given matrices. The two following properties
are equivalent:

(1) The pair (A,B) satisfies the Kalman condition and

rank =n+p.

B

D
A Opxp B )

((C Opxp> , <D>> satisfies the Kalman

Proof of Lemma 1: Considering the structures of A
and B defined by (13), we apply Lemma 2. More specif-
ically, from the implication (i) = (i7), we need to
check that the pair (A;, By) satisfies the Kalman condi-

1 B
Ly B
first condition is indeed true as straightforward computa-
tions show that det (B, A1 By, ..., AyB1) = [[j_ (a; +
Ajbj ) VAM(A4, ..., \,) # 0, where VAM is a Vandermonde
determinant, because all eigenvalues are distinct and, using
Ae; = Aje; and an integration by parts, a; + \;jb; =
—ej(L) # 0 by Cauchy uniqueness (see also [23]). Thus, we
focus on the invertibility condition:

A
C
(i1) The pair

condition.

tion and the square matrix is invertible. The

0 0 e 0 1
A B a1 )\1 e O b1
1 1\ _ . . .
det(L1 B>det : : :
(079) 0 /\n bn
a €(0) e, (0) f

al )\1 o e O

= (71)n+1det : : :

an, 0 . An

a e (0) - e, (0)

We now consider two distinct cases depending on whether
A =0 is an eigenvalue of A or not.

Let us first consider the case where A 0 is not an
eigenvalue of A. In particular, Ay,...,\, are all non zero
and thus row operations applied to the last row yield:

A1 By
det
© <L1 6)

ai A1 0

= (1) det a, 0 A,
S ei(0)

o — Z ;=5 0 0
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n

ei(0 &
— <O¢—Zai3§i)> 1:[1/\J

i=1

Consequently, based on the definition of the constant « given
by (11a), the above determinant is not zero if and only if

2 a

j=z1

eh(0) 1
JAj T

(16)

We note that this condition is independent of the number n
of modes of the infinite-dimensional system captured by the
truncated model and we show in the sequel that (16) always
holds true. To do so, let y. be the stationary solution of (1)
associated with the constant boundary input v, = 1 and zero
distributed disturbance, i.e., (ye)zz + cye = 0 with y.(0) =0
and y.(L) = 1. Such a function y. indeed exists and can be
obtained as follows. By assumption, A = 0 is not an eigenvalue
of A. Thus the solution yy of (y0)zz+cyo = 0 with yo(0) =0
and y,(0) = 1 satisfies yo(L) # 0. Hence, one can obtain
the claimed function by defining y.(x) = yo(z)/yo(L). Now,
we(z) £ ye(xr) — £ is a stationary solution of (3a) and (3c-
3d) in the sense that (we)z, + cwe + F¢ = 0 with w(0) =
we(L) = 0. From (7a), A\jwe j+a; = 0 and thus we j = —5*

A] :
We deduce that
as
(w)a0) = D" we€5(0) = = > SLe50).
j>1 i1
Hence (16) holds if and only if (w),(0) # —, which

is equivalent to (y.),(0) # 0. By Cauchy uniqueness, the
condition (y.),(0) = 0, along with (Ye)ze + cye = 0 and
Ye(0) = 0, implies that y. = 0, which contradicts y.(L) = 1.
Thus (16) holds and the system is controllable.

Let us now consider the second case, i.e., A = 0 is an
eigenvalue of 4. Based on the definition of the integer n, we
have n > 1 and A\, =0 while A\, >0 forall 1 <k <n—1.
Expanding the determinant, first, along the (n+ 1)-th column,
and then, along the n-th row, we obtain

n—1
det (Al Bﬂl) = an e, (0) 11;[1 i

Ly

By Cauchy uniqueness, we have e},(0) # 0 (otherwise e,
would be solution of a second-order ODE with the boundary
conditions e, (0) = e, (0) 0, yielding the contradic-
tion e, = 0). Thus, the above determinant is nonzero if
and only if a, # 0. We proceed by contradiction. Using
el + ce, = Ae, = 0 and a,, = %fOL zc(z)e,(z)dr = 0,
we obtain by integration by parts: 0 = — fOL xzel(z)dz
— [xe’n(x)]fioL +f0L el (x)dx = —Lel (L), hence ¢/,(L) = 0.
This result, along with e, +ce,, = 0 and e,,(L) = 0, yields by
Cauchy uniqueness the contradiction e,, = 0. Thus, a, # 0
and the system is controllable. (I

The result of Lemma 1 allows us to design a predictor
feedback for the truncated model (15a). This design is reported
in the next subsection.

E. Control design strategy

Using the controllability property of the pair (A, B), we
propose to resort to the classical predictor feedback to stabi-

lize the finite-dimensional truncated model (15a). Specifically,
introducing the Artstein transformation

t
Z(t) X(t)+/ et=P=DABy(7) dr (17)
t—D

(see [1]), straightforward computations show that
Z(t) = AZ(t) + e PABu(t) + T(t).

Since (A, B) satisfies the Kalman condition, the pair
(A, e PAB) also satisfies the Kalman condition and we infer
the existence of a feedback gain K € R'*("*2) such that
A £ A+ e PABK is Hurwitz. We choose the control law

0(t) = X[0,400) () K Z(t)

where X[, +o0) denotes the characteristic function of the in-
terval [0, 4+00), which is used to capture the fact that we are
only concerned by imposing a non zero control input for ¢ > 0.
Then we obtain the stable closed-loop dynamics

Z(t) = A Z(t) + T(2).

(18)

19)

Remark 3: The first component of Z(¢) is u(t). Indeed,
denoting by By = [1 0 0] € R™(+2) we have

t
E\Z(t) :E1X(t)+/ E1et=P=9)4By(s)ds
t—D

t
up(t) —|—/ v(s)ds = u(t)
t—D

where we have used that the first row of A is null, that v(t) =
@(t) for ¢ > 0 and that u(t) = 0 when ¢ < 0. o

Remark 4: Putting together (17-18) and using the fact
that v(¢t) = 0 for ¢ < 0, we obtain that the control input v is
solution of the fixed point implicit equation

t
/ A== By(r)dr .
max(t—D,0)

Existence and uniqueness of the solution of the above equation
as well as regularity properties and inversion of the Artstein
transformation are reported in [6]. o

Remark 5: Recalling that w(0,-) € H?(0,L) N H(0, L)
and that d(t,-) € L?(0,L) is assumed continuously differ-
entiable with respect to ¢, the well-posedness of the closed-
loop system composed of (3) and the control input wu(t)
fg v(7) dr with v given by (18) follows by a classical steps
argument (over time intervals of finite length D > 0) by show-
ing that up is 1) continuous over R ; 2) twice continuously
differentiable over® [0, D] and [D, +00), respectively. Thus,
we obtain from classical results regarding the well-posedness
of non-homogeneous evolution equations [20] the regularity
w € CO(Ry; H*(0, L) N HY(0,L)) NCH(Ry; L?(0,L)). o

The main objective is now to establish that the feedback
control (18) stabilizes as well the original infinite-dimensional
system (or, in the case n = 0, preserves the stability property
of the system) while providing a setpoint tracking of the
time-varying reference signal r(¢) by the left Neumann trace

u(t) = xr, (K {X(t) +

2Note that up is not twice continuously differentiable over R due to a
jump of the first time derivative at t = D
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Yz (t,0). After introducing the equilibrium conditions and the
related dynamics of deviation in Section III, the stability prop-
erty is studied in Section IV while the regulation performance
is investigated in Section V.

III. EQUILIBRIUM CONDITION AND RELATED DYNAMICS

In the sequel, r. € R and d. € L*(0, L) stand for “nominal
values” of the time-varying reference signals r(¢) and the
distributed disturbance d(t), respectively. Even if r. and d.
can be selected arbitrarily, the two following (distinct) cases
will be of particular interest in the sequel:

o |7(t)—re| < 0, and ||d(t)—d.|| < &4 for some 6,54 > 0;

e 7(t) = r. and d(t) — d. when t — +o0.

A. Characterization of equilibrium for the closed-loop system

Setting de; = (de,ej) = fOL de(x)ej(z)dx for j = 1,
A’I"Z’I"—Te, Ad:d—de, Adj :dj—de’j,
!’ T
Fe = 0 de,l v de,n Te — Z eJ)\(O) de,j
jznt+1 ’
AT = [0 Ady Ad, —Ar— Y 9Ong,
jzn+l Y

we obtain from (15b) and (19) that

Z(t) = A Z(t) + T + AL(t)

d}j(t) = )\jwj(t) + ajuD(t) + bj'UD(t) + deyj + Adj(t)
for j > n+ 1. We now characterize the equilibrium condition
of the above closed-loop system associated with the constant
reference input 7(t) = r. € R and the constant distributed
disturbance d(t) = d. € L*(0,L) (i.e., Ar = 0 and Ad = 0).
In the sequel, we denote by a subscript “e” the equilibrium
value of the different quantities. For instance, Z. denotes the
equilibrium value of Z. Noting that up , = u, and vp ¢ = e,
we obtain

0=AxZ.+T.
0= Njwje + ajue + bjve +de j, jzn+1
In particular, from v, = KZ., we have

0=AxZ. +T.=AZ, + e P2Buv, + ..

Since the first rows of A and T, are null and Eje P4B =1,
we obtain v, = 0 and

Ze = _A}_(lre (20a)
u. = B1Z, = —E1 AT, (20b)
a; de 7 .
Wie = —Ly, — Z0L i>n+1 (20c)
’ Aj Aj

Moreover, from the Artstein transformation (17) and v,
0, we introduce X, = Z. as this yields Z, = X,
ﬁt_D e(t=D=5)A By ds. Hence, we also obtain that AX,
AZ, = AZ.+ e PABy, = Ak Z, and thus AX, + Bvp .+
I'e = AgZ. +T. = 0. Recalling that A is given by (13), the
expansion of the latter matrix identity yields

_|_

)\jwjve + AjUe + deJ‘ = 0, 1 < ] < n. (20(1)

Moreover, the equilibrium condition (. of the integral compo-
nent ( is given by

Ce = EproXe = —En AR, (20e)

where E,12 = [0 0 1] € R™®+2)_ Noting that
AjWje = —ajue — dej for j > n + 1 where (a;); and
(de,;); are square-summable sequences and A; — 400 when
j — oo, both (w;.); and (Ajw;.); are square-summable
sequences. Hence we define

we £ wjee; € D(A) = H*(0,L) N Hy (0, L)

Jjz1

21

which is convergent in H} (0, L). In particular, by first expand-
ing the last line of the matrix AX, +I'. = 0, where we recall
that A is given by (13), and then by using (11a) and (20c),
we obtain that
e’ (0
Lle,e:Te+ Z ]()
jen+1 Y
e (0 n
i )ajue + ij,ee;-(o)
j=1

1
7 te ™ Z s
:re—|— Z

jzn+1 J
jzn+l

de,j

=

l
e]

(0)
5 e

1
= ij,ee;(O) + Eue =Te

Jjz1

1
< wl(0) + T e = Te-

Then, introducing y. = we + Fue € L?(0, L), we obtain
y.(0) Te, Which corresponds to the desired reference

tracking. Moreover, since

.A’U.)e: E )\jwj,eej:— E Aj€iUe — E de’jej

j=z1 j=z1 Jjz1

dea

= —au, — bv, —

where we have used (20c-20d), we have Aw.+aup +bvp .+
d. = 0. Finally, based on (10), we introduce the equilibrium
condition z. of the original integral component z as follows:

¢’ (0)
Ze = Ce + Z J)\_ wj7€a

jent1 7Y

where, based on (5), the series is convergent because (wj ),
is a square-summable sequence.

Remark 6: The above developments show that the equi-
librium point of the closed-loop infinite-dimensional system
given by (20) is fully determined by the constant values of
the reference signal r. and the distributed disturbance d.. o

B. Dynamics of deviations

We now define the deviations of the various quantities with
respect to their equilibrium value: AX = X — X, AZ =
Z—Zey AW = W—We, AWj = Wj —Wj e, A = (—Ce, Az =
z2—2¢, Au = u—u, (first component of AZ), Aup = up —u,
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(first component of AX), Av = v — v, AVp = Vp — Upe,
and Ay = y — y.. Then, in w coordinates:

Aw; = AAw + aAup + bAvp + Ad (22)

and

AX(t) = AAX(t) + BAuvp(t) + AT(t)
A’Lbj(t) = )\jij (t) + ajAuD(t) + bjAUD (t) + Adj (t)

for j > n + 1 with the auxiliary control input Awv(t)
X[0,400) (1) KAZ(t) (because v, = KZ, = 0) where

t
AZ(t):AX(t)+/ et=P=94BAy(s)ds.  (23)
t—D

In Z coordinates, the closed-loop dynamics is given by

AZ(t) = AgAZ(t) + AL(t) (24a)
ij(t) = )\jij (t) + ajAuD(t) + bjAUD (t) + Ad] (t)
(24b)

for j > n+1. In terms of deviations, the change of coordinates
from Ay to Aw is expressed by

Aw(t, ) = Ay(t, z) — %AUD(t). (25)

Finally, the integral components Az and A( are related by

ACH) = Az(t)— eJ'A(O)

jen+1 7Y

IV. STABILITY ANALYSIS
A. Main stability result

The objective of this section is to establish the following
stability result, taking the form of an Input-to-State Stability
(ISS) estimate with fading memory of both the reference input
r and the distributed perturbation d.

Theorem 1: There exist k,Cy1 > 0 such that, for every
€ € [0,1), there exists Ca(€) > 0 such that

Aup(t)® + A¢(t)* + ||Aw(t)||§{g(o,L)
< Crem2 (Bup(0)® + A(0)? + [ Aw(0) 35 o1, )
+ Cale) sup e 2= 1Ar(5)2 +||Ad(s)|?}.  (27)

0<s<t

Moreover; the constants k,C1,Cs(€) can be chosen indepen-
dently of r. and d..

Remark 7: The stability result stated by Theorem 1 holds
in (w, () coordinates. Based on (25-26), this result can be
transferred to the original coordinates (y, z). Indeed, from (25)
we have

L
1Ay (#)l[L2(0,L) < 1AwW(E)][L2(0,L) + \/?IAUD(UI

L
< LIAw@) a0,y + §|AUD(t)|,

where we have used the Poincaré inequality to derive the last
estimate: || f||z2(0,) < L[| f| 3 (0,z) for every f € H(0,L).

Moreover, (26) and the use of Cauchy-Schwarz and Poincaré
inequalities show that

2
[Aw(®)l 13 0,2),

[Az(1)] < JACH)]+ L

>

j=2n+1

J

where 2the series is convergent because, from (5), we have
ej)\—(jo)‘ ~ ﬂ%?z when j — +o00. o
From (25), we deduce from the continuous embedding
H}(0,L) € L>(0, L) (see, e.g., [7]) the following corollary.
Corollary 1: Let k > 0 be provided by Theorem 1. There
exists Cy > 0 such that, for every € € [0,1), there exists
Cy(€) > 0 such that

| Ay ()] Lo (o,L)
< Cre™ (|Aup(0)] + [ACO)] + | Aw(0)]l1300,1))
+ Cy(e) sup e U= Ar(s)| + |Ad(s)||}.  (28)

0<s<t

We also deduce the following corollary concerning the
asymptotic behavior of the closed-loop system in the case of
convergent reference signal r(t) and distributed disturbance
d(t) as t = +o0.

Corollary 2: Assume that r(t) — r. and d(t) — d. when
t — +oc. Then w(t) — w, in HE norm, y(t) — y. in both
L® and L? norms, u(t) — ue, ((t) — (o, and z(t) — ze
with exponential vanishing of the contribution of the initial
conditions.

Remark 8: In the particular case n = 0, which corre-
sponds to an exponentially stable open-loop reaction-diffusion
equation (1), the above results ensure that the stability of the
closed-loop system is preserved after introduction of the two
integral states v and z. o

In order to prove the claimed stability result, we resort as
in [23] to the Lyapunov function

V(t) = %AZ(t)TPAZ(t)

M t
+ = AZ(s)TPAZ(s)ds
2 max(t—D,0)
1
—3 D A Aw; (1), (29)
j=1
where the symmetric positive definite matrix P €

R(+2)x(n+2) j5 solution of the Lyapunov equation A} P -+
PAg = —1I and M > 0 is chosen such that

7L
A (P)

with 7, £ 2max (1, De?PlI4ll|| BK||2). We recall that Ay, (P)
and A/ (P) denote the smallest and largest eigenvalues of P,
respectively.

Remark 9: The first term in the definition (29) of V
accounts for the stability of the finite-dimensional truncated
model (24a), expressed in Z coordinates, capturing the n
first modes of the reaction-diffusion equation. The motivation
behind the introduction of the second (integral) term relies
on the fact that it allows, in conjunction with (23), the

M > max ( A(llal? + 2|b||2e-DAK||2||K||2>)
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derivation of an upper-estimate of ||[AX (¢)| (i.e., the state
of the truncated model in its original X coordinates) based
on V(t); see Lemma 4 for details. Finally, the last term
is used to capture the countable infinite number of modes
of the original reaction-diffusion equation (22), including
those that where neglected in the control design. Note that
(AAw(t), Aw(t)) = 32554 NjAw;(t)2 o

B. Preliminary Lemmas for the proof of Theorem 1

We derive hereafter various lemmas that will be useful in the
sequel to establish the stability properties of the closed-loop
system. First, we derive an upper estimate for AT (¢).

Lemma 3: There exists a constant My > 0 such that

IAT@)I* < MG (Ar(t)* + | Ad(®)]*), VE>0

Proof: By definition of AT'(¢) and using the Cauchy-
Schwarz inequality we have

AT (1) 2
2 ¢;(0)
= |AD\(1)|P + |Ar(t) + > A (1)
jzn4+1 Y
n 2
<> Adt)? +2ar@?+2 Y | > Ady(t)?
j=1 i>n+1 Aj j=n+1

< ME(Ar(t)? + |AdD)]?)

’ 2
ej)\—(f)‘ > < 400, since, by

with M7 = 2max <1,Zj2n+1

’ 2
(5). we have |52 ~ 2L, 0

A key step toward the estabhshment of the stability result
stated in Theorem 1 relies on the following estimates of the
system trajectories based on V' (t).

Lemma 4: There exists a constant Cy > 0 such that

V(t) > Cr Y (L+ [N ) Aw(t)?,

jz1
V(t) > Cy (Bup(t) + A + |Aw®) 0.1, ) » (B0D)
V(t) = CillAaZ(®))?, (30¢)

for every t > 0.
Proof: We study the case n >

(30a)

1. The case n = 0 follows

a similar argument. From (23) with Av(t) = KAZ(t) for
t > 0, we obtain that
IAX (®)]?
<20Aaz@)?
¢
20PN BK|? [ 1AZ(s)||? ds
max(t—D,0)

t
<M (IIAZ(t)II2+/ AZ(s)IFds) (31)
max(t—D,0)

with 71 = 2max (1, De?PI4Il|| BK||?) > 0. Thus, we have

AZ(t)TPAZ(t) + /

(t—=D,t)N(0,+00)

AZ(s)TPAZ(s)ds

Am (P
> 2m(P) )HAX(L‘)IIQ-
Al

Noting that

Z/\ Aw;(t) Z NjAw;(t)? +)\12ij(t)2
j=1 jzn+1 J=1
<Y MAwi(h)? + M AX @),
j=>n+1
we obtain
MM (P) M\ 1
V() > (=5 = 5 IAX@)IP -5 Y AAw(t)*.
jzn+1
Since M > 2. > (, we obtain the existence of Yo =

Am (P)

%min (%1() —-A ,1) > 0 such that

Z AjAw;(t) )
j=2n+1
Using now [|AX (t)|[* > Y27, Aw; ()% Aj = 0 for 1 <j <
n, and A\; < Apq1 <0 for j > n+ 1, we obtain (30a). Now,
as in [23], from the series expansions (6) and (21) that are
convergent in H}(0, L), we infer that

V() > n(lax)? - (32)

L
800y = 3 Awduy(t) [ el(w)ef(@)ar

ij>1
L
:/ c(z)Aw(t, z)dr — Zx\jij(t)Z, (33)
0 =1
where the second equality follows from an integration by part
and the facts that e/ + ce; = Aje;, €;(0) = e;(L) = 0, and
(ei)i>1 is a Hilbert basis of L?(0, L). Hence, using the fact
that — >, i, AjAw; (t)? < 0, the following estimates hold:

HAw(t)H?qg(o,L)
< lellzeo,z) Zij(t)Q -

Jjz1

< [lell Lo (0,z) Z Aw;(t)

j=1

= > (g = llellzego,ny) Awy(t)

Z )\jA’UJj (t)2

j=n+1

jzn+1
n
2 2
<aa( Do Aw®? = Y Adwyt)?)
Jj=1 j=zn+l
for some constant y3 > 0 because \; — —oo hence
Jj—+o0

— (Aj = llello,r)) ~ —A; when j — +oo with A; < 0
for all 5 > n + 1. Therefore, we obtain from (32) that

V(t) = 72 (Aup(t)® + A¢(t)?) +

which provides (30b). Finally, from the definition of V' given
by (29) and using (31), we also have

V2
%HAw(t) ||i15(0,L)>

M, !
vy > HontD) (||AZ<>||2+ [z >||2ds>
max(t—D,0
1 2 M 2
—5 2 Abuwi()? =T AX (1)
jzn+1
>0
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%( MM, (P) — A1) Using Cauchy-Schwarz and Young inequalities, we obtain that
t AAw(t), a)Aup(t
x (AZW + ||AZ<s>||2ds) Asul.e) 2 ) o
max(t—D,0) < MA@ 1220,y + llall|Aup (?)]
> Nl AZ()7, 1 5 2 2
which gives (300) . < g MAw@)lIz20,) + llaTAX @)
' 1
< S lAAw() 7202

C. End of proof of Theorem 1 4 0 :

We are now in a position to establish the stability properties +71|al)? <|AZ(t)|2 + / 1AZ(s)|? ds)
of the closed-loop system and prove Theorem 1. We first study t=D
the exponential decay properties of V' for ¢t > D. and

Lemma 5: There exist k,Cy > 0 such that, for every € €
0, 1) (AAw(E), by Avp (0)

1
V(t) < e =Dly(D) < JIADW@IZz o,y + [BI*| Avn (£)]*
€ER S 1
T s e “= {Ar(s)” + |Ad(s)]I) < g IAAw®Z2 0 1) + IBIPIEIPIAZ(E ~ D)
1 _

for every t > D. < JIMAAwBI 20,1y + 20l e PP IK P AZ (3

Proof: First, we note that, for ¢ > D,
+2MiD?*PIA b2 K| sup  Ap(s)?,

t
d {/ AZ(s)" PAZ(s)ds t—D<s<t
dt [Ji-p

where we have used that AZ = Ax AZ + AT and thus
=AZ(t)"PAZ(t) — AZ(t — D) PAZ(t — D)

t—D
- /t d [AZ(T)TPAZ(T)] (s)ds. AZ(t = D)= e PAeAZ() +/ TP AL () ds.
t—D dr t

Since A is self-adjoint and since (AAw(t), Aw(t)) = Finally, we also have

. ()2 1
Zj>1 AjAw;(t)?, we have from (22) and (24a) that, for every (AAw(D), Ad(1)] < EHAAw(t)”%?(o,L) + | Ad®)]2

t>D,
V(t) Consequently, we obtain that, for every ¢t > D,
M . M
= SAZWNT (AP +PAK) AZ() + MAZ() PAT() V(1) < (—4 +llal? + 2||b||2||eDAK||2||K|2)
t
* */ AZ(s)! (AseP+ PAx) AZ(5)ds x (AZ(t>2 + ||Az<s>2ds>
t—D
1
+ M/ AZ(s)T PAT(s)ds — (AAw(t), Aw(t)) - ZHAAw(t)II%z(o,L) + 71 s Ap(s)?
M RO
= —?HAZ(t)H? + MAZ(t)T PAT(t) where
t t
M st M / AZ(s)TPAT(s)ds 0= L+ ME{(L+ DIM|PI? 4 2D%2PIAx o)) K|}
2 Ji-p t—D
= [[AAwD)IIZ2 0.y — (Adw(?), ) Aup(t) Since M > 4 (mlall? + 2[bl|* [le~ P4+ KJ%), setting
— (AAuw(t), b)Avp(t) — (Alw(t), Ad(t)). 75 = M/4— (nllal? +2[b|*lle= P4 1% K|1*) > 0
Setting Ap(t)? = Ar(t)? + || Ad(t)||?, we estimate the differ- e have
ent terms on the right hand side of the above identity. Using |
the result of Lemma 3, we have V(t)
t
AZ()TPAT() < [AZOIPIIAT()] < (18z0P+ [ jaze)Pas)
t—D

1
< Z1AZ@I? + | PI2M3Ap(t) |
1 — I ABCO )+ sup Ap(s)?
and t—D<s<t

/tiDAZ(s)TPAF(s)dsg/:D IAZ(s)|IIPIIAT(s)[ds S A;(y )<AZ( 1) PAZ(t) / AZ(s)" PAZ(s)d )

I _ 2 ;
<1/ IAZ)Pds+ DIPEME sw Ap(s) fASUOIE 0 20 s B9
4 Ji-p t—D<s<t o
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for every t > D. Now, since A; > 0 when 1 < j < n and Proof: For 0 <t < D, we have

Aj < Apg1 <0 when j > n + 1, we have, for every ¢ > 0, M t
V(t)=— <AZ(t)TPAZ(t) +/ AZ(s)" PAZ(s) ds)
=S NAw )<~ 3 NAw,(t) 21 0
izl jzn+l — 72/\jA’LUj(t)2
<6 32 MAug(t) < el ABw () 30,0 =
jzntl We note that, for 0 < ¢t < D, Aup(t) = u(t — D) —u, =

with 76 = 1/[An11| > 0. Recalling that Ap(t)? = Ar(t)2 + —ue = Aup(0) and Avp(t) = v(t — D) —ve = 0, hence
[|Ad(t)]|?, we infer that

. V(t)
Vit
© 9 M = %AZ(t)T (AP + PAg)AZ(t) + MAZ(t)" PAT(t)
< —-— "0 7
< M
MAyp(P) 2 + 7AZ(t)TPAZ(t) — (AAw(t), Aw(t))
AZ(t)T PAZ(t) / AZ(s)TPAZ(s)ds )
x ( (t) () (s) - _%HAZ(t)HQ + MAZ(t)T PAT ()
11
_1 M
5270 Yol AAw ()17 2(0, 1y + 74 ti]sDug@Ap(S) + ?AZ(t)TPAZ(t) — [lAAw(®) 132 (0.1,
M t — (AAw(t), a)Aup(t) — (AAw(t), Ad(t
~26% (AZ(t)TPAZ(t) +/ AZ(s)T PAZ(s) ds) M<(”P” EL)A >(P)D_(1)) < ®) MTII)EII
) , =P , < 2M 1AZ(#)|* + JAT(#)]?
- 2“§7G||AAw(t)HL2(O,L) +7 sup  Ap(s) 1 9 5 9 2
(0 (Ar )Qt_ﬁzj(t)lf} *§||AAw(t)HLz<o,L)+IIaII |Aup(0)] +||Ad(t)H
—2K + Y4 Sup r(s)” + S
M(||P P)—1
t-Desst < MUPLEMAD =Dy + ol ax )2
for every t > D where k = %min (ﬁs(), ) > 0. Then, MM(?HPH 5 5
we obtain, for every ¢t > D and every € € [0, ) + max (1’ 2 > (Ar@)"+ | Ad@)])-
V(t)— e =PV(D) Noting that AZ(t) = AxAZ(t) + AT(t) and AZ(0) =
t AX(0), we h
<74e_2“t/ e T sup  Ap(s)?dr (0). we have
D T—D<s<T

t
¢ AZ(t) = e % AX(0) + / e AD(7)dr
< ’746_2’“ / eQ(l—G)HTdT sup |:62€m7' sup Ap(8)2:| 0

D Dsrst ToDSsST Thus, we obtain the existence of v7,~vs > 0 such that
< V4 e—2nt62(1—e)mt

2eRrT 2
< su su e Ap(s .
2(1 - e)r Derct r-Daur o) V(t) < 7| AX(0)]% + s OSUP Ap(s)®
Y4 M 2ent sup sup eQen(s+D)Ap(s)2 Sest
2(1 - e)r DLr<t T—D<s<r for 0 <t < D with Ap(t)? = Ar(t)? + [|Ad(t)|?, hence
26KD
< et qup sup 2 Ap(s)’ V() < V(0) + DwIIAX(O)IIQ + Drys sup Ap(s)?
( ) DLt 1—D<s<T 0<s<t
2D . .
< Yae et qup 2R [ Ar(s)? + | Ad(s)|} for 0 <t < Dé To conclude, using (33), we estimate V' (0) +
2(1 —e)k 0<s<t D7||AX(0)||? as follows:
2D
< 2C qup e 2RI A (s)2 + || Ad(s)]|?} V(0) + Dvy7[|AX(0)]1?

T 2(1 - €)k o<s<t M .
where we have used to establish the fourth inequality that, for - ?AX(O) PAX(0)

. D < s < il < . 1
agiven 7 € [D,t], T— D < s < 7 implies 7 < s + D. The +Dv7||AX(O)||2 _ 52)\]_ij(0)2

claimed estimate holds with Cy = y4e2*P /(2k). O —

After having assessed the exponential decay of V fort > D, e
we now need to evaluate the behavior of V over the time MMy (P) + 2D
interval [0, D]. < 9 Aup(0)® + A¢(0)* + ZAU}J

Lemma 6: There exist constants C3,Cy > 0 such that )

2 2
V(t) < Cs (AuD(O)2 + AC(0)2 + ”Aw(O)Hiff}(O L)) Ty (||Aw(0)HH5(o,L) + ||CHL°°(0,L)HAw(O>||L2(0,L))
MMy (P)+2D
+C sup (Ar(s)* + [Ad(5)) < MAPIE2DY (M (0)? + AC(0)?)
N 1

Sor every t € [0, D] with Aup(0) = —u,. + 3 (1 +I? {”C”Loc(o’[‘) + MMy (P) + 2D’y7})
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X ||Aw(0)H§15(o,L)v

where we have used the Poincaré inequality to derive the last
estimate: || f||z2(0,) < L[| ||z (0,z) for every f € H0,L).
Combining the two latter estimates, the result follows. O

Combining Lemmas 5 and 6 dealing with the behavior of
V(t) for 0 < t < D and ¢t > D, respectively, we can now
obtain the following result establishing the exponential decay
of V fort > 0.

Lemma 7: There exist k,C5 > 0 such that, for every € €
[0,1), there exists Cg(€) > 0 such that

V(t) < Cse 2t (Aup(0)2 + A(0) + ||Aw(0)|ﬁ15(o,m>
+Cs(e) sup e =)L Ar(s)? + || Ad(s)||*}

0<s<t
forallt > 0.
Proof: When 0 < ¢t < D, Lemma 6 yields
Vit
< O3 Pe (Bup(0)F + ACOP + [ Aw(0) 3,1,
+ Che® P sup 6_26"@(75_8){AT(S)2 + [|Ad(s)]1*}

0<s<t
because D —t >0and D —t+s>0forall 0 <s<t<
D. When t > D, we infer from Lemma 5, from the latter

estimate evaluated at ¢ = D, and by using again the notation
Ap(s)? = Ar(s)? + ||Ad(s)]|?, that

V(t)

< 672H(t7D)V(D)+ sup ef2en(tfs)Ap(s)2

— € 0Lt
< Cye20(t=D) (AuD(0)2 + AC(0)* + ”Aw<0)”%{é(0,L))

+ Cye25t=D) gup 2 S IAr(s)? + || Ad(s)]]*}
0<s<D

sup e~ (=) {Ap(s)? + [|Ad(s)]|}

1 — € ogs<t

< Cge?rPe2nt (AUD(0)2 + A¢(0)* + HAw(O)”?{(}(O,L))

+ (C4€QEKD+ 02 )
1—e€

+

sup e_QEK(t_S)Ap(s)Q.
0<s<t

The claimed estimate holds with C5 = C3e2*P and Cg(e) =
Cy e2exD + % ) O

We are now in a position to prove the main result of
this section, namely the stability result stated in Theorem 1.
Indeed, from Lemmas 4 and 7, we infer the existence of
constants C'; = C5/Cy > 0 and Ca(€) = Cg(e)/Cy > 0 such
that (27) holds. Similarly, we obtain the following estimates
which will be useful in the next section concerning the tracking
performance:

S+ g A (6)?

Jjz1

< Tre 2 (Bup(0)2 + AC(0)* + [ Aw(0) 30,1,
+Cale) sup e 2 Ar(s)® + | Ad(3)] P},

0<s<t

(34)

for every t > 0, and, as Av(t) = KAZ(t) for t > 0 and
Awv(t) =0 for t <0,

[Avp ()]
< Cpe2nt (AuD(O)2 + AC(0) + ||Aw(0)||§ié(0,m)
+Ca(e) sup e > U Ar(s)? + [|Ad(s)|*},

0<s<t

(35)

for every t > 0 with C; = |K|[?C1e*? and Cy(e) =
| K||*Ca(€)e?<*P. This concludes the proof of Theorem 1.
Remark 10: All the constants C; for 1 < i < 6,
and thus C1,Cy(e), defined in this section are independent
of the considered equilibrium condition characterized by the
quantities 7. and d.. Consequently, the stability estimate (27)
provided by Theorem 1 guarantees a form of uniform stability
over all the possible equilibrium conditions. This feature will
be illustrated in numerical computations in Section VI by
changing the steady-state values of the reference signal r(t)
and the distributed disturbance d(t). o

V. SETPOINT REFERENCE TRACKING ANALYSIS

It now remains to assess that the setpoint tracking of
the reference signal r(t) is achieved in the presence of the
distributed disturbance d(t). Specifically, we establish in this
section the following tracking result.

Theorem 2: Let k > 0 be provided by Theorem 1. There
exists C3 > 0 such that, for every ¢ € [0,1), there exists
C4(€) > 0 such that

|y (t,0) — r(t)]
< Cge™™ (\AUD(O)\ + |ACO)| + [[Aw(0)[ 712 0,1
+[[AAW(0) [ £2(0,1))

+Cule) sup e U Ar(s)| + [|Ad(s)]| + [ld(s)[]}-
0<s<t
(36)

Moreover; the constants Cs,Cy(€) can be chosen indepen-
dently of the parameters r. and d..

Corollary 3: Assume that v(t) — 1., d(t) — d., and
d(t) — 0 when t — +0c0. Then y,(t,0) — 7. with exponential
vanishing of the contribution of the initial conditions.

Remark 11: In the particular case n = 0, which corre-
sponds to an exponentially stable open-loop reaction-diffusion
equation (1), the above results also ensures that the proposed
control strategy achieves the setpoint reference tracking of
the reference signal r(¢) while preserving the stability of the
closed-loop system. o

The remaining of this section is devoted to the proof of the
tracking estimate.

Proof of Theorem 2. Based on the identity we ; (0)+ 7 te =
r., We have the estimates:

Y2 (2,0) — (1))

1
< ‘wm(t,O) + zun(t) —re| + [Ar(?)]

1
< Jea (£,0) = wes (0)] + 7 1Bup(t)] + [Ar(®)].  (37)
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From the estimate of Aup(t) provided by (27), it is sufficient
to study the term wg(¢,0) — we,x(0) = 32,5, Aw;(t)e;(0).
Since €}(0) ~ V/2/L+\/]);], there exists a constant 79 > 0
such that [e/;(0)| < Yoy/IN;] forall j > n+1.Letm > n+1
be such that n £ —X,,, > £ > 0. Thus \; < -1 < —Kk < 0
for all 5 > m. We infer from the Cauchy-Schwarz inequality
that

|wg(t,0) — we 4 (0

)| <D 1A (t)]]e(0)]

Jjz1
m—1
<D 1Aw OIS 0) + 9 D /1Al [Aw; ()
j=1 j=m
m—1 m—1
<002, D Ay
j=1 j=1
1
+, /> o™ D A2 Aw; ()2 (38)
gzm I\ jzm
where ZPm m < 1o because \; ~ —72j2 /L2 Based on

(34), it is sufficient to study the term />, A2 Aw;(t)2.

To do so, we integrate for 7 > m the dynamics (24b) of the
coefficient Aw;(t) as follows:

)\jA’LUj (t) = 6>\jt)\jA”LUj(O)
t
+ / )\je’\j(t_T){ajAuD(T) + bjA’UD(T) + Ad](T)} dr.
0
(39

= d;(7),

Now, integrating by parts and noting that Ad;(7)
we have

t
/ AT A (1) dr
0
t
= —Ad;(t) + e Ad;(0) + /0 N () AT, (40)

hence

A (1)
< M1 Ay 0)

t
+ / (=AM {Jag|[Aup (r)] + byl Avp(r)]} dr
t
+ |Ad; (t)] 4 M| Ad;(0)] +/ N0 di ()| dr
0

<Ay (0 |+\aJ\/ )N Aup ()] dr

+|b|/

t
+|Ad;(t)] + e " |Ad; (0)] +/ e d; (7)| dT.
0
41

e | Avp ()] dr

Now, as A\; < —n < —Kk < —ek, the use of esti-
mate (27) and the introduction of the notations ACI =

Aup(0)2 + A¢(0)2 4+ ||Aw(0)||ilé(07L) and Ap(s) =
\/Ar(s)2 + ||Ad(s)]|? yield

t
/ (=\)eM | Aup ()| dr
0
t
—/\j)\/aleA-ft/ e~ MTe ™ dr ACIT
0
t
X/ C e)‘ft/ e N7 sup e T Ap(s)d
i)y C2(€) ; S p(s)dr
t
—Aj)\/ae*ﬂ/ e~ N7 47 ACT
0
t
—/\j)«/€2(e)e’\jt/ e~ (Ajter)T
0

sup e““*Ap(s)dr

0<s<T
< )\j /6lez\jt(e—(>\j+ﬁ)t _ 1) ACIT
)\j + K
)‘j ral Nt —(\j
+ Caole)eMt(e=Nitemt _ 1) sup e Ap(s
Aj +ek 2(e) ( )0<32t p(s)
< —1\/Cre " ACI
n—kK
1 Ca(e)e™ " sup e“*Ap(s)
—€R 0<s<t
< 1 \[Cre " ACT
n—kK
+ 0 Cy(e) sup e "= Ap(s).
N —€R 0<s<t

Similarly, the use of the estimate (35) yields
t
/(—)\j)e’\f(t_T)\AvD(TﬂdT
0

< _n C’leimACI
n— oV
il Cale) sup e™°
N —€Rr 0<s<t

K(t_s)Ap(S).

Finally, since n > x, we also infer from the Cauchy-Schwarz
inequality that

t
/ &) |d; (r)| dr

0
_/ ) () o) | ()] dr
\//eZ(nnt‘rdT\//e2nt‘r|d()|2dT
Sy - \/ / e-2et-1)|d, (7)[2 dr.
2(n — k) 0

Introducing the notation AP(t) = supg¢.«; e (=5 Ap(s),
we obtain from (41) and the three above estimates that

[AjAw;(t)] < e [X;Aw; (0)]
U Val A —K
+H<|aj|\/01+|bj\/01>e tACT

el (IR E RN DIIV(EE) PN
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+[Ad; ()] + e~ |Ad; (0)]

1 /f ) ;
— e=2:(t=7)|d. (1)]2dr.
2(77 _ :‘i) \/ o | J( )‘

Consequently we have:

A Aw;(8)[* < 6627\ Aw; (0) [

6772 Val A ? —2K 2
+W<|aj|\/01+|bj|\/01> e tACT

2 - 2
+ @ﬁ#y (lajl\/?(eH b1 02(6)) AP(t)?
+ 6] Ad;(t)[* + 6e 27| Ad; (0)?

3 [ ;
/ e 2= |d; () [Pdr

n—KJo
hence
> A AW (1)’
jzm
< 66—2nt||AAw(O)H%2(O)L)
12” 20 240\, —2xkt 2
(m— )2 "ACT
+ (1 — k)2 (Jla]|*C1 + ||b]|*Cr)e C
b2 alPTa(e) + IBIPCe) AP
(n — er)?

6] Ad(1)]? + 662 | Ad(0)]
t

/ e 28T d(7) |2 dr
0

n—K
< 66_2“t||AAw(O)H%2(0,L)
120° 20 24\, — 2kt 2
(n—r)2 " ACI
+ (,’7 _ K)Q (HCLH Ci+ ”b” 01)6 C
b2 alPTa(e) + bCae) AP
(n — er)?
+12 sup e~ Ad()]|?
0<s<t
3 .
+ sup e—2€n(t—s)||d(8)||2

2(1 —€)(n — K)K ogs<t

where we have used that
t
| e d) P ar
0
e—2(1—6)r@(t—‘r) dr x sup €—2€n(t—s)||d'(8)||2

t
[ ersamonten i ar
0

0<s<t

t
/O
1 L
sup e~ > 9|ld(s)||,

= 2(1 — E)H 0<s<t

<

We deduce the existence of constants C7, Cg(e) > 0 such that

> N Aw;(t)?

jzm
< Cre™ (Aup(0)? + AC(0)* + | Aw(0) 3o 1)
[ AAWO)]3(0.1))

+ Cs(e) sup e 2er(t=s)
0<s<t

(Ar(s)? + | Ad(s)]2 + d(s)]2)
(42)

Using now (37) along with (38) and estimates (27), (34),
and (42), we obtain the existence of the claimed constants
Cs5,Cy(€) > 0 such that the estimate (36) holds. O

Remark 12: At first sight, it might seem surprising that
the estimate (36) on the tracking performance only involves
the time derivative d of the distributed disturbance but not the
time derivative r of the reference signal. Such a dissimilarity
between the reference signal and the distributed disturbance is
due to the explicit occurrence of the distributed perturbation
d in the dynamics (24b) of the coefficient of projection Aw;.
Indeed, in order to estimate the term |\;Aw;(t)| from (39),
one needs to estimate the term f(f AN T Ad;(T)dT. To
do so, one first needs to eliminate the multiplicative factor
A; using, e.g., either an integration or an integration by
parts. Simultaneously, we need to use Parseval identity in
order to gather all coefficients Ad;(t). However, contrarily
to the constant coefficients a;, b;, each coefficient Ad,(t) is a
function of time and thus cannot be pulled out of the integral.
This remark motivates the integration by parts carried out in
(40). This way, the multiplicative factor \; is eliminated and
the subsequent estimates can be obtained. However, this is
at the price of the emergence of the term d in the resulting
tracking estimate. o

VI. NUMERICAL ILLUSTRATION

We take ¢ = 1.25, L = 27, and D = 1s. The three first
eigenvalues of the open-loop system are A\; = 1, Ao = 0.25,
and A3 = —1. Only the two first modes need to be stabilized.
Thus we have n = 2 and we compute the feedback gain K €
R'*4 such that the poles of the closed-loop truncated model
(capturing the two unstable modes of the infinite-dimensional
system plus two integral components, one for the control input
and one for the reference tracking) are given by —0.5, —0.6,
—0.7, and —0.8. The adopted numerical scheme is the modal
approximation of the infinite-dimensional system using its first
10 modes. The initial condition is yo(z) = —% (1 — £).

The simulation results for a time-varying reference (t)
evolving within the range [0, 50] and the constant distributed
disturbance d(¢,x) = z are depicted in Fig. 1. Applying
first the obtained stability results for ¢ < 30s with 7. = 0
and d.(z) = x, we obtain that y — 0 in L°°(0, L) norm,
u(t) — 0, and y.(¢,0) — 0 for large values of ¢. This is
compliant with the simulation result observed for increasing
values of ¢ approaching ¢ = 30s. Consequently, the numerical
simulation confirms that the proposed control strategy achieves
the exponential stabilization of the closed-loop system while
ensuring a zero steady-state left Neumann trace. Then, for
30s < t < 60s, the tracking error remains bounded in
the presence of an oscillatory reference signal. Finally, for
t > 60s, we apply again the obtained stability results but for
r. = 50 and d.(z) = z. This time, we obtain that y — y. # 0
in L*°(0, L) norm and u(t) — u. # 0 as y,(¢,0) = r. = 50
when ¢ — 4-c0. In particular, conforming to the obtained ISS
estimates with fading memory (27-28) and (36), the impact of
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the variations of the reference signal around its nominal value
Te, 1.e., configuration for which Ar(t) # 0, is eliminated as ¢
increases due to the action of the PI controller. This result
provides a numerical confirmation of the efficiency of the
proposed PI control strategy for the regulation control of the
left Neumann trace of the system.

The simulation results for a constant reference r(t) = 50
and the time-varying distributed disturbance d(t,x) = do(t)x
with dy given by Fig. 2(d) are depicted in Fig. 2. First, for
time ¢ < 30s, the left Neumann trace successfully tracks
the reference signal () = 7. = 50 under the constant
distributed perturbation d(t,2) = d.(x) = z. Then, around
t = 30s, the magnitude of the perturbation increases from
do(t) = 1 to do(t) = 2 with an overshoot around the value of
4.5. This time-varying perturbation induces a perturbation on
the setpoint reference tracking of the the left Neumann trace
over the time-range [30, 40] s. However, once the perturbation
reaches its steady-state value d(t,z) = d.(x) = 2z, the
impact of off-equilibrium perturbations is eliminated providing
Yz (t,0) — r. = 50. This is compliant with the obtained
ISS estimates with fading memory (27-28) and (36) as the
contribution of the variations of the perturbation around its
nominal value d,, i.e., configuration for which Ad(t) # 0, is
eliminated as ¢ increases due to the action of the PI controller.

VII. CONCLUSION

We have achieved the PI regulation control of the left
Neumann trace of a one dimensional linear reaction-diffusion
equation with delayed right Dirichlet boundary control. The
proposed control design approach extends to PI control a
recently proposed approach for the delay boundary feedback
control of infinite-dimensional systems via spectral reduction.
Specifically, a finite-dimensional model capturing the unstable
modes of the open-loop system has been obtained by spectral
decomposition. Based on the classical Artstein transformation
(used to handle the delay in the control input) and the pole
schifting theorem, a PI controller has been derived. Then, the
stability of the full infinite-dimensional closed-loop system
has been assessed by using an adequate Lyapunov function,
yielding an exponential Input-to-State Stability (ISS) estimate
with fading memory of the time-varying reference signal and
the time-varying distributed disturbance. Finally, a similar
exponential ISS estimate with fading memory has been derived
for the setpoint regulation control of the reference signal by
the left Neumann trace.

As a conclusion, we indicate here potential directions for
the extension of the work reported in this paper.

First, it would be of interest to investigate whether the pro-
posed PI control strategy can be used for the delay boundary
regulation control of analogous PDEs. Good candidates in
this direction are the linear Kuramoto-Sivashinsky equation
[12] and the wave equation as studied in [10]. Indeed, as
the proposed control strategy essentially relies on a spectral
reduction of the operator A and the asymptotic behavior (5),
it seems reasonable to expect that the proposed control design
procedure could be replicated for operators A that can be
diagonalized in a Riesz basis and for which the eigenstructures
satisfy an adequate asymptotic behavior.

10

0 20 40 60 80
Time (s)

100

(a) State y(t,z)

150

100

50

Output
o

0 20 40 60 80
Time (s)

(b) Output y (¢, 0) tracking the time-varying reference signal 7 (¢)

500

u(t-D)
o

-500

0 20 40 60 80
Time (s)

(c) Delayed control input u(t — D)

Fig. 1. Time evolution of the closed-loop system for a time-varying reference
signal r(t) and a constant distributed perturbation d(¢t,z) = x

Second, the work presented here was devoted to the control
of a 1-D reaction diffusion. A natural research direction relies
in the investigation of whether the proposed PI boundary con-
trol strategy could be applied to a multi-dimensional reaction-
diffusion equation. This is not a straightforward extension of
the developments presented in this paper since, in particular,
we instrumentally used the fact that, in 1-D, >~ 1/|);| < +oc.
Such a condition fails in multi-D.

Third, we assumed in this work that the measure of the full
state is available. Future developments may be concerned with
the development of an observer and the study of the stability
of the resulting closed-loop system.

Finally, the predictor feedback considered in this work has
been designed based on the assumption of a constant and
known input delay. It was shown in [17], [19] that a constant
delay predictor feedback can be used to stabilize the 1-D
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y(t,x)
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(d) Time varying component do(t) of the disturbance d(t,z) = do(t)z

Fig. 2. Time evolution of the closed-loop system for a constant reference
signal r(¢) = 50 and a time-varying distributed disturbance d(t, z) = do(t)x

reaction-diffusion system in the presence of an uncertain and
time-varying input delay. In this context, it would be of interest
to investigate whether the control strategy reported in this
work, namely: a predictor feedback, augmented with a PI
procedure, is also robust with respect to delay mismatches.

APPENDIX
PROOF OF LEMMA 2

In order to prove Lemma 2, we will use the following result.

Lemma 8: Letr M € RY*Y and N € RI*" be given
matrices. Assume that (M, N) satisfies the Kalman condition.
Then Ran (M N) RY9, ie., the matrix (M N) is
surjective.

Proof of Lemma 8: Noting that the surjectivity of (M N
is equivalent to the condition ker M "Nker N ' = {0}, let ¢ €
RY be such that ¢ " (M N) = 0. We have then TN =0
and "M = 0, hence " M* = 0 for every k € N* and
thus Y M¥N = 0 for every k € N. Since (M, N) satisfies the
Kalman condition, we infer that ¢ = 0. (|

Proof of Lemma 2: ((i) = (i7)) Let us prove that, if ¢, €
R™ et 1) € RP are such that

2
(77[];— %T)(B AB A-‘B

Am+r-1B
CAn+p—2B> =0,

then 1 = 1y = 0. Indeed, we have then ¥ B + 1y D = 0
and (¢ A+ C)A'B =0 for all 0 < i < n+p—2. Noting
that n+p—2 > n— 1 and since (A, B) satisfies the Kalman
condition, we obtain that ¢)] A + 5 C = 0. Consequently

ol (g p) =0

and hence 1 = ¥ = 0 since (é g

((#4) = (i)) Let us prove that if ¢y € R™ is such that

v" (B AB A""'B) = 0 then ¢ = 0. Indeed, we

first infer from the Hamilton-Cayley theorem that ¢) T A*B =
0 for every k € N, and then

- B AB A’B

(v' ) (D CB CAB

D CB CAB

) is surjective.

Antr-1B
CA”+P‘2B) =0

. . A0 B .
Since the pair ((C O) , (D)) satisfies the Kalman
condition, we obtain ) 0. This shows that (A,B)

satisfies the Kalman condition. Besides, by Lemma 8§,

. A 0 B . .
since ((C 0) , (D)) satisfies the Kalman condition,

O

C 0 ]]?) is surjective. The lemma is proved.
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