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Abstract

This paper is concerned with the regulation control of a one-dimensional reaction-diffusion equation in the presence of a
state-delay in the reaction term. The objective is to achieve the PI regulation of the right Dirichlet trace with a command
selected as the left Dirichlet trace. The control design strategy consists of the design of a PI controller on a finite dimensional
truncated model obtained by spectral reduction. By an adequate selection of the number of modes of the original infinite-
dimensional system, we show that the proposed control design procedure achieves both the exponential stabilization of the
original infinite-dimensional system as well as the setpoint regulation of the right Dirichlet trace.

Key words: PI regulation; Reaction-diffusion equation; State-delay; Partial differential equation; Input-to-state stability.

1 Introduction

The proportional integral (PI) regulation control of
infinite-dimensional systems, and in particular of par-
tial differential equations (PDEs), has attracted much
attention in the recent years. Early works dealt with
bounded control operators [18] while the extension to
the case of unbounded control operators was reported
in [23]. The last decade has seen an intensification of the
efforts in this research direction. PI boundary control
of linear hyperbolic systems [2,6,10,24], as well as the
extension to nonlinear transport equations [3,22] have
been reported. Other types of PDEs have also been
studied. This includes reaction-diffusion equations [14],
wave equations used to model drilling systems [1,21],
as well as semilinear wave equations [13]. The possi-
ble addition of an integral action to open-loop stable
semigroups was investigated in [20].
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We study in this paper the boundary PI regulation con-
trol of a reaction-diffusion equation in the presence of a
state-delay in the reaction term. Since delays are ubiqui-
tous in practical applications, the topic of boundary sta-
bilization of PDEs in the presence of delays, either in the
control input [9,11,12,17,19] or in the state [7,8,15], has
also attracted much attention in the recent years. How-
ever, it is worth noting that none of the aforementioned
works embracing PI control design for PDEs was con-
cerned with the possible presence of state-delays. This
paper is a first step in that research direction. Specifi-
cally, the objective of this work is to extend the result
reported in [15], which solely dealt with the boundary
stabilization of a reaction-diffusion equation in the pres-
ence of a state-delay, to the PI regulation control of a
Dirichlet trace. More precisely we consider the PDE:

Ye(t, ) = ayza(t, ) + by(t,z) + cy(t — h(t),x), (la)
y(t,0) = u(t), (1b)
cos(@)y(t,1) + sin(0)y.(t,1) =0, (1c)
y(r,z) = ¢(r,z), 7€ [~h,0] (1d)

fort > 0and z € (0,1). Here a > 0, b,c € R with ¢ # 0,
h: Ry — [hp, ha] is continuous with 0 < h, < hyy,
and 6 € (0,7/2). The state at time tis y(¢,-) : [0,1] — R.
The control input is u(t) € R and applies to the left
Dirichlet trace (1b). On the right-hand side of the do-
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main, we consider the Robin boundary condition (1c).
The initial condition is ¢ : [—hps,0] x (0,1) — R. The
control objective is to design a PI controller in order to
stabilize (1) while achieving the setpoint regulation con-
trol of the right Dirichlet trace z(t) = y(t,1). In partic-
ular, denoting by r : Ry — R a continuous reference
signal, y(¢, 1) must achieve the setpoint tracking of r(t).

The strategy for solving the above control design prob-
lem goes as follows. Inspired by [4], a finite dimensional-
truncated model is obtained by spectral reduction. The
order of the state-delayed truncated model is selected to
ensure the stability of the residual infinite-dimensional
dynamics. Then, inspired by [14] but with the challenge
of a state-delayed term, the truncated model is aug-
mented with an integral component to ensure the set-
point tracking of z(t). Finally, the feedback law is ob-
tained by pole shifting. We assess the exponential stabil-
ity of the closed-loop system, as well as the setpoint reg-
ulation control of the right Dirichlet trace. In the pres-
ence of an additive boundary perturbation in the control
input, we show that the closed-loop system is exponen-
tially input-to-state stable (ISS). This objective requires
to work simultaneously with the original representation
of the plant (for ISS purposes w.r.t. boundary distur-
bances) and an homogeneous version of the PDE (to an-
alyze the system output) while handling the state-delay
for both stability and setpoint regulation assessment.

The control design strategy is introduced in Section 2.
The equilibrium conditions of the closed-loop system
and the related dynamics of deviations are presented in
Section 3. The stability analysis is reported in Section 4
while the reference tracking assessment is completed in
Section 5. The robustness of the control strategy w.r.t.
delay mismatches is studied in Section 6. Finally, nu-
merical simulations are carried out in Section 7 while
concluding remarks are formulated in Section 8.

2 Control design strategy
2.1 Spectral reduction and truncated model

Let H = L2(0,1) with the inner product (f,g) =
fol fgdz. System (1) can be rewritten as

%(t) — AX(t) + X (t — h(t), (22)
BX(t) = u(t), (2b)

T € [—har, 0] (2¢)

for t > 0 with A: D(A) C H — H defined on D(A) =
{f € H*(0,1) : cos(8)f(1) +sin(f) f'(1) =0}, with 6 €
(0,7/2), by Af = af” + bf and the boundary opera-
tor B : D(B) C H — R defined on D(B) = H'(0,1)
by Bf = f(0). We define the disturbance free opera-
tor Ag = Alp4,) on D(Ag) = D(A) N ker(B). It is

well-known that Ay generates a Cy-semigroup. We in-
troduce L € L(R,H) defined for any u € R by [Lu](x) =
(1 — z)?u, z € [0,1]. L has been selected such that its
range satisfies R(L) C D(A) and BL = Ig. Hence, fol-
lowing the terminology of [5, Sec. 3.3], the pair (A, B)
defines a boundary control system with associated lifting
operator L. We define A, £ A+cly and Aco L Ag+-cly
on D(A;) = D(A) and D(A.o) = D(Ap), respectively.
From the Sturm-Liouville theory, it well known that the
eigenvalues of A, o are simple and form a decreasing se-
quence (A,)n>o0 € RY with A, — —oc when n — +oc.
Moreover, one can select the associated eigenvectors such
that (e, )n>0 forms a Hilbert basis of H. Using the termi-
nology of [5, Def. 2.3.4], A, ¢ is a Riesz spectral operator:

D(Aco) = {F € L20.1) + 5,o0[Mal?l {fren) | < 0
and Acof = ano An (fren) e, for all f € D(Acpo).

Standard computations give A, = b+ ¢ — ar2 and e,, =

2, /#?1(2” sin(ry,-) with n € N where r,, > 0 is the

unique number r € (nm, (n + 1)) such that r cot(r) =
—cot(f). This yields A\, ~ —an?7? and e,(1) = O(1)
as n — +oo. Introducing x,(t) = (X (t),e,) the coef-
ficients of projection of the system trajectory into the
Hilbert basis, we have that X (t) = > <, zn(t)e, and
[X(®)]? = 3,50 |2 (t)|?. Assuming that! u is contin-
uously differentiable and @ is continuous, the mild solu-
tion X € C°(R4;H) of (2) is such that z,, is continuously
differentiable and (see [15] for details)

Tn(t) = Anxn (t)+c{zn, (t—h(t)—z, () - (ant+An bn)igt))

an = (AcLl,en), by, =— (Ll e,) (4)

where 1 denotes here the unit element of R. Note that
due to the presence of the state-delay, there may exist
delays for which certain modes x,, hence the PDE, are
unstable even if A\, —c¢ = b—ar2 < 0 and ¢ < 0 provided
cis large enough [16, Sec. 3.3]. For a given integer N > 0
selected such that \,, < 0for alln > N+1 and which will
be further constrained later, we define the followings:

with

Y(t) = [xo(t) xN(t)f € RVHL (5a)
Yo(r) = {<(I>(T)760> <<I>(T),€N>}T e RN, (5b)
A = diag(A\p)o<n<ny € RVIDXNVHD (5¢)

B = (an + Anbn)o<n<n € RVFD, (5d)

Then we obtain the truncated model:

.

—
Py

N~—
I

AY (1) + Y (t — h(t)) = Y (¢)} + Bu(t) (6a)
Ys(7), 7€ [-hum,0 (6b)

=
\\'

S~—
I

1 Such a regularity for the forthcoming control law will be
assessed in the sequel.



2.2 Addition of an integral component

The objective is now to augment the truncated model (6)
with an integral component to achieve the setpoint reg-
ulation control of the right Dirichlet trace z(t) = y(¢,1).

We first need to express the right Dirichlet trace y(t,1)
in function of the coefficients of projection z,,.

Lemma 1 Letf € (0,7/2). Forall f € D(A¢ o) we have
f) = ano (fsen) en(1).

The proof of this Lemma, which is omitted, essen-
tially relies on the Riesz-spectral property of Acg.
We cannot directly apply the above series expansion
to the trajectory X of our system because, in gen-
eral, X(t) ¢ D(Aco). However, if we assume that
X € C°(Ry; D(A))NCHRy;H) is a classical solution of
(2), one has W (t) = X (t) — Lu(t) € D(Ap) = D(A.p)
with in particular y(t,1) = [X(©)](1) = [W(®)](1).
Hence, introducing wy, (t) = (W (t), en) = xn(t)+bpu(t),
we obtain that y(¢,1) = [X(¢)](1) = >0 wn(t)en(1)
for all t+ > 0. Since u is of class C! (we will actually
need u of class C? to ensure the existence of classical
solutions), we have that w,, is of class C! and, from (3),

Wy (1) = Apwy, (t) + c{wn (t — h(t)) — w,(t)} + anu(t)
— cbp{u(t — h(t)) —u(t)} + buu(t) (7)

for ¢ Z hM

Remind that our objective is to achieve the setpoint reg-
ulation control of the system output z(t) = y(¢,1). In
order to introduce in a comprehensive manner the pro-
posed integral component ((t) € R that will be used
to augment the truncated model (6), consider first the
classical integral component given by x(¢) = y(¢,1) —
r(t) =3 ,50 Wn(t)en(l) —r(t) for t > 0. Here r(t) € R
stands for a reference signal. Recall that the second
equality holds only when considering classical solutions
for (2). As the above series expansion involves all the
modes of the system, and in particular the coefficients
of projection wy(t) for n > N + 1, the integral com-
ponent x cannot be directly included into the dynam-
ics of the truncated model (6). To solve this issue, we
introduce the following preliminary change of variable

Glt) = x(1) + Xpo i 5o {buu(t) = wn()}. Note
that the convergence of the series follow from A\, ~

—an?7? and e, (1) = O(1) as n — +oo. Based on (7)
we obtain, for t > has, G(t) = Zﬁ;o n(t)en (1) +
au(t) = r(t) — X5 vy B {wn(t — h(t) —wa (t)} +
¢S nonar S8 b, {u(t — h(t)) — u(t)} where

a=Y buea(1)— > i—nen(l). (8)
n=0

n>N41 "

We now note that the two last terms of the above iden-
tity describing the (p-dynamics have a null contribution
at equilibrium. This observation motivates the introduc-
tion of the below (-dynamics. Assuming that the delay
h is known (robustness w.r.t. delay mismatches will be
discussed later in Section 6), we mimic the structure of
the dynamics of the truncated model (6) by defining for
t > 0 the integral component ((t) € R as follows:

C(t) = D zalt)en(1) +efC(t = (1) — (D)} (9)

+ au(t) — r(t),
C(T) = CO(T)7 TE [_hMa O] (Qb)

Remark 1 The (-dynamics achieves the same equilib-
rium condition as the (p-dynamics. As we will show later
in Section 3, the integral component (9) ensures that the
equilibirum condition (X, ) of the forthcoming closed-
loop system, associated with some constant reference sig-
nal r(t) = r, achieves the desired reference tracking for
the right Dirichlet trace, i.e., X (1) = re.

Remark 2 Fuven if (9) has been motivated and derived
by considering classical solutions of (2), the dynamics
(9) actually makes sense for any mild solutions of (2).

Since (9) only involves the N + 1 first modes of the sys-
tem, we can now augment the dynamics of the truncated
model (6) with the (-dynamics as follows:

Yalt) = AuYa(t) + c{Valt — h(t) — Ya()}  (108)
+ Bau(t) + T'(t),
Yo(T) =Y ,0(1), 7€ [—hm,0] (10Db)

where C' = {eo(l) eN(l)} € R+,

Y () Ya(r)
Y.(t) = , Yaulr)= , (11a
O=1lew] ™= om]
A0 B 0
Ag = Co , Ba= o ’ F(t) = [—T(f)] : (llb)

2.8 Proposed control strategy

The proposed control strategy consists of a stabilizing
state feedback of the truncated model (10). Such a pro-
cedure is allowed by the following lemma.

Lemma 2 (A,, B,) satisfies the Kalman condition.

A B

Ca
From (11), the Hautus test shows that the pair

Proof. We define the matrix T' = c RIN+2)x(N+2)




(Aq, B,) satisfies the Kalman condition if an only
if T is invertible and the pair (A, B) satisfies the
Kalman condition_.r To show the former, let Y, =
[aj*m . TuN u*} € ker(T'). From (5) and (11) we de-
duce that A\, s, + (an +Anby)us =0forall0 <n < N
and ZnN:O ZTinen(l) + au, = 0. Since A, < 0 for
all n > N + 1, we define z,, = —%’:’Lb"u* for all
n > N + 1. Hence we have A,y n + (an + Anbp)ue =0
for all n > 0. We also define wy ,, = T4 n + byu, that
gives AWy n + apu, = 0 for all n > 0. We infer that
(Wan)n and (Apwspn)n are in £2(N), hence we can de-
fine wy, = >, <o Wsnen € D(Acp). Moreover, the lat-
ter equation shows that Acows + AcLu, = 0. Using
now the definition of a given by (8), we deduce that

0= g Tunen(l) + 0t = 3,50 Wenen(l) = wi(1).
Therefore, introducing =, = w, + Lu, € D(A.), we ob-
tain that A.x. = 0 and z,(1) = w.(1) + [Lu.](1) = 0.
This shows that az’] + (b+ ¢)z, = 0 with ,(1) = 0 and
2 (1) = —cot(@)z.(1) = 0. So, by Cauchy uniqueness,
x, = 0. Since w,(0) = 0, we get 0 = x.(0) = [Lu.](0) =
u,. We infer w, = 0 hence w, , = 0 for all n > 0. This
implies that x., = W, — bpu, = 0 for all n > 0. We
deduce that Y, = 0, which shows that T in invertible.

We now show that (A, B) satisfies the Kalman condition.
In view of (5), since A is diagonal with simple eigenval-
ues, it is sufficient to show that a,, + \,b, # 0 for all
n > 0. From (4), using two integration by parts and the
identity Acoen = Anen, we obtain that a, + A\,b, =
ael, (0). Since e, # 0 with e,(0) = 0, we obtain by
Cauchy uniqueness that e}, (0) # 0 hence a,, + Anby, # 0
for all n > 0. Thus (A, B) satisfies the Kalman condi-
tion, which completes the proof. O

Thus there exists K € R (V+2) guch that A = A, +
B, K is Hurwitz with simple eigenvalues. We set for ¢t > 0

u(t) = KYaq(t) + p(t) (12)

where p is a boundary disturbance. The control (12)
takes the form of a PI controller because composed of
1) a proportional feedback of the state, via Y (¢), and 2)
the integral component ((t) given by (9). We now need
to select the integer N > 0 such that the closed-loop
system composed of (2), (9), and (12), is exponentially
input-to-state stable with respect to the boundary per-
turbation p and achieves the setpoint reference tracking
of the system output 2(t) = y(t, 1).

2.4  Well-posedness of the closed-loop system dynamics

The study of the well-posedness of the closed-loop sys-
tem, which requires the introducing of the augmented
state X, = (X,() belonging to Hs = L?(0,1) x R
endowed with the inner product ((f,(y),(9,¢0)), =

fol fgdx + (s(gy, easily leads to the following result.

Lemma 3 Let 0 < h,, < har, b € CO(Ry) with hy, <
h‘(t) < hy, ® € CO([_hMaO]7H)7 Go € CO([_h‘M7OD;
p € CHR,), andr € C°(Ry). Then there exists a unique
mild solution X; = (X,¢) € CO(Ry;H¢) of (2) and (9)
with control input (12). Moreover we haveu,( € C*(R4.).

To assess the setpoint regulation, we need to resort to the
concept of classical solutions. The existence and unique-
ness of such solutions is guaranteed by the following
corollary whose proof is an immediate consequence of
classical results, see, e.g., [5, Thm. 3.1.3].

Corollary 1 Let 0 < hy, < hy, h € CHRy) with
hm < h(t) < hp and such that t — t — h(t) crosses
0 a finite number of times, ® € C'([~har,0);H), ¢o €
CH([~hu,0]), p € C3(Ry), andr € CH(R,.). Assume that
®(0) € D(A) so that the compatibility condition

B®(0) = KYp,4(0) + p(0) (13)

holds. Then there exists a unique classical solution X¢ =
(X,¢) € CO(Ru: D(A) x R) NCH (R He) of (2) and (9)
with control input (12). Moreover we have u € C3 (Ry).

Remark 3 From (11) and because Ax = A, + B K
is Hurwitz hence invertible, the last coefficient of K,
that corresponds to the integral state (, is necessarily
non zero. Hence, for any given initial condition ® €
CY([~hn, 0; H) with ®(0) € D(A) and any boundary
perturbationp € C?(R.), one can always select the initial
condition o € C([~har,0]) of the integral component
such that the compatibility condition (13) holds.

3 Equilibrium conditions and associated dy-
namics of deviations

3.1 Equilibrium conditions

Let e, pe € R be “nominal” values of the reference signal
r(t) and the boundary perturbation p(t), respectively.
Our first objective is to derive the equilibrium condi-
tion of the closed-loop system when setting r(t) = r.
and p(t) = p.. To do so, we denote by the subscript
“e” the equilibrium condition associated with the differ-

i
ent system signals. We define Y, ., = [YJ Ce} , Y, =
T T

[Zo,e s TNe| sand T = [0 77*6} . From (10) and
(12) weset Yy, . = — Az (Bape+Te) and u, = KY, o +pe
which give 0 = A,Y, . + Boue +I'e. From (5) and (11),
this implies that 0 = Ay @y e + (an + Anby)u, for all 0 <
n<Nand0= Eﬁ;o Tn,en (1) + aue — 7. Regarding
the residual dynamics given by (3) for n > N +1, we de-
fine z,, . = —%ﬁ‘:‘b"ue. This yields 0 = A&y, + (an +
Anby)ue for all n > 0. We note that (z,,¢)n>0 € 2(N)
hence we can define X, = ano ZTp,e€n € H. Moreover,



introducing for n > 0 the quantities wy, ¢ = Tp e + bn e,
we have for n > N 4 1 that w,. = —;—Zue, show-
ing that (wn.e)n>0 € F2(N) and (Aywp e)n>0 € 2(N).
This allows the introduction of W, = »° - wp c€, €
D(Ay) = D(A.). Moreover, from the definition of b,
given by (4), we have X, = W, + Lu, € D(A.) hence
BX. = uc. Furthermore, since A\,w;, . + a,u. = 0 for
all n > 0, we have from the definition of a,, given by (4)
that A. oWe + AcLue = 0 hence A, X, = 0. Using now

Lemma 1, (8), and the above relations between xz,, . and

. N
Wn,e, We obtain from 0 = 37" 2y cen(1l) + aue — 7e

that W.(1) = r.. Since X, € D(A.) C H*(0,1), we in-
fer that X (1) = W,(1) + [Lu.](1) = re, which provides
the desired reference tracking.

3.2  Dynamics of deviations

Let re,pe € R be arbitrary and consider the different
equilibrium quantities defined above. We can introduce
the dynamics of deviations of the system trajectory with
respect to the considered equilibrium condition. These
deviations are denoted by the symbol “A”. For instance,
AX(t) stands for X (t) — X.. We obtain the following

dynamics of deviation: d(ﬁtx) (t) = AAX(t) + cAX(t —
h(t), BAX (1)

= Au(t), AL(t) = X, Aza(t)en(1) +
ALt — h(t)) — AC(t)} + aAu(t) — Ar(t), Az, (t) =
(AX(t),en) and Aw,(t) = (AW(t),e,) = Az,(t) +
by, Au(t). This yields the following representation for the
closed-loop system dynamics:

AY,(t) = AgAY,(t) + c{AY,(t — h(t)) — AY, ()}

+ ByAp(t) + AT(2), (14a)

Ay (t) = MAxy, (t) + c{ Az, (t — h(t)) — Az, (8)}
+ (an + Anbp)Au(t), n>N+1, (14b)
Au(t) KAY,(t) + Ap(t) (14c)
AY, (1) = AYs o(7), 7€ [—hum,0) (14d)
Az, (1) = (AD(7),e,), T€[=hm,0], n>0 (14e)

4 Stability analysis

The main result of this section is stated as follows.

Theorem 1 Let 0 < h,, < hys be arbitrarily given. Let
N > 0 be such that Ay+1 < —2\/5|c| and consider the
matrices A, and B, defined by (11). Let K € RM*(N+2) pe
such that Ax = Ay, + Bo K is Hurwitz with simple eigen-
values p1, . .., un+2 € C satisfying Re p,, < —3|c| for all
1 < n < N+2. Then, there exist constants k,Co,C1 > 0
such that, for allh € CO(Ry) with hy, < h(t) < hy, @ €
CO([=har, O H), Co € C°([~har,0)), p € C'(Ry), and
r € CO(Ry), the mild solution X¢ = (X, () € CO(Ry;He)
of (2) and (9) with control input (12) satisfies, for all
£>0,

[AX ()] + [AC(E)] + [Au(t)]|

< Coe™™  sup  (|AD()] +[AG(r)])  (15)
TE[—h]w,O]
+Cy sup e T (JAp(T)| + |Ar(T)]) -

T€0,t]

Corollary 2 In the context of Theorem 1, assume that
r(t) = re and p(t) — pe ast — +oo. Then X (t) — X,
and ((t) = (. ast — 400 with exponential vanishing of
the contribution of the initial conditions.

Remark 4 From Theorem 1, one needs to start by se-
lecting the integer N > 0 such that An41 < —2\/5|c\.
This is always possible because A, ~ —an’mw? asn — +00
with a > 0. Then, because of Lemma 2, the feedback
gain K € RYWN+2) can always be computed such that
A = A, + B, K is Hurwitz with arbitrary eigenvalue
assignment. This allows the application of Theorem 1.

4.1 Truncated model

The design of the feedback gain K and the resulting
stability properties of the truncated model (14a) rely
on the following lemma whose proof is identical to [15,
Lem. 8].

Lemma4 Let N > 1,0 < h,, < hyr, A € RVXN and
c € R. Assume that A is Hurwitz with simple eigenvalues
Ui, pn € C such that Rep, < =3|¢| for all 1 <
n < N. Then there exist o,Cy,C1 > 0 such that, for
any zo € CO([—har, 0]; RY), any h € CO(Ry) with h, <
h(t) < har, and any q € CO(Ro; RN), the trajectory of
Ax(t) +c{x(t — h(t)) — =)} + q(t),
zo(7), 7€ [~hn,0]

satisfies, for allt > 0,

lz(®)ll < Coe™"  sup [lzo(T)l] (16)
’T‘e[*hM,O]

+Cy sup e lg(7)].
T€[0,t]

From the assumptions of Thm. 1, Lemma 4 applies to
the truncated model (14a) with initial condition (14d).

4.2 Residual infinite-dimensional dynamics

We now need to investigate the selection of the integer
N > 0 such that the residual dynamics composed of
(14b) and (14e) is exponentially stable.

Lemma 5 Let0 < h,, < hpys and o,Co,C3 > 0 be arbi-
trarily given. Let N > 0 be such that Any41 < —2\/5|c\.
Then, there exist constants k € (0,0) and Cy4,C5 > 0
such that, for all h € CO(Ry) with h,, < h(t) < hy,



® € CO([—ha,0;H), o € CO([—har,0)), p € CH(RS),
r € C°(R,), and u € C*(Ry) such that

[Au(t)] < Coe™"  sup  (JAD(T)|| +|Ado(7)])

TE€[—hn,0
+Cy sup e 7T (|Ap(7)| + [Ar(r)])
T€[0,t]
(17)

forallt > 0, the mild solution X =
of (2) and (9) satisfies for allt > 0

S Az ()P

(X,¢) € CO(R4; He)

n>N+1
<Cue™ sup (|AD(T)] + A (7))
TE[—hM,O]
+Cs sup e 277 (|Ap(r)| + [Ar(T)))*. (18)
T€0,t]

Remark 5 The design constraint Ay11 < —2v/5|c| is
the same as in [15, Lem. 10]. However, the proof reported
therein does not apply in the presence of the boundary per-
turbation p. Indeed, following the lines of [15, Lem. 10],
one gets an estimate similar to (18) but with the occur-
rence of the extra term |Ap(T)| in the term evaluating
the contribution of Ap and Ar. We refine here the stabil-
ity analysis in order to obtain the claimed estimate (18)
inwolving only Ap, and not Ap.

Proof. Let N > 0 be such that Ay < —2\/5|c|. We
define n = —An41/2 > V/5|c| > 0, which is such that
An < Anvy1 = —2n < 0 for all n > N + 1. Note that, in
this proof, we always consider integers n > N + 1. Let
k € (0, min(n, o)) be arbitrarily given and to be speci-
fied later. We introduce, for ¢ > 0, Av,(t) = Az, (t) —
Az, (t — h(t)), yielding

AZp(t) = M Az, (E) —cAvy (8) 4+ (an +Anbn) Au(t) (19)

for all £ > 0. We also consider the series

Se(t) = D Az (B, t > —ha;
n>N+1

Su(t)= > |Av. (B t>0
n>N+1

which are finite because S, (t) < [|AX (¢)||? and S, (t) <
25, (t)+2S,(t—h(t)). Finally, we introduce for any ¢t; <
to and any real-valued and continuous function 1 the
notation Z(¢, t1,t2) = ft2 e 21(t2=7)|4)(7)| d7. We have

2y (tg—t1) _ _
(Z/J»t17t2) < 162(;7—,@21 sup € 2n(t2 T)|¢(T)|
TE[t1,t2]

2n(tg—t1)

and I(w7t17t2)2 < HTI(wzﬂflﬂh)' By inte-
grating (19), we obtain for ¢t > hyy

Amxﬂ::%ﬂﬂm)—l}Ath—h@»

t
+ / A —cAvp (7) + (an + Anbn) Au(r) } d7
t—h(t)

hence, using \,, < —2n,

[Avn (t)] < [Az (t = h(1))] + [e|Z(Avn, t
+ |an|Z(Au,t — h(t),t)

t
An / T Au(r) dr
t—h(t)

- h(t)7 t)

+ [bn]

Since kK < 1 we have |\, ftt_h(t) e (=) Au(T) dT‘ <
2n —r(tr
msupTe[t_h(t),t] e "= Au(r)| because N\, <

—2n < —n < —k < 0. Combining the two latter esti-
mates and using Young’s inequality we obtain

|Av ()|? < 4[Az (t — h(1))|* + 71 |c[*Z(Av;, t = h(t), 1)
+ Y1 lanPZ(Au? t — h(t),t)
16772 2
+ — by sup
(2n — H)Ql | relt—h(6).4]
for all t > hjps where v = %(1 —
n > N + 1, we obtain for ¢t > hj

6—25(1&—7') |Au(7‘) |2

e~2mha) . Summing for

Sy(t) < 4S,(t — h(t)) +y2(k)|c]?>  sup e TG (1)

TE[t—h(t),t]

+7v3(k)  sup e 2k(t=7) |Au(T)|?
TE[t—h(t),t]
where ¢ = AL, b = —L1, y(k) = m(l —

—217hm)(1 — e 2=®ha) and y3(k) = va(k)||all® +
(2}76"5 2 |[b||?. This implies that, for all t > hyy,

sup €278, (1) < 4e* M gup
TE[hnm 1] TE[0,t—hum]

+’72(K)|C|2 sup 625751)(7')—1—73(,%) sup 62’”|Au(7)|2.
T€[0,¢] T€[0,t]

e TS, (1) (20)

Integrating now (19) on [0, ¢] for ¢ > 0, using again A\, <
—2n, and proceeding as in the previous paragraph, we
infer that, for all ¢ > 0,

Se(t) < 46_2Ht31(0) + 74(/@')|c|2 sup e_zﬁ(t_T)Sv(T)

T€[0,t]
+5(k) sup e 2| Au(r)[? (21)
T€[0,t]
where (k) = e and (k) = u(s)lal® +
(2176:7;)2”()”2. Combining (20-21) and noting that

S.(0) < ||A®(0)|?, we obtain for t > hy,

sup  €2°7S, (1) < 16e* || Ad(0)]|?
TE[h[\/],t]



+¢(k) sup 62"”81,(7')—&—76(&) sup 62"”\Au(7')\2
7€[0,t] T€[0,t]

with v6(k) = v3(k) + 42" v5 (k) and

&(k) = ya(r)|c® + 4€* "M yy(k)|c|?
EE

D)

Recalling from the design constraint Ayy; < —2\/5|c|
that n > v/5|c|, we have 5|c|?/n? < 1. Hence, a con-
tinuity argument at x = 0 shows the existence of k €
(0, min(n, o)) such that 0 < &(k) < 1. We fix such a
k € (0,min(n, o)) for the rest of the proof. Since all the
considered supremums are finite, we deduce from the
latter estimate that, for all t > hyy,

16e2rhar

sup ¥ 78, (1) < |[AD(0)]? (22)
T€h,t] 1- 5
13 Ve

sup €278, () +

2KT 2
— sup e“"T|Au(r
1 =& rejo.hu] [Au(r)]

1- f T€[0,t]

where we dropped the dependency of g, £ on the param-
eter k which is now fixed. To conclude the proof, we need
to estimate the term sup, ¢ (o ; €275, (7) for ¢ € [0, has].
From the definition of S, we have, for any t € [0, has],
SUP, (g, €75y (T) < 4e2rhm SUD e[ h 1 Sz(T). From
(14b) and recalling that n > N + 1 with A\, < —2n <
—2v/5|c|, we have A, —c < A\, +¢] < —(2v/5—1)|¢| <0
hence

{462Rh1\/1 4 (1 _ e—QT]hM)(l _ e—Q(T]—H)hM)} .

[ Az ()] < |Azn (0)] + IC\/W\//O | Az (T = h(7))[?d7

+ (Janlhar + [ba]e!17) sup |Au(T)]
T€[0,t]

for all ¢t € [0, hps]. Using Young’s inequality and sum-
ming for n > N + 1, we obtain

S, (t) < 38,(0) + 3|c|*h3, sup Sz (7)
Te[_hM7t_h7n]

+6([lall*h3; + [[b]7€*9") sup |Au(r)[?
T€[0,t]

for all ¢ € [0, hps]. This implies, for all ¢ € [0, hypy],

sup Sp(7) <3(1+cl*hi;)  sup [|AD(7)?
T€[0,t] TE[—har,0]
+ 3|c\2hﬁ4 sup Sz(7)

7€[0,max(t—hm,0)]

+6(]|al*h3y + (bl ) sup |Au(r)[.
T€[0,t]

By a simple induction argument (since h,, > 0), we ob-
tain the existence of a constant 7 > 0 such that, for all

t € [0, harl, sup,ejo, Sz(T) < V75D ey, 0 IAR(T)*+
V7 SUPr¢(0,4] |Au(7)|?. We deduce (see beginning of
this paragraph) the existence of a constant vg > 0
such that, for all ¢ € [0,har], sup,¢jg €7 Su() <
V8 SUP e[y 0 IAR(T)]* + 78 5up epo €| Au(T)[?.
Combining this latter estimate with (22), we infer the
existence of a constant g9 > 0 such that, for all t > 0,

sup €78, (1) <y sup [JAD(7)|]? (23)
7€(0,t] T€[—hn,0]

+79 sup €| Au(T)|%
T€0,t]

Substituting this estimate into (21), we obtain the
existence of a constant y;9 > 0 such that, for all
t > 0, Su(t) < y0e 2 sup ei_p,, 0 IAR(T)]* +
Y10 SUP,¢[0,4] e~ 2(=7)|Au(T)[|?. The claimed estimate
(18) now directly follows from the assumption that u
satisfies (17) and the fact that 0 < k < 0. O

4.8  Completion of the proof of Theorem 1

By applying first the result of Subsection 4.1 and
then the result of Subsection 4.2, the claimed estimate
(15) follows from |AC(t)] < ||AYL(D)], |AX ()] <

|AY, () + \/Zn2N+1 |Az,(t)]?, and (14c). This com-
pletes the proof of Theorem 1.

5 Setpoint regulation assessment

We now address the setpoint regulation of the closed-
loop system for classical solutions.

Theorem 2 Under the assumptions of Theorem 1,
and for the same constant x > 0, there exist con-
stants Ca,C3 > 0 such that, for all h € C1(Ry) with
hm < h(t) < hp and so that t — ¢ — h(t) crosses
0 a finite number of times, ® € C([~has,0];H) with
®(0) € D(A), ¢ € CY[~har,0)), p € C*(Ry), and
r € CYR,), all such that the compatibility condition
(13) holds, we have, for allt > 0,

[XOI1) —r(t)] < (24)

Coe™ { sup  ([|A®(7)[| + [Alo(7)]) + ||AcA‘I’(0)||}
TE[—h,0]

+Cs st[lp]e"‘“‘” (I1Ap(T)] + |Ap(T)[ + [Ar(T)])
T€(0,t

Corollary 3 In the context of Theorem 2, assume that
r(t) = re, p(t) = pe, and p(t) — 0 ast — +oo. Then
[X(®)](1) = r. as t = 400 with exponential vanishing
of the contribution of the initial conditions.

Proof of Theorem 2. Recalling that, for classical so-
lutions, W(t) = X(¢) — Lu(t) € D(A.yp), and since



W, = X. — Lu, € D(Aug) with X, (1) = W.(1) = r,
we have [[X (5](1) — r(t)] < [WH)(1) = r| + |Ar(2)] <
[[AW (£)](1)| + |Ar(t)|. To obtain (24), we only need
to investigate the term |[[AW(t)](1)|. To do so, since

An ~ —an’m? as n — 400, let § > 0 and an integer

M > N be such that A\, < —(2k 4+ ) < 0 and |\,| <
|An|? for all n > M + 1. Then we have |[AW (#)](1)| =

M
Sso Mun(en ()] < /SEL e IAW ()] +
en 2
\/En2M+1 | IAi)\| \/En>M+1 [Anl|Aw, (t)|> where it
can be seen from \,, ~ —an?r? and e, (1) = O(1) asn —
2

+oo that 32, 550y ‘ET;ifl < 00. From Theorem 1 and
since AW (t)|| < |AX ()| + || L|||Au(t)], we only need
to study the term >° o\ [An|[Aw, () to conclude
that (24) holds. In the sequel we always consider integers
n > M + 1. From (14b) and recalling that Aw,(t) =
Az, (t) + byAu(t), we have for ¢ > 0 that Aw,(t) =
AnAwy, (1) —cAvy, () +an Au(t) +b, Ad(t) with Av, (t) =
Az, (t)— Az, (t—h(t)). Then we obtain after integration
on [0,t] that \/|\.||Aw,(t)] < et/ |A,]|Aw, (0

le| T n(t) + |an|Ton(t ) + |bp| Tz n(t) for all ¢ > 0 and
n>M+1W1thJ1n = /|l fot A=) Aw, (1)] dr,
Ton(t) = /Al [ e A =D |Au(r)|dr, and J3n0(t) =
VA fg e (t= T)|Au( )ldr. Using A, < —(2r +
§) and |\, JAn|? for all n > M + 1, we ob-
tain that Jy,(t) < \/fot e=(25+0)(t=7)| A, (7)[2 dr,
Jan(t) < 2sup, iy e " DAu(r)|, and Js,(t) <
28Up, ¢4 e *=7)|Au(r)|. Combining the four latter
inequalities, using next Young’s inequality, and finally
summing for n > M + 1, we obtain that

—-

> AnllAw, (1) < dem 2

n>M+1

S Al A, (0)

n>M+1
t

+4|c|2/ e~ 2rto)(t—7) Z |Av, (1)]? dT
0 n>M41

+16||al|* sup e 2* (t77)|Au(T)|2
TE[ ]

+16||p))? sup e 27| Au(r)[?
T€0,t]

forallt > 0.Since M > N,wehave )5 -/, [Ava(7)]? <
Sy (7). Hence, we obtain from (23) that

t
/e_(2“+5)(t_7) Z |Avn(7')|2d7'§
0

n>M+1

B2t qup [ AD(T)]?
4] r€[—hnt,0] rel0.4]

The two latter inequalities imply the existence of a con-

+? sup 672”(t77)|Au(7)|2

stant 17 > 0 such that

1
— 3 PallAwa (b2 < (25)
Y11 n>MA1

N Pl Awn (0) + e sup [ AR(r)?

n>M41 TE[*h}u,O]

+ sup e 2| Au(r)]2 4+ sup e 2T | Au(r)|?
T€[0,t] T€[0,]

for all t > 0. Since AW (0) € D(A.0) and |A,| < [A,]?
foralln > M+1, wenote that Y-, < 1.1 [An]|Aw, (0)]* <
[Aco AW O)[I < 2[AAX(0)[* + 2| AL]?|Au(0)[
with AX(0) = A®(0) and |Au(0)] < || K||||AY,L(0)] +
[Ap(0)] < [[K|[([[A®(0)[| + |AC(0)]) + |Ap(0)]. To con-
clude the proof, it is sufficient to study the two last terms
of (25). The estimation of the term involving Au imme-
diately follows from (15). Hence, only the term involving
A4 needs to be investigated. From (14a) and (14c), we
have, for all ¢ > 0, [Au(t)| < [|K[|[|AYa(t)]| + [Ap(1)]
with JAY, ()| < [|[Ax — cI|[[[AYa(®)] + [el|AYa(t -
h(E) || + || Ball|Ap(t)| + |Ar(t)|. The claimed conclusion
now follows from [|AY,(7)]] < |AX(7)]] + |A{(7)| for
T > —hy and (15). O

Remark 6 In the context of Theorem 2 dealing with
classical solutions, the stability result stated by The-
orem 1 can be strengthen as follows. First, it can
be shown similarly to [19, Eq. 42] that ||f'|? =

—cot(0)[f(1)* + HCIIfIIQ 1Zn>o/\ [(f.en)|? for

any f € D(Acp). Conszdermg classical solutions, we
can apply this identity to AW (t) € D(A.o) where
we note that estimates of ||AW (t)|| and |[[AW(t)](1)]
are provided by Theorem 1 and Theorem 2, re-
spectively, while the series Y., <o |Anl|Aw,(t)]? has
been evaluated in the proof of Theorem 2. Since
AX(t) = AW(t) + LAu(t) € D(A.) C H?(0,1) with
ILAu@®))|| = Z|Au(t)], we infer that [[AX(1)]]],
and hence ||AX ()| 50,1y, is upper bounded by a term

similar (i.e., with different constants C;) to the right-
hand side of (24). If we further make the assump-
tions of Corollary 3, we obtain that X (t) converges in
H'(0,1) norm and hence, by the continuous embedding
H(0,1) c C°([0,1]), in L*>° norm to X, whent — +oo.

6 Robustness with respect to delay mismatches

In the previous sections, we have assumed the perfect
knowledge of the state-delay h. This was used to build
the dynamics of the integral component ¢ given by (9).
In this section, we discuss the robustness of the proposed
control strategy with respect to delay mismatches. As-
sume that we dispose of an estimate h of the actual de-
lay h such that |h — h| < & for some constant § > 0. In
this case, we replace the integral component (, originally



defined by (9), by the following dynamics:

N
C(t) = wa(t)en(1) + c{C(t = h(t) = ()} (26a)
n=0

+ au(t) —r(t), (26b)
(1) =Co(r), 7€][—hum,0] (26¢)

Assuming that h satisfies the same assumptions as h, the
only difference comparing to the previous developments
occurs in the study of the truncated model. More pre-
cisely, the closed-loop truncated model, originally given
by (14a) and (14d), becomes:

AVi(t) = A AV, (1) + fAYa(t — (1)) — AV (1))
+ EAAY, (6~ b)) — AYa(t — b))
+ B, Ap(t) + AT'(t)

AY, (1) =AY (1), 7€ [—hm,0]

(27a)
(27b)

with E, = diag(0,...,0,¢) € RIN+DX(N+2) Proyided
a suitable choice of the feeback gain K, the existence
of a maximal delay mismatch 6 > 0 such that (27) is
exponentially ISS with respect to the exogenous signals
Ap and Ar follows from the following lemma.

Lemma 6 Let N > 1,0 < hy, < hy, A, E € RVXN
and ¢ € R. Assume that A is Hurwitz with simple eigen-
values p1,...,un € C such that Re p,, < —3|c| for all
1 < n < N. Then there exist constants 0, 0,Cg,C7 > 0
such that, for any xo € C°([~har,0;RY), any h; €
CO(Ry) withi € {1,2,3}, hym < hi(t) < hay, and |hy —
hs| <9, and any G € CO(R,;RY), the trajectory of

#(t) = Ax(t) + e {z(t — ha(t)) — 2(t)} (28a)
+E{a(t — ha(t)) — x(t — hs(t))} +4(t),

x(t) =2o(7), 7€ [~hun,0] (28b)
satisfies the estimate ||z(t)|| < Cee™"  sup  ||zo(7)|+
TE[—hNJ,O]
Cy sup e~ 7= |G(7)| for allt > 0.

T€[0,t]

Hence, proceeding exactly as in the previous sections, we
obtain the existence of a constant § > 0 such that, when
replacing the definition (9) of the integral component ¢
by (26), the conclusions of Theorems 1 and 2 still hold
true ? for any estimated state-delay h satisfying the same
assumptions as h and with |h — h| < 4.

Proof. Introducing vy (t) = z(t) — x(t — hy(t)), v2(t) =
z(t — ha(t)) — z(t — ha(t)), and q(t) = Eva(t) + (¢),
we obtain from Lemma 4 that (16) holds. Since A is
Hurwitz, we can assume that the constant ¢ > 0 involved

2 With constants C; of the estimates (15) and (24) that are
independent of a particularly selected h.

in the latter equation (16) is further selected such that
leAt]| < Me=t for all t > 0 and for some constant
M > 1. Integrating (28) over either [t — h3(t),t — ha(t)]
if hg(t) Z h2 (t) or [t—hg (t)7t—h3 (t)] if hg (t) Z hg,(t) for
t > hjpr, and combining these estimates, we obtain that

sup €77 [[ua(7)|| < {14 = 1}e7™ sup €77 ||z (7)]|
T€hm ] T€[0,t]
—|—6M|c\e"hM sup €77 vy (7)||
T€[0,t]
+ OM|E[[e”"™ sup e [[va(7)]|
T€[0,t]

+3Me”" sup e”7||g(7)]|
T7€[0,t]

for all ¢ > hp. From (16), the identity vi(t) =
z(t) — x(t — h1(t)), and based on a small gain argu-
ment, we can fix § > 0 small enough (independently
of xg, h;, and §) to obtain the existence of a con-
stant y12 > 0 such that sup,cp,, g€ [lv2(7)]] <

Y12 SUP-c[—py, 0] [T0(T) | + Y12 8UP (0, p,,1 €77 ll02(T) || +
Y12 SUp,¢po, €77 [|G(7)|| for all t > hps. Recalling that
va(t) = x(t — ha(t)) — x(t — hs(t)), one can estimate
for t € [0,hn] the term sup gy e [lva(7)| from
(28) and the use of Gronwall’s inequality. Combining
with the latter estimate, we obtain the existence of
a constant y13 > 0 such that sup, g4 e [[va(7)] <

V13 SUP- e[~y 0] [T0(T) ] + Y13 SUP-co, €77 [1G(T)]| for
all t > 0. Since ¢(t) = Eva(t) + ¢(t), the substitution of
the latter estimate into (16) completes the proof. O

7 Simulation results

We set @ = 0.2, b = 2, ¢ = 1, and § = 7/3. The
first eigenvalues of A.o are approximately given by
Ao ~ 2301, \; =~ —1.668 > —2v5|c|, and Ny =~
—9.567 < —2v/5|c|. Hence we set N = 1. The feedback
gain K € R'*3 is computed such that Ax = A, + B, K
is Hurwitz with simple eigenvalues p; = —4, g = —5,
w3 = —6, selected so that p, < —3|c|. The initial condi-
tions of the plant and the integral component are set as
é(1,x) = 10cos(3n7)z(1 — )% and (o(7) = cos(377)¢,
where (, € R is selected such that (13) holds. The nu-
merical scheme consists of the modal approximation of
the reaction—diffusion equation using its first 40 modes.

The behavior of the closed-loop system composed of (2),
(9), and (12) is illustrated for the time varying delay
h(t) = 1+ % sin(57t + m/4) and the boundary perturba-
tion p(t) as shown in Fig. 1(d). The results are depicted
in Fig. 1. During the 10 first seconds we observe that the
control law achieves the stabilization of the closed-loop
system: both the state and the regulated output con-
verge to zero in spite of a constant perturbation p(¢) = 1.
Then, in order to evaluate the setpoint tracking capa-
bilities of the system ouput (see Thm. 2), the reference
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Fig. 1. Time evolution of the closed-loop system

signal is set as r(t) = 5 for ¢ > 20s after an oscillatory
transient. In conformity with the tracking estimate (24),
we observe that the control strategy ensures the setpoint
tracking of the reference signal r(¢) by the right Dirich-
let trace y(t,1). Around ¢t = 30s, the boundary pertur-
bation p(t) increases to reach (approximately) the value
of 25 and then decreases to converge to the value of 6.
It is seen that the impact of this perturbation on both
the state trajectory and the regulated output are suc-
cessfully eliminated due to the presence of the integral
component.

Finally, Fig. 2 illustrates the impact of delay mismatches
on the closed-loop system performance. Here we set h =
1 while considering increasing values for the actual delay
h € {1,2,3,4}. The boundary perturbation is set as
p = 1. As expected, we observe a smooth degradation of
the performances of the resulting closed-loop system.

8 Conclusion

This paper has investigated the boundary PI regulation
control of a reaction-diffusion equation in the presence
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Fig. 2. Impact of delay mismatches

of a state-delay in the reaction term. Our modal-based
approach ensures the stability of the resulting closed-
loop system as well as the setpoint regulation of the
right Dirichlet trace. Future research directions may be
concerned with extensions to the PI regulation control of
either linear wave equations or semilinear heat equations
in the presence of a state-delay.
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