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1. Introduction

Sampled-data feedback control is a well-studied topic for finite-
dimensional systems due to the fact that modern control systems
employ digital technology for the implementation of the controller
(see for instance Fridman, Seuret, and Richard, 2004; Herrmann,
Spurgeon and Edwards, 1999; Karafyllis and Kravaris, 2009;
Karafyllis and Krstic, 2012a; Karafyllis and Krstic, 2012b; NeSi¢
and Teel, 2001; NeSi¢, Teel, and Carnevale, 2009; Sontag, 1998 and
the references therein). However, for infinite-dimensional systems
there are few results on sampled-data feedback control. Most of the
available results deal with delay systems (see Fridman & Dambrine,
2009; Karafyllis & Krstic, 2016; Pepe, 2014, 2015a, b, 2016; Seuret,
Fridman, & Richard, 2005). For systems described by Partial Dif-
ferential Equations (PDEs) the design of sampled-data feedback
control is a major challenge because of the technical difficulties
involved: even the notion of the solution of a PDE under sampled-
data feedback control has to be clarified. Sampled-data controllers
for parabolic systems were designed by Fridman and coworkers in
Bar Am and Fridman (2014), Fridman and Bar Am (2013), Fridman
and Blighovsky (2012) and Selivanov and Fridman (2016) by using
matrix inequalities. In the context of abstract infinite-dimensional
semigroup theory (see Curtain & Salamon, 1986; Tucsnak & Weiss,
2009), the major works (Logemann, Rebarber, & Townley, 2003;
Rebarber & Townley, 2006) provided necessary and sufficient con-
ditions for sampled-data control of general infinite-dimensional

* The material in this paper was not presented at any conference. This paper was
recommended for publication in revised form by Associate Editor Emilia Fridman
under the direction of Editor Ian R. Petersen.

E-mail addresses: iasonkar@central.ntua.gr (1. Karafyllis), krstic@ucsd.edu
(M. Krstic).

https://doi.org/10.1016/j.automatica.2017.10.006
0005-1098/© 2017 Elsevier Ltd. All rights reserved.

systems under periodic sampling. The results in Logemann et
al. (2003) and Rebarber and Townley (2006) were extended in
the case of “generalized sampling” in Logemann, Rebarber, and
Townley (2005) and Townley, Rebarber, Zwart, and Oates (1996).
Approximate models of infinite-dimensional systems were used
in Tan, Trelat, Chitour, and NeS3i¢ (2009) for practical stabiliza-
tion. Sampled-data feedback control for hyperbolic age-structured
models was proposed in Karafyllis and Krstic (2017b).

In the linear finite-dimensional case, there are results that guar-
antee closed-loop exponential stability for continuous-time linear
feedback designs when applied with Zero-Order-Hold (ZOH) and
sufficiently small sampling period (see for instance Herrmann et
al., 1999; Karafyllis & Kravaris, 2009; NeSi¢ & Teel, 2001; NeSi¢ et
al., 2009). The results deal with the globally Lipschitz case (which
contains the linear case as a subcase) and the application of the
continuous-time feedback under ZOH is called the “emulation”
sampled-data feedback design.

A general robustness result that guarantees closed-loop ex-
ponential stability for continuous-time linear boundary feedback
designs when applied with ZOH and arbitrary (not necessarily
periodic) sampling schedules of sufficiently small sampling period
is missing for the case of linear parabolic PDEs. The present work is
devoted to the development of such general results for continuous-
time boundary feedback controllers. We consider two different
boundary feedback designs for linear parabolic PDE models:

e the “Reduced Model Design”, originally proposed in Trig-
giani (1980) and later studied in Cerpa (2010), Christofides
(2001), Lasiecka and Triggiani (1983), Lasiecka and Triggiani
(2000), and

e the “Backstepping Design”, developed in Krstic and
Smyshlyaev (2008) and Smyshlyaev and Krstic (2004).
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In each of the above cases, we prove that there is a sufficiently
small sampling period, such that the closed-loop system preserves
exponential stability under sample-and-hold implementation of
the controller (Theorems 3.2 and 3.3). In other words, we prove
that emulation design works for the case of linear parabolic PDEs
with boundary feedback. The derived exponential stability esti-
mates are expressed in appropriate weighted L> norms of the state
and (conservative) upper bounds for the sampling period are de-
rived. Finally, robustness with respect to perturbations of the sam-
pling schedule is established, exactly as in the finite-dimensional
case.

Summarizing, the contributions and novelties of the present
work are:

o the derivation of explicit formulas for sampled-data feed-
back stabilizers, which are based on the emulation of the
reduced model boundary feedback design or the emulation
of the backstepping boundary feedback design; to this pur-
pose no special assumptions are employed except of the
basic assumption that the corresponding continuous-time
controller works for continuously adjusted inputs,

e the clarification of the notion of the solution of a parabolic
PDE system under sampled-data control (Section 2),

e the derivation of estimates for the maximum upper diame-
ter of the sampling schedule that can be used for practical
purposes (Section 3.3),

e the consideration of arbitrary (non-uniform, non-periodic)
sampling schedules, which guarantees robustness with re-
spect to uncertainties of the sampling schedule.

The above features cannot be found in the existing literature.
For example, in Logemann et al. (2003) and Rebarber and Town-
ley (2006) the authors consider sampled-data control of abstract
infinite-dimensional control systems, which include parabolic PDE
systems with boundary control inputs. However, the results in
Logemann et al. (2003) and Rebarber and Townley (2006) are
dealing only with uniform sampling schedules and no estimates for
the magnitude of the sampling period are provided. The results in
Logemann et al. (2003) and Rebarber and Townley (2006) are based
on certain assumptions for certain transfer functions, whose veri-
fication for either the reduced model boundary feedback design or
the backstepping boundary feedback design is highly non-trivial.
Similar comments apply for the results in Logemann et al. (2005)
and Townley et al. (1996).

The methodology for proving the main results of the present
work is very different for each boundary feedback design. The
reason for the difference in the proofs is that the reduced model
design and the backstepping design are very different (although
they look similar; see Section 3.3 for additional explanations). An-
other thing that should be emphasized at this point is that a general
Lyapunov-like proof that can work for every linear parabolic PDE
under a linear stabilizing boundary feedback is not available and
may not exist (contrary to the finite-dimensional case; see for
instance Herrmann et al., 1999; Karafyllis & Kravaris, 2009; Nesi¢
& Teel, 2001; Nesic et al., 2009): the effect of the boundary input is
expressed by unbounded linear operators. Consequently, the effect
of the difference between the continuous-time feedback and the
applied control action (the input holding error) is also expressed
by linear unbounded operators, which makes a Lyapunov-like
analysis of the closed-loop system difficult. This issue does not
appear in the finite-dimensional case, where the effect of the input
holding error can be studied by means of a Lyapunov function for
the closed-loop system, as if the input holding error were an exoge-
nous disturbance. It should be noted here that unbounded linear
input operators are considered in abstract infinite-dimensional

semigroup theory (see Curtain & Salamon, 1986; Tucsnak & Weiss,
2009), where linear parabolic PDE systems are also studied.

The structure of the present work is as follows: Section 2 is
devoted to the presentation of the problem and the clarification of
the notion of the solution for a parabolic system under boundary
sampled-data control. Section 3 provides the statements of the
main results (Theorems 3.2 and 3.3) as well as a discussion of the
main results. The proofs of the main results are provided in Section
4. A simple illustrating example is presented in Section 5. The
concluding remarks are provided in Section 6. Finally, Appendix
contains the proofs of all auxiliary results.

Notation. Throughout this paper, we adopt the following nota-
tion.

* N, := [0, +00). ZT denotes the set of all non-negative integers.
* Let U C N" be a set with non-empty interior and let 2 € % be a
set. By CO(U ; £2), we denote the class of continuous mappings on
U, which take values in £2. By CX(U ; £2), where k > 1, we denote
the class of continuous functions on U, which have continuous
derivatives of order k on U and take values in £2.

* For a vector x € R™, x’ denotes the transpose of x. For real
numbers a;, i = 1,...,m, diag(ay, aa, ..., a,) denotes the diag-
onal square matrix with aq, a,, ..., a, on its main diagonal. For
a matrix W € Q™™ the matrix norm |W/| is given by |W| =
max{ |[Wx|:x e W™, |x| = 1}.

* Letr € CO([0, 1]; (0, +00)) be given. [2(0, 1) denotes the equiv-
alence class of measurablelfunctlons f :[0,1] — N for which

/2
Ifll, = (fo z)| dz) < +oo. LZ(O 1) is a Hilbert space

with inner product f,g) fo (z)f(z)g(z)dz. When r(z) = 1,
we use the notation [(0, 1) for the standard space of square-

1/2
integrable functions and |f|| = (fol [f(z)lzdz) < oo for
f € (0, 1). For an interval I € 9, the space C°(I; [2(0, 1)) is
the space of continuous mappings I > t — u[t] € [0, 1).

* Letx : My x [0, 1] — N be given. We use the notation x[t] to
denote the profile of x at certaint > 0, i.e., (x[t])(z) = x(t, z) for all
z € [0, 1].

% H?(0, 1) denotes the Sobolev space of continuously differentiable

functions on [0, 1] with measurable, square integrable second
derivative.

2. The notion of the solution for a parabolic system under
boundary sampled-data control

Consider the Sturm-Liouville operator A : D — L2(0, 1) defined

by
d
e = -2 ( @2 )) + @),
r(z) dz r(z)
forallf e Dandz € (0, 1) (1)

where p e CY([0, 1]; (0, +00)), r € C°[0, 1]; (0, +00)), q €
C°([0,1]; ;®) and D < H2([0, 1]) is the set of all functions f :
[0, 1] — N for which

blf(0)+b23l(0) =mf(1 )+azdf( 1)=0 (2)

z dz

where ay, ay, b1, b, are real constants with |a;| + |az| > O, |b1| +
|b;| > 0. The following fact is a direct consequence of Chapter 11
in Boyce and Diprima (1997) and pages 498-505 in Naylor and Sell
(1982).

FACT: All eigenvalues of the Sturm-Liouville operatorA : D —
12(0, 1), defined by (1), (2) are real. They form an infinite, increas-
ing sequence A < Ay < ... < Ap < ...Withlim,_ . (1) = +00.
To each eigenvalue A, € % (n = 1,2,...) corresponds exactly
one eigenfunction ¢, € C%([0, 1]; %) with unit norm that satisfies



228 I. Karafyllis, M. Krstic / Automatica 87 (2018) 226-237

Adn = hnthn and b1hs(0) +b; %2(0) = arhn(1) + a2 %2(1) = 0. The
eigenfunctions form an orthonormal basis of LE(O, 1).

In the present work, we make the following assumption for
the Sturm-Liouville operator A : D — Lf(O, 1) defined by (1),
(2), where ay, ay, by, b, are real constants with |a;| + |az] > 0,
|b1| + |b2| > 0.

(H): The Sturm-Liouville operator A : D — L?(O, 1) defined by (1),
(2), where ay, ay, by, b are real constants with |a{| + |ay| > O,
|bi| + |b2| > 0, satisfies

o0
> A max (g(2)l) < +oo,
n=N =7
for certain N > O with Ay > 0. (3)
Assumption (H) holds automatically when the functions p, r, q

are smooth (see Orlov, in press).
We consider the following control system

ox 1 d 0x q(z) _
g(f,z) Tz (P(ﬂ&(ﬁﬂ) + @X(f, z)=0,
forz € (0, 1) (4)

bix(t, 0)+b2 (t, )—u(t)=0, (5)

where x[t] is the state and u(t) is the boundary control input. More
specifically, we consider system (4), (5) under boundary sampled-
data control with ZOH:

0x
(t 0) = ax(t, 1)—|—a28

u(t) = u;, fort € [1;, i41) and forall i € Z* (6)

where {7; > 0,i=0,1,2,...}isan increasing sequence (the se-
quence of sampling times) with 7o = 0, lim;_, , , (7;) = +00 and
{uieM, i=0,1,2,...}isthe sequence of applied inputs.

In order to study system (4), (5) under boundary sampled-data
control, we first need to clarify the notion of the solution for this
system. To this purpose the following theorem is a crucial result.
Theorem 2.1 deals with time-varying inputs, while only piecewise-
constant inputs are considered in the present work. Therefore,
Theorem 2.1 can be used for many other purposes (e.g., when the
input is a boundary disturbance). Its proof is given in Appendix.

Theorem 2.1. Consider the Sturm-Liouville operator A : D —
[2(0, 1) defined by (1), (2), where ay, ay, by, b, are real constants
with |a{| + |az| > O, |by| 4+ |bz| > 0, under Assumption (H). Let
T > 0 be a constant and let u : [0, T) — R be a right continuous
function which is C? on (0, T) with all meaningful right and left limits
of u(t), u(t), ii(t) when t tends to 0 or T being finite. Then for every
Xo € L(0, 1), there exists a unique mapping x € C° ([0, T]; L3(0, 1))
satisfying x € C'((0, T) x [0, 1]), x[t] € C3([0, 1]) for all t € (0, T],
Xx[0] = xo and

X 2y - ii(p(z)a"( ))+@x(t =0,

ot (z) 8z 0z (2)
forall (t,z) € (0,T) x (0, 1) (7)
bix(t, 0)+b2—(t 0) = ax(t, l)—i—azg (t, 1) —u(t) =0,
forallt € (0, T). (8)

Having clarified how the solution can be constructed in an
interval, we are in a position to obtain the solution of system (4),
(5) under boundary sampled-data control. The following corollary
is a direct consequence of Theorem 2.1 (applied in a step-by-step
process).

Corollary 2.2. Consider the Sturm-Liouville operator A : D —
Lf(O, 1) defined by (1), (2), where ay, ay, by, by are real constants

with |a;| + |az] > O, |bi] + |b2] > 0, under Assump-
tion (H). Let {7; >0,i=0,1,2,...} be an increasing sequence
of sampling times with tg = 0, limj_ o (t;j) = +o00 and
let {ujeN, i=0,1,2,...} be a sequence of applied inputs. Then
for every xo € Lf(O, 1) there exists a unique mapping x €
C (My; L2(0, 1)) satisfying x € C'(I x [0, 1]), x[t] € C*([0, 1]) for
allt > 0, x[0] = xg, and

My 2 (p(z)gl‘(r,z)) L 9@ =0,

ot r(z) 9z r(z)
forall(t,z) el x (0, 1) (9)
bix(t, 0)+bzg (t,0) = aqx(t, 1)+a2 (t, 1) —u(t) =0,
forallt el (10)

where =R\ {t; >0,i=0,1,2,...}and u(t) satisfies (6)

It should be noticed that exactly as in the finite-dimensional
case the solution of the system is continuous at each time in-
stant and differentiable only in the open intervals that are formed
between two consecutive sampling times. However, the solution
mapping is only continuous as a mapping in L2(0, 1). The solution
will not be (in general) a continuous mapping in L*°(0, 1) in the
case of Dirichlet actuation (i.e., if a, = 0) and if the sequence
of applied inputs is not constant. It is therefore clear that in the
infinite-dimensional case, the choice of the state space is crucial
for the appropriate notion of the solution.

3. Stability under sampled-data implementation
3.1. Emulation of the reduced model design

The reduced model boundary feedback design is a method
proposed in Cerpa (2010), Christofides (2001), Lasiecka and Trig-
giani (1983), Lasiecka and Triggiani (2000) and Triggiani (1980)
in which all unstable eigenvalues of the Sturm-Liouville operator
A:D — (0, 1)defined by (1), (2) are included in the linear finite-
dimensional system (the reduced model)

Xn(t) + AnXn(t) = guu(t),n=1,...,m (m
20 (axgu(1) = @ 42(D) # 0(n = 1.,
are real constants, g = (g1,...,8») € N and x(t) =

€ N™. The fact that the constants g, :=

(x1(t), ..., Xm(0))
b <a2¢n( )— di”(l)) (n=1,...,m)are not zero is a direct

~—

where g, =

3

2+ 2
consequence of the boundary condition a;¢,(1) + a, d¢”( 1)=0
(otherwise we would have ¢,(1) = d%(l) = 0 and consequently,
¢n(z) = 0). The integer m > 1 is selected to be sufficiently large
so that A, > 0. For systems of the form (11) the following result
holds.

Lemma 3.1. Let m > 0 be aninteger and let .1 < Ay < ... < Ap,
g #Z 0(n = 1,...,m) be given constants. Then system (11) is
controllable.

The continuous-time feedback is selected to be u(t) =
[ 1(2) (C5 kii(2)) x(t, 2)dz, where k = (ki, ..., kn) € 9"
is a vector for which the matrix diag(—Xiq, ..., —An) + gk’ is
Hurwitz. The following result shows that the boundary sampled-
data feedback law obtained by the emulation of the continuous-
time reduced model design works.

Theorem 3.2. Consider the Sturm-Liouville operator A : D —
L2(0, 1) defined by (1), (2), where ay, da, by, by are constants with
lai| + |laz| > 0O, |b1| + |b2] > 0, under Assumption (H). Let m > 1 be
an integer so that A1 > 0. Let k = (kq, ..., kn) € R™ be a vector
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for which the matrix diag(—A1, ..., —Am) + gk’ is Hurwitz, where

£=(g1....6n) € W andg, := HL, (azqsn( )— @ %) #0
forn = 1,..., m. Then there exist constants G,c, T > 0 such that
for every increasmg sequence {t; >0,i=0,1,2,...}withtg =0,

sup (i1 — 1) < T,lim;_, 1 (1) = +o00 and forevery xy € [2(0, 1)
i>0

the unique mapping x € C°(%;12(0, 1)) satisfying x € C'(I x
[0, 1]), x[t] € C?([0,1]) for all t > 0, x[0] = xo, (9), (10) with
=R \{t>0,i=0,1,2,...}and

u(e) =/ z)(ka ) X(t, 2z,
0

fort € [1;, 1iy1) and foralli € Z7, (12)

satisfies the following estimate

Ix[t]ll; < Gexp (—ct) lIxoll, , forallt > 0. (13)

3.2. Emulation of the backstepping design

Here, we focus for simplicity reasons on the following control
system

0x 9%x
E(Lz):p@(nz)_q(z)x(taz)’ (14)

bqx(t,0) + bz o (t 0) = x(t, 1) —u(t) =0, (15)
where q € CO([O, 1; M), p > 0,bq, b, € N are constants with
|bi1| + |b2| > 0, x[t] is the state and u(t) is the control input.
Indeed, there exists a transformation that brings system (4) to the
form (14) (see page 44 in Krstic and Smyshlyaev, 2008). The reason
for considering only the Dirichlet actuation case will be explained
shortly.

Theorem 2 in Smyshlyaev and Krstic (2004) guarantees for
every ¢ > 0 the existence of functions K,L € C*([0, 1]*) such
that the Volterra transformation

y(t,z) =x(t,z) — /Z K(z, s)x(t, s)ds,
0

forall (t,z) € %y x [0, 1] (16)

with inverse

X(t.2) = y(t.2) + / Lz, syt s)ds,
0
forall (t,z) € R, x [0, 1] a7

maps the solutions of (14), (15) to the solutions of

dy 9%y
—(t,z)—p

ot Py —(t,z)+cy(t,z) =0, (18)

1
byy(t,0) + bzg—i(t, 0) = y(t, 1) — u(t) +/ k(s)x(t, s)ds
0
=0, (19)

where k(z) = K(1,z) for all z € [0, 1]. Selecting ¢ > O suffi-
ciently large we can guarantee that the closed-loop system (14),
(15), with u(t fo x(t, s)ds is exponentlally stable in the L2
norm. Based on the feedback law u(t fo (s)x(t, s)ds we are
in a position to prove the following result which shows that the
boundary sampled-data feedback law obtained by the emulation
of the continuous-time backstepping design works.

Theorem 3.3. Consider the Sturm-Liouville operator A : D —
1%(0, 1) defined by (1), (2), wherer(z) = 1,p(z) =p > 0,a; = 1,
a, = 0, by, by are real constants with |by| + |b2] > 0, under

Assumption (H). Let ¢ > 0 be suffczently large so that the closed-
loop system (14), (15), with u(t fo k(s)x(t, s)ds is exponentially
stable in the L*> norm. Then there exzst constantsM, o, T > Osuch that
for every increasing sequence {t; > 0, i=0,1,2,...}withtg =0,
sup (tip1 — 1) < T,limi_, 1 (7;) = 400 and forevery x, € 12(0, 1)
i>0
the unique mapping x € C° (%;L*(0, 1)) satisfying x € C'(I x
[0, 11), x[t] € C3([0, 1]) for all t > 0, x[0] = X, and

0x 92

—(t,z)=p

X
™ 5,202 —q@2K(E. 2),
forall(t,z) el x (0, 1) (20)
byx(t,0) + bzg—z(t, 0) =x(t, 1) —u(t) =0,
forallt €1 (21)
1
u(t) = / k(s)x(z;, s)ds,
0
for t € [1;, 1iy1) and foralli € Z+ (22)

wherel = Ry \ {r; >0,i=0,1,2,..
estimate

.}, satisfies the following

IX[t]Il < Mexp(—ot)lixoll, forallt > 0. (23)

3.3. Discussion of the main results

Both main results (Theorems 3.2 and 3.3) provide exponential
stability estimates in the L2 norm. Unfortunately, it is not known if
exponential stability estimates in different norms hold.

The aforementioned issue is closely related with the consider-
ation of only the case of Dirichlet actuation in the backstepping
design. In the case of Neumann or Robin actuation, the continuous-
time backstepping feedback de51gn involves a trace term, i.e., it is of
the form u(t) = kox(t, 1)+f0 k(z)x(t, z)dz, where kg is a non-zero
real constant and k € C°([0, 1]) is a contlnuous function. Since the
proof of Theorem 3.3 is based on the estimation of the difference
between the continuous-time feedback and the applied control
action, it follows that in the case of Neumann or Robin actuation
we would have to obtain pointwise estimates for the solution. This
is exactly what is needed for the derivation of exponential stability
estimates in the L* norm: unfortunately, it is not known if this is
possible.

The proof of Theorem 3.2 is very different from the proof of
Theorem 3.3. In the proof of Theorem 3.2 there is no need to
obtain estimates of the difference between the continuous-time
feedback and the applied control action. There is an important
reason that explains this difference: the reduced model design
and the backstepping design are very different (although they look
similar). The backstepping design affects the whole spectrum of the
Sturm-Liouville operator A : D — [?(0, 1), while not assigning
any of the eigenvalues individually, whereas the reduced model
design affects only the first m eigenvalues of A, where m is the
dimension of the linear finite-dimensional system (11). However,
both proofs exploit the eigenfunction expansion procedure, which
was recently used in Karafyllis and Krstic (2017a, 2016) for the
derivation of ISS estimates with respect to boundary disturbances.
Moreover, both proofs provide estimates for the maximum upper
diameter of the sampling schedule that can be used. Specifically,
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for the reduced model design the maximum upper diameter T > 0
of the sampling schedule must satisfy the inequality

Glglpi(T) kI T <
1/2

where g = (g1,....8n) € R T = (30 ,lg8k — Aneal?) ",
e; =(1,0,...,0)....,eq =(0,0,...,1),G, u > 0 are constants
for which the inequality |exp(W t)| < Gexp(—u t) holds for all
t > 0with W := diag(—Aq, ..., —Am) + gk, p1(s) = 1*37@”
when A1 # 0,s > 0 and p(s) := s when Ay = 0,s > 0. For the
backstepping design the maximum upper diameter T > 0 of the
sampling schedule must satisfy the inequality

N
yIT (p Ikl
n=1

- - 5 1/2 1= 1/2
where L := 1+ (fo (f5 IL(z, 5)|%ds) dz) Y = ( o X (z)dz)
with X € C?([0, 1]) being the solution of the boundary value
problem pl‘ﬁ—;‘(z) — cX(z) = 0, forall z € [0, 1], b1x(0) + b, %(0) =
0, x(1) = 1, N = 1 is an integer sufficiently large so that
2yLllk—gll < 1and g(z) := YN kagn(z) for all z € [0, 1]
with k, := fol k(s)¢n(s)ds. Both estimates for the maximum upper
diameter of the sampling schedule are conservative because they
are obtained by means of small-gain arguments in the proofs of
both main results. However, both estimates can be used in order
to understand the qualitative dependence of the maximum upper
diameter of the sampling schedule on the controller gain k =
(ki, ..., kn) € R™ in the reduced model design, or the controller
kernel k € C2 ([0, 1]) in the backstepping design, respectively.

It should also be noticed that, if the dimension of the linear
finite-dimensional system (11) m is very large, then the design
of a vector k = (ky,..., k) € 9R™ for which the matrix
diag(—X1q, ..., —Am)+ gk’ is Hurwitz, can be very difficult. Indeed,
if m is very large then the design of k = (kq,...,kyn) € R™
can become very sensitive to errors in the constants g, and the
eigenvalues A, (n = 1,...,m); particularly when A, < 0 for
n = 1,...,m (strongly unstable open-loop system). This is an
important disadvantage of the reduced model design relative to the
backstepping design.

Finally, we notice that both main results guarantee robustness
with respect to perturbations of the sampling schedule: the expo-
nential stability estimates (13) and (23) hold for every increasing

sequence {t; > 0,i=0,1,2,...} with g = 0, sup (ti41 — 7)) <
i>0

de N
kn dz”(])‘ +Z|knkn|> +2yLik—g|l <1

n=1

T, lim;_, 1o (77) = +00.
4. Proofs of main results
We first provide the proof of Lemma 3.1.

Proof of Lemma 3.1. We consider the change of coordinates

En=g, Xp,n=1,...,m (24)
We get from (11):

£ = diag(—A1, ..., —Am)E + bu (25)
where b = (1,...,1) € R™. Theorem 3 on page 89 in Sontag

(1998) (Kalman controllability condition) implies that system (25)
(and consequently its equivalent system (11)) is controllable if and
only if the rank of the matrix

m—1

1 - (—A1) 1

1 - (—r2)"
) m—1

1 _)\m (_)Lm)

is n. However, the above matrix is a Vandermonde matrix and since
A1 < Ay < ... < Ap its determinant is not zero. Thus system (11)
is controllable. The proof is complete. <

The following auxiliary lemma guarantees exponential
sampled-data stabilization of the linear finite-dimensional system
(11).

Lemma 4.1. Let m > 0 be aninteger and let .1 < Ay < ... < Ap,
g # 0(n = 1,...,m) be given constants. Let k € R™ be a
vector for which the matrix diag(—X1, ..., —Am) + (81, ..., &m)'K
is Hurwitz. Then there exist constants M, o, T > 0 such that for
every increasing sequence {t; >0,i=0,1,2,...} with tg = O,
sup (tip1 — ) < T,lim;_,  (7;) = +o00 and for every xo € R™ the

i>0
solution x(t) = (x1(t), ..., Xm(t)) € R™ of the initial value problem
(11) with

u(t) = kK'x(w),
fort € [1;, tipq1) and foralli e Z+ (26)

and initial condition x(0) = X satisfies the following estimate
[X(O)] + [u(t)] < Mexp(—ot) |xol, forallt > 0. (27)

Proof. Defineg := (g1,...,8n) € N and let k € R™ be a vector
for which the matrix W := diag(—A1, ..., —Am) + gk’ is Hurwitz.
Let T > 0 be a constant (to be selected). It follows that there exist
constants G, o, ¢ > 0 so that |exp(W t)| < Gexp(—(o + &)t) for

allt > 0.Let{r; >0,i=0,1,2,...}be an increasing sequence
with 7 = 0, sup (tiy1 — 7)) < T, limj 1 (t;) = +o0 and let
i>0

Xo € R™ be given. Consider the solution x(t) € ®™ of the initial
value problem (11) with (26) and initial condition x(0) = xo. It
holds that

t
x(t) = exp (Wt) x(0) + / exp (W(t — s)) g(u(s) — k'x(s))ds,
0
forallt >0 (28)

from which we obtain

sup (|x(s)| exp (0's))

0<s<t
< Glxo| + Ge™'g| Os<uE[ (|u(s) — K'x(s)| exp (05)) ,

forallt > 0. - (29)
ForieZtandt € [1;, tipq) we get (11),(26)forn =1, ..., m:
Xn(t) = Xn(Ti) = Palt — T) (8ak'X(Ti) — AnXn(Ti)) (30)

= palt — 7i)(gak — Anen)'x(ti)

(1,0,...,0),..., e, = (0,0,...,1), pu(s) =
when A, # 0,s > 0 and p,(s) := s when A, = 0,
s> 0. Since py(s) < pi(s)foralln =1,..., mands > 0, we obtain
from (30) foralli € Z* and t € [1;, Tiy1):

where e; =
1—exp(—AinS)
A

[x(t) — x(7)| < p1(t — )" |X() (31)

where I' := (Y7L ,18.k — Anenlz)l/z. Since p1(s) < pi(t) for all
t > s > 0and since sup (tir1 — 7;) < T, we obtain from (26), (30)

i>0

forallt > O:

|u(t) — K'x(t)| exp (o t)
< |klpi(T)exp (o T) I sup (|x(s)| exp (o' 5)) . (32)

0<s<t
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Combining (29) and (32), we obtain:
sup (|x(s)| exp (o's))

0<s<t

< Glxol + Ge~"|g| p1(T)exp(aT) k| I" sup (x(s)| exp (o)),
0<s<t

forallt > 0. (33)

Selecting T > 0 sufficiently small so that Ge=' |g| p1(T) exp(o'T)
|k| I' < 1(always possible since p1(s)is a continuous function with
p1(0) = 0), we conclude that

sup (|x(s)| exp (0's))

0<s<t
< (1—Ge " iglpi(T)exp(aT) k| I") G |xol .
forallt > 0. (34)
Estimate (27) with
M = (1+exp(oT)) (1—Ge™" g pi(T)exp(oT) k| I") G
is a direct consequence of inequality (34) and the inequality

sup (|u(s)lexp (os)) < exp(oT)sup (|x(s)lexp (o)),

O<s<t 0<s<t

forallt >0
which follows from (26) and the fact that sup (tiy; — 7;) < T. The

. i>0
proof is complete. <

We are now ready to provide the proof of Theorem 3.2.

Proof of Theorem 3.2. Let M, o, T > 0 be constants such that for
every increasing sequence {t; > 0,i=0,1,2,...} withtg = 0,
sup (tix1 — ) < T, limj_ 4 (7;) = +o00 and for every xg € N"
i>0

the solution of the initial value problem (11) with (26) and initial
condition x(0) = x satisfies estimate (27).

Let {r; >0,i=0,1,2,...} be an increasing sequence with
90 = 0,sup(tiy1 — 1) < T,limj_ o (r;) = +oo and let x, €

i>0
[%(0, 1) be an arbitrary function.

Existence/uniqueness of the mapping x € C°(%.; (0, 1))
satisfying x € C'(I x [0, 1]), x[t] € C?([0,1]) for all t > O,
x(0,z) = xo(z) for all z € [0, 1], (9), (10) and (12) is guaranteed
by Corollary 2.2.

Since the eigenfunctions {¢,}5- ; of the Sturm-Liouville opera-
torA : D — [2(0, 1) defined by (1), (2) under Assumption (H) form
an orthonormal basis of Lf(O, 1), it follows that Parseval’s identity
holds, i.e.,

IX[E])1? Zx , forallt >0 (35)
where
1
Xn(t) :=/ r(z)x(t, z)pn(z)dz, forn=1,2,.... (36)
0

Our goal is to show that there exists a constant K > 0 such that
the following estimate holds for all t > 0:

Z [X2(8)]> < 2exp (=20 t) Z [%(0)]?
n=m+1 n=m+1 (37)

P (lu(s)I* exp (=20 (t —5))) .

Inequality (37) will be combined with estimate (27) in order to
obtain estimate (13).

Notice that the mappings i, > t — xu(t)forn = 1,2,...
are continuous (by virtue of continuity of the mapping i, > t —

x[t] € Lf(O, 1)) and the mappingsI > t — x,(t)forn = 1,2, ...
are C'. By virtue of (9), it follows from repeated integration by
parts, that the following equalities hold for all t € I:

1
ult) = / 1@ (¢, 2)pul2)dz
AR

1 a a 1
= / P (p( Pl )) $nl2)dz — / G2t 2)n(2)dz
0o 0z 0z 0

a

X 9x
= p(l)g(t, Dga(1) — p(O)g(t, 0)én(0)

1 9 d n 1
- / P2 (6, )P 23 - / A, 2)a(2)dz
0 z 0

1)(—(t Dn(1 —x(t,1)d¢”(1)>

dz

dqbn X
+p(0) (dz &(t, 0)¢n(0))

do,
+/0 (. z)[dz ( @ ))—q(zm(z)}dz

Thus we get forallt € I:

a n
kn(t)zp(1)<£(t,1)¢n( ) — x(t, 1); (1 ))

dgn
dz

a
+p(0)( (0)x(t, 0) — a—’z‘u, 0)¢n(0)) (38)

1
_ f r(2)x(t, 2) (Ady) (2)dz
0

It follows from (38), the fact that (A¢,)(z) = An¢n(z) and definition
(36) that the following equation holds for all t € I:

5 dpy
3a(t) + D) = p(1) (—X(t, Den(1) — x(t, 1) (1))

0z dz
s o (39)
+p(0) ( o OXE0) = (¢, 0)¢n(0)) :
z 0z
Next, we show that forall t e I:
doy a
X020~ (6,00 = . (40)
Indeed, the equation bx(t, 0) + b, ax(t 0) = 0(see (10)) gives:
2 don dgn
bix(t, 0) = (0) + b1by = (0)a (t,0)0=0
0x
bib2n(O)X(E, 0+ b3¢n(0)=—(t, 0) = 0
from which we obtain:
2, 12 depn X
=(b1+bz)< x(t, 0) =z (0 )_¢n(0)7(t’ 0))
0x n
(ma (t,0) bzx(t,O))( 110) + brgn(0 )>.
Eq. (40) follows directly from the above equation and the fact that
b1¢hn(0) + b2 222(0) = 0.
Moreover, the equation ax(t, 1) + a, Bz(t 1) = u(t) (see (10))
gives:
d¢n dd)n _ d¢"
Xt 1)— = (D +aar—— = (1)£(t,1)—u(t)alg( )

0
@aypu(X(E. 1) + a%¢n<1)£(r, 1) = u(t)aypn(1)
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from which we obtain:
u(t) (al%( )—a2¢>n(1))

don 8
=(a1+a2)<( )"’(1) $al1) "(t,n)

d
+ (m—g"(r, 1) — apx(t, 1)) (az—"’ (1) + ar(1 )).
z dz

The fact that a;¢,(1) + a, ‘%(1) = 0 in conjunction with the
above equation implies that:

ox d¢n
¢n(1)£(t,1) x(t, 1)dz( ) "
_u(n) _dgy
“f+a (az¢n(1) “ (1)>~
Using (39), (40) and (41), we obtain for all t € I:
. _ p(u(r) 9
Xn(t) + Anxy(t) = a% n a% <a2¢n(1) dZ (1 )) (42)
It follows from (27) that the following inequality holds:
m 1/2 m 1/2
u(t)| + (Zxﬁ(t)) <Mexp(—ot) (Zxﬁ(O)) ,
n=1 n=1
forallt > 0. (43)

Without loss of generality we may assume that o < Apy1. Inte-
grating the differential equations (42), we obtain for all t > 0 and
n=m+1,m+2,...:

Xn(t) = exp (—An t) x,(0)
1 do, t 44
+ zp( )2 (‘hd’n(l)_a]i(l))/ exp(—kn(t—S))u(S)dS-( )
(1] +a 0

5 dz

Eqgs. (44) in conjunction with the inequality o < A4 imply the
following estimates forallt > 0Oandn=m+1,m+2,...:

[Xa(t)] < exp (=0 t) [x,(0)] +
p(1)(Ay — o)
a +d

x max (|u(s)| exp (—o(t —s)).

den
a¢u(1) — ay j; (1)‘ (45)

Let w > —A; be a constant. Notice that the Sturm-Liouville
operator (A + w Id), where Id is the identity operator, has positive
eigenvalues (A, +w forn = 1, 2, ...) and the same eigenfunctions
with A. Changing z by 1 — z and using Lemma 2.1 in Karafyllis and
Krstic (2016), it follows that the boundary value problem

E <p(z)@(z)> —q(z)x(z) — wx(z) =0, forallz € [0, 1], (46)

dz dz

with

bi%(0) + b, 2 (0) = 0
dz

_ dx
01X(1)+aza(1) =./a+a

has a unique solution X € C?([0, 1]), which satisfies

az
Zu +w)” — ————n(1)
\/a1 + 3 \/a% +a (48)

1
= / (2% (z)dz.
0

Consequently, we obtain from (48):

o d¢n a
p*(1) § — ————¢u(1)
n=m ,/a1+a2 dZ Ja+a

2
< <7’"“ + w) / r(2)R(z2)dz < +00.
0

Amy1 — O

It follows from (45) and (49) that estimate (37) holds. Estimate
(13) is a direct consequence of (35), (43) and (37). The proof is
complete. <

Next, we provide the proof of Theorem 3.3.

Proof of Theorem 3.3. Let T > 0 be a constant (to be selected). Let
{r; >0,i=0,1,2,...} be an increasing sequence with tp = 0,
sup (tip1 — 1) < T,limi, 1o (1) = 400 and let xo € L%(0, 1) be
i>0
given. Existence/uniqueness of the mapping x € C° (ER+; 1%(0, 1))
satisfyingx € C1(Ix[0, 1]),x[t] € C*([0, 1])forallt > 0,x[0] = xq,
(20), (21) and (22) is guaranteed by Corollary 2.2. It follows from
(16) that the functiony : 9, x [0, 1] — N defined by (16) is of
classy e (! (I >< [0, l]) satisfying y[t] € C%([0,1]) forallt > O,
¥(0,z) = xo(z fo (z, S)xo(s)ds for all z € [0, 1], (18) for all
(t,z) eI x (0, 1)and(19)forallt el

The proof consists of two technical steps:

1st step: We show that there exist constants G, o, y > 0 such
that the following estimate holds for all t > 0:

llylt]ll < Gexp (—o t) |ly[O]]l
+y sup ([v(s)|exp (—a(t —s))) (50)

0<s<t

where v(t) is the input holding error, defined by
1
v(t) ;== u(t) — / k(s)x(t, s)ds, forallt > 0. (51)
0

2nd step: We estimate the evolution of the magnitude of the input
holding error.

The proofis completed by combining the estimates for the input
holding error with (50).
Iststep: Let0 < 1 < Uz < ... < Uy < ...withlim,_ o (1) =
400 be the eigenvalues of the Sturm-Liouville operator B : D —
1%(0, 1) defined by

&2f

(Bf )(z) = P

(2) + cf(2),

forallf e Dandz € (0, 1)

with D € H?(0, 1) is the set of all functions f :
which

[0,1] — R for

d
DO+ b2 2 (@) = (1) =0,

Let {ym}°2; be the eigenfunctions of the operator B : D —
1(0, 1). It is verified (by direct computation) that the operator
B : D — I?(0, 1) satisfies Assumption (H) (see also Karafyllis and
Krstic, 2016; Orlov, in press for the cases b, = 0 and by < 0,
b, > 0). Since the eigenfunctions of the Sturm-Liouville operator
B : D — %0, 1) form an orthonormal basis of [?(0, 1), it follows
that Parseval’s identity holds, i.e.,

IyelI® = > ya(e), forallt > 0 (52)
n=1
where
1
yu(t) := / y(t, z2)¥u(z)dz, forn=1,2,.... (53)
0
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Notice that the mappings %, 2 t — yu(t)forn = 1,2,... are
continuous (by virtue of continuity of the mapping i, > t —
x[t] € L*(0, 1) and by virtue of continuity of the transformation
(16)) and the mappings I > t — y,(t)forn = 1,2,... are C.
Following the same procedure as in the proof of Theorem 3.2, we
are in a position to guarantee that the following equalities hold for
allt eI:

dym
P (Do(e). (54)

Following the same procedure as in the proof of Theorem 2.2
in Karafyllis and Krstic (2016) and using the continuity of the
mappings Ny o> t — yu(t)forn = 1,2,... as well as (52) and
(54), we are in a position to guarantee the existence of constants
G, o0,y > 0such that estimate (50) holds for all t > 0. A detailed
derivation of (50) is given in Appendix.

2nd step: Define the following upper bounds for the norms of the
transformations given by (16), (17):

1 z 1/2
1”<‘:=1+(/ (/ |K(z,s)|2d5>dz)
oM 172 (55)
I:=1+<f (/ |L(z,s)|2ds)dz)
0 0

Moreover, let N > 1 be an integer (to be selected) and define:

Va(t) 4+ wnyn(t) = —p

g(z): anqbn z), forallz € [0, 1] (56)
n=1

where

ky == f1 k(s)pn(s)ds. (57)

We seleoct N > 1 to be sufficiently large so that

2y Lk —gl < 1. (58)

Define:

1
w(t) = [ 8(5)x(m. ) = xte. ) .
0

fort € [t;, Tip1)and foralli e Z7. (59)

Notice that (22) and definitions (51), (59) imply that
1
u(6) = w(t) + [ (6) ~ g(5)) i 9) = . 5) s,
0
fort € [1;, Tip1)and foralli e Z*. (60)

Using (20) we obtain for t € (1;, 7;.1) and for alli € Z*:

W(t) = ( (1x(t, 1) — g(1 )g’z‘(t,n)

61
o de ) (61)
+p g(O)a (¢,0)— = ——(0)x(t,0) | + (Ag) (s)x(t, s)ds.
Using (4 ) (2 ) (22), definition (56) and the fact that ¢,(1) = 0
forn = 1,2, ..., we obtain from (61) for t € (t;, 7i11) and for all
iezt:

N

v(t) = lk ., s)d ! den 1
“’”"’/o (s)x(n,s)s;q )

N 1
+anxn/ Pa(S)X(E, 5)ds
n=1 0

It follows from (62), the Cauchy-Schwarz inequality and the fact
that ||¢,|| = 1forn = 1, 2, ... that the following inequality holds

N
[T exp(o T) (p Ik
n=1

t € (7, tipq)and foralli e Z7*:

[i(6)] < pllkll Ix[=]] Z ¢”

kn

N
)‘ + XN Y lkndal . (63)

n=1

Continuity of the mapping %, > t — x[t] € L*(0, 1) in conjunc-
tion with (59) implies that the mapping i, > t — w(t) € N
is right continuous with w(z;) = 0 for all i € Z*. Consequently,
we get from (63) in conjunction with the fact that sup (zi;1 — ;)

i>0
<T:
¢n
lw(@)] < Tp kIl llx[z]ll Z kn
+ T sup (Ix[e]l) Z [knnl
Tj<S<t =1
fort € [t;, Tip1)and forallie Z™. (64)
Using (64) and the fact that sup (z;11 — ;) < T, we obtain:
i>0
lw(t) exp(o t) <
Texp(o T) ( ‘ Z [k |> 1lli0.1
fort >0 (65)

where [[x[lp ¢ := sup (|[x[s]|l exp(o s)). Using (60) and (65), we

0<s<t

obtain forall t € [7;, 7iyq)and foralli € Z*:

[v(t)| exp(o t) <

T exp(o T) (

‘ Z [Kknn |) Ixllo — (66)

+ Ik — gl lIx[zi]ll EXD(G t)+ Ilk — gll lIx[¢t]ll exp(o t).
It follows from (66) and the fact that sup (t;; — 7;) < T that the

i>~0

following estimate holds forall t > 0:

[v(t) exp(o t) <
N

"5”(1)‘ Zumn) Koo (67)

n=1

T exp(

+ Ik — gl (exp(o T) DAY

Using the fact that T > 0 defined by (55) is an upper bound for the
norm of the transformation (17), we obtain for all t > 0:

[v(t)] exp(o t) <

do N
n
kndz(n’ + ;‘ |knxn|> Iyllo.q.  (68)

+L Ik — gl (exp(o T)+ 1) ¥l
where [[y[ljg.¢ := sup (|ly[s]ll exp(o s)). Combining (50) with (68),

0<s<t

we obtain for all t > 0:

Iyllio; < ¥ Lllk—gll exp(o T) + 1) lyllio. + G lIyIONl
N N
~ do (69)
y IT exp(o T) (p Ikl Zl kndz"m‘ + le |knxn|) Iyllio.e -
n= n=

We selectT > 0 sufﬁciently small so that:

‘ Z'k ’ ') (70)

= yLT exp(o T) (

+y Tk — gl (exp(o T) + 1)<1-



234 I. Karafyllis, M. Krstic / Automatica 87 (2018) 226-237

The existence of a constant T > 0 sufficiently small so that (70)
holds is a consequence of the continuity of the expression of the
left hand side of inequality (70) with respect to T and inequality
(58). Inequality (69) in conjunction with (70) and the fact that
K > 0 defined by (55) is an upper bound for the norm of the
transformation (16), gives for all t > 0:

Sup (llylsllil exp(o s)) < (1 — &)7'GK [Ix[0]]| . (71)
<s<t

Inequality (23) withM := (1 — &)~ 1GIK is a direct consequence
of (71) and the fact that T > 0 defined by (55) is an upper bound
for the norm of the transformation (17). The proof is complete. <

Discussion of the proof of Theorem 3.3: There are two things that
are important in the proof of Theorem 3.3.

(1) The stability analysis is performed for the transformed
system (18), (19) and not for the original system. This feature is
expected since it holds also for the case of the continuous-time
feedback (see Krstic & Smyshlyaev, 2008; Smyshlyaev & Krstic,
2004). However, the stability analysis of the transformed system
(18), (19) becomes more involved here, because of the existence
of a perturbation in the boundary condition: the difference be-
tween the applied control action and the action determined by the
continuous-time nominal feedback. This difference is defined in
(51) to be the input holding error v(t).

(2) It can be shown that the time derivative of the signal v(t)
satisfies the differential equation

dk d
Mﬂ=p<wﬂkﬁﬂ)—unxﬁﬁo

) / (Ak) (s)x(t, s)d

forall t € (7, tip1) and for all i € Z*. However, the above
differential equation does not allow the derivation of an upper
bound of the magnitude of v(t), since it contains terms which
cannot be estimated (e.g., the term k(1 )g—’z‘(t, 1)). Therefore, in order
to estimate the magnitude of the input holding error v(t), we use
the decomposition (60). In this way, the magnitude of the signal
w(t) can be estimated by estimating the magnitude of its time
derivative and the signal fol(k(s) — g(8)) (x(t;, s) — x(t, s)) ds can
become arbitrarily small by controlling the magnitude of ||k — g]|.

+P<( ) (f 0)—*(0

5. Illustrative example

We consider the following control system

ax S

ar(r 2)=po .2+ axt, 2) (72)
x(t, 1) = u(t) (73)

x(t,0) =0, (74)

where p > 0,q € 9 are constants, x[t] is the state and u(t) is
the control input. More specifically, we consider the system under
boundary sampled-data control with ZOH:

u(t) = u;, fort € [t;, 1141) and foralli € Z* (75)

where {t; > 0,i=0,1,2,...}is an increasing sequence (the se-
quence of sampling times) with 7y = 0, lim;_, 1 (7;) = +00 and
{uieN, i=0,1,2,...}isthe sequence ofapplied mputs

Notice that the Sturm Liouville operator A = —p —q defined
on the set of all functions f € H%(0, 1) for which
fO)=f1)=0 (76)
satisfies Assumption (H) with r(z) = 1, p(z) = p, q(z) = —q,
a; =by =1,a, = by =0, ¢(z) = V2 sin(nnz), A, = n’np — q
forn=1,2,....

For the sampled-data stabilization of system (72), (73), (74),
we first apply the reduced model design. For the reduced model
design, we need to impose a restriction on the magnitude of the
constant g, because g determines the number of unstable poles of
the open-loop system, i.e., the dimension (m) of the reduced model
(11). Suppose that

pr? < q < 4pn’. (77)

Let k > q — pm? be a constant (arbitrary). Applying Theorem
32 withm = 1,g := p+v2, we conclude that there exist
constants G, u, T > 0 such that for every increasing sequence
{‘L'l' >0,i=0, 1,2,...} with 9 = 0, sup(riy1—1) < T,

i>0
limi_, .o (rj) = oo and for every x, € L*(0, 1) the unique
mapping x € C° (R,; L*(0, 1)) satisfying x € C'(I x [0, 1]), x[t] €
C%([0, 1]) for all t > 0, x[0] = Xo, and
2

0 d
—X(t, z)= p—x(t, z)+qx(t,z), forall(t,z) eI x (0, 1) (78)
ot 0z2

x(t,0)=x(t,1)—u(t) =0, forallt el (79)

1
u(t) = —kp™! / sin(wz)x(t;, z)dz,
0
fort e [1;, Tip1)and foralli e Z+ (80)

where I = 9, \ {

estimate

1;>0,i=0,1,2,...}, satisfies the following

IX[t]ll < Gexp (—ut) x|l , forallt > 0. (81)

Following the proof of Lemma 3.1 and the proof of Theorem 3.2,
we are in a position to determine a (conservative) upper bound for
T > 0 and the convergence rate i > 0. The constant T > 0 must
satisfy the inequality

k(k+pr?>—q)Texp((q+ o0 —pr®)T)+0 <k+pr® —q

for certain o > 0 and the convergence rate © > 0 satisfies the
(conservative) bounds © < 4p7? — g and 4 < o. Similarly,
we can deal with cases where q > 4pn?, but in such cases the
dimension (m) of the reduced model (11) will be greater than 1
and the sampled-data feedback law will not be given by (80).
Next we apply the backstepping design. Indeed, the results
in Section VIILA. in Smyshlyaev and Krstic (2004) and Theorem
3.3 allow us to obtain a different sampled-data feedback law for
system (72),(73),(74).Let I,(s) denote the modified Bessel function
of order 1. It follows from Theorem 3.3 that for every ¢ > 0,
there exist constants G, u, T > 0 such that for every increasing
sequence {7; > 0,i=0,1,2,...} withtg = O, sup (ti41 — ;) <

i>0
T, limi_, .o (r}) = 4oo and for every x, € [*(0, 1) the unique
mapping x € C° (R,; L*(0, 1)) satisfying x € C'(I x [0, 1]), X[t] €
C%([0, 1]) for all t > 0, x[0] = xo, (78), (79) and

(6)= )1f‘“( (a+ (- )
u(t)=—(q+c)p N
R, (@+cp~'(1-+)

fort € [1;, 1ip1)and foralli e Z+ (82)

x(t;, s)ds,

wherel =0, \{f; >0,i=0,1,2,...},satisfies (81) as well.

It should be noticed that the feedback law (82) is guaranteed
to work for all values of the constants p > 0, q € )i, whereas the
control law given by (80) is only applicable for p > 0, g € i which
satisfy inequality (77). <«
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6. Concluding remarks

The paper provides two different results for the application
of boundary feedback control with ZOH to 1-D linear parabolic
systems on bounded domains. The two different results are de-
veloped for two different continuous-time boundary feedback de-
signs: the reduced model design and the backstepping design.
It is shown that the continuous-time boundary feedback applied
in a sample-and-hold fashion guarantees closed-loop exponential
stability, provided that the sampling period is sufficiently small.
The obtained results provide stability estimates for weighted 2-
norms of the state and robustness with respect to perturbations
of the sampling schedule is guaranteed.

Future work may involve the development of boundary feed-
back designs that are capable to handle simultaneous sampling in
space and time. To this purpose, sampled-data observers for linear
1-D parabolic systems must be developed.

Appendix. Proof of Theorem 2.1 and Derivation of (50)

Proof of Theorem 2.1. Without loss of generality we will assume
that A; > 0.Indeed, ifthis is not the case, we may perform the same
analysis for the function y(t, z) = exp(—kt)x(t, z) with k > Aq (the
function y(t, z) satisfies a PDE similar to (4) with the corresponding
Sturm-Liouville operator satisfying A; > 0). Moreover, it follows
from (3) that

o0
D! max (9u(2)) < +oo. (83)
=1 0<z<1
Our goal is to construct a solution by solving a similar PDE
initial-boundary value problem on the infinite time interval with
homogeneous boundary conditions. This will be achieved by per-
forming the transformation

X(t,z) == y(t,2) + v(t) (012% + 022°)

forall (t,z) € M, x [0, 1] (84)
where ¢y := 3;%‘;;%2 , 09 1= ”;%:rza‘]%‘ and
v(t) := u(t), fort € [0,T) (85)

v(t) = 11_131 ) + (& —=T) 11_1>IT11 (i)

+ %(t —T)zllirTrl @i(l) , for t € [T, 4+00). (86)

Indeed, ify : %, x [0, 1] — N is a unique solution of

Wiy L2 (p(z)a—y(t,z))

at r(z) 0z 0z
q(z)
+ Tz)y(t,Z) =f(t,z), forall(t, z) € (0, +00) x (0, 1)  (87)
9 9
bay(t, 0) + by (¢, 0) = ary(t, 1)+ ay=>(t, 1) = 0,
0z 0z
forall t € (0, +00) (88)
where

f(0,2) := —(0n2* + 0223)121(1)ﬂ+ (1))

+ v(0) (i ((2012 + 30222)17(2)) - q(z)(1Z* + ‘7223)> ’

r(z) \dz
forallz € [0, 1] (89)
(£, 2) := —(012% 4+ 022°)i(t)
d
+ 2 (E (2012 + 30:20(2) — q2Nn2* + 0223)> ,
forall (t, z) € (0, +00) x [0, 1] (90)

with initial condition y(0,z) = xo(z) — u(0) (612* + 022°) for all
z € [0, 1], then x(t, z) defined by (87) is the required unique
solution. Notice that f € C!' (%, x [0, 1]). The argument can be
made precise. If there is a unique functiony : %, x [0,1] - N
for which the mapping . > t — y[t] € Lf(O, 1) is continuous,
with y e C'((0, +00) x [0, 1]) satisfying y[t] € C?([0, 1]) for all
t > 0,¥0,2) = xo(z) — u(0) (012> 4+ 022%) for all z € [0, 1]
and (87), (88), then we can define x : [0,T] x [0,1] — N by
(84). Notice that (85) in conjunction with the fact that y(0,z) =
Xo(z) — u(0) (0122 + 022°) for all z € [0, 1] implies that

lix(t] — xoll, = Ily[t] + u(t)h — u(0)h — y[Ol|,,
forallt € (0,T)

where h(z) = 012%> + 0323 for all z € [0, 1]. Continuity of the
mapping N, > t — y[t] € L(0, 1), right continuity of u : Ny —
N and the above equality imply that the mapping [0, T] > t —
x[t] € [%(0, 1) is continuous. Egs. (7), (8) for t € (0, T) are verified
by using (85), (84), (91), (87), (88) and (90). Moreover, (85), (86)
and (84) imply that x[t] € C2([0, 1])forall t € (0, T].

Thus we are left with the task of proving that there is a unique
functiony : M, x [0, 1] — N is the unique function for which
the mapping %, > ¢t — y[t] € L0, 1) is continuous, with
y € CY((0, +00) x [0, 1]) satisfying y[t] € C*([0, 1]) forall t > O,
Y0, z) = xo(z) — u(0) (012> + 022%) forall z € [0, 1] and (87), (88).

Define:

Yol2) = %0(2) = u(0) (012" + 022°) forall z € [0, 1] O
1
Ch = / 1(2)pn(2)yo(z)dz, forn=1,2, ... (92)
0
1
B,(t) 1= / r(2)n(2)f(t, z)dz, forallt >0,n=1,2,.... (93)
0

Since the mapping [0, 1] 3 z — f(t,z) € R is C' foreacht > 0,
it follows from Theorem 11.2.4 in Boyce and Diprima (1997), that
the following equation holds:

f(t.2) =) 0u(t)pn(2), forall(t, ) € (0, +00) x (0,1).  (94)
n=1

Moreover, notice that the Cauchy-Schwarz inequality, in con-
junction with the fact that ||¢,||, = 1(forn = 1,2,...) and the
fact that f € C1(M, x [0, 1]; N), implies the following relations:

1 172
6u(0)] < ( / r(Z)If(t,Z)|2d2>
0

, forallt >0 (95)
. 1 of
Bult) = / @) L (¢, 2)dz, fort = 0 (96)
0

ot
1
16n(0)] < (/ (2)
0

Notice that since the mapping R, > t — f(t,z) € Ris Cl, it
follows that the mapping R, > t — 6,(t) € R is C' on R. Since
for every t; > 0 the mapping [0, t;] x [0, 1] 2 (t,z) — f(t,z) e N
is bounded, there exists M > 0 such that |f(t, z)] < M for (t, z) €
[0, t1] x [0, 1]. It follows from (95) that

1/2

1
|9n(t)|szw<f r(z)dz) ,
0

forallt € [0,t;]andn=1,2,... (98)
t

¢n(2)/ exp (—An(t — s)) On(s)ds
0

of 5\ 172
E(t,z) dz) , fort > 0. (97)

1/2

1

< M2, " max (9u(2)) ( / r(z)dz) ,
=<z=< 0

forall(t,z) e [0,t1] x [0,1]andn=1,2,.... (99)
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Moreover, the Cauchy Schwarz inequality and (92) imply that
leal < (fo dz) forn=1,2,..

= t "Autexp (—Ant) < ty'exp(—1) for all t € [to, ;] with
to € (0, t), it follows that

.and since A, exp (—Ant)

|¢n(z) €XP (—Ant) col < &5 ' exp(—
for(t,z) € [to, t11 x [0,1],n=1,2, ....

DA, max (|ga(2))) llyoll, »
0=<z<1

(100)

Inequalities (99), (100) and (83) imply that the series

[e¢) t
> 02) (exp ()t [ exp (il =5) on(s>ds)
n=1 0

is uniformly and absolutely convergent on (t, z) € [to, t1] x [0, 1]
forall t; > tp > 0. Therefore, we define y € C°((0, +00) x [0, 1])
by means of the formula:

y(t,z) =

[e) t
Z%(Z)(exp(—/\nt) Cn + / exp (—An(t —5)) Gn(s)ds),
n=1 0

forall (t, z) € (0, +00) x [0, 1] (101)
and we also define
¥(0, z) := yo(z), forallz € [0, 1]. (102)

The fact that yo € I[2(0,1) (which implies that > > c,f
+0o0) in conjunction with (98) and the fact that Zoc A

0
consequence of (83) and the fact that 1 = fo (z)dz

(maxo<z<1 (Ipn(z |)) fo Z)dzforn=1,2,...) show that for all
t € [0, t1] and for every integer N > 1, it holds that

IyIE] — yoll?2

<2 (exp(—inl) — 1)’c]

n=1

o0
+2K? Z A 2(exXp (—Ant) — 1)2

n=1
o0 o0
<2 ) 42k YA
n=N+1 n=N+1
N N
+2(exp (—Aint) — 1)2 <Z 2 + K2 ZA;Z)
n=1 n=1

where K := (fo dz)

mapping N, > t — y[t] € [2([0, 1]) is continuous.

From this point the proof is exactly the same with the proof
of Theorem 3.2 in Karafyllis and Krstic (2016). Finally, uniqueness
follows from Corollary 2.2 on page 106 of the book Pazy (1983),
since the constructed functiony : M, x [0, 1] — N is a strong
solution (see Definition 2.8 on page 109 of the above book). The
proof is complete. <

.The above inequality shows that the

Derivation of (50). Since the mappings i, > t — yy(t) for
n = 1,2, ... are continuous and since differential equations (54)
hold for all t € I, it follows that the following equations hold for all
t>0andn=1,2,...:

Yu(t) = exp (t_ﬂnt) Vu(0)

dvn
Un ) / exp (—(t — ) v(s)ds (103)
0

P dz

Egs. (103) imply that the following equations hold for all o €
0, 1), t>0andn=1,2,...:

[yn(t)l < exp (—unt) [yn(0)|

d
p Ilfn(.l)
Un—o | dz

(104)

sup (Jv(s)| exp(—o(t —s)))

0<s<t

which give for every 8 > 0:

a0 < (14 B7") exp (—2unt) lya(0)?

(1+ B)p? | dym
(n — 0 | dz

2 (105)
(1)

sup (|v(s)|* exp(—20(t —s))) .

0<s<t

It follows from (52), (105) and the fact that 0 < uq < uy <
. < Mp < ... that the following estimate holds for all o €
(0, 1), t>0,>0andn=1,2,...:

IIEN® < (14 B7") exp (=2u4t) llyl[0]11?

+(1+ B)p* sup (Jv(s)I* exp(—20(t — 5)))

0<s<t
1
X
Z (pn — (7

Changing z by 1 — z and using Lemma 2.1 in Karafyllis and Krstic

(106)
dwn

o (1 )

(2016), it follows that the boundary value problem

d’x
p—x(z) —cx(z) =0, forallz € [0, 1], (107)
dz?
with
.
b1R(0)+b2d—Z(0)=O, X1) =1 (108)
has a unique solution X € C?([0, 1]), which satisfies
[ee] 2 1
dyr _
2 -2 n _ 2
P Y| - [ @ (109)
Consequently, we obtain from (109):
[e’s] 2
— dwn
K :=p? — o) 1
P> Y un —0) | (D)
n=1 (110)

wo\ !
< (—] ) / ®(2)dz < +o0.
H1—0 0

Therefore, we obtain from (106) and (110) that the following
estimate holds for allo € (0, 1), 8 > 0andt > 0:

Iylelll* < (1+ B7") exp (=20 1) [ly[0]]|
+(1+ B)K sup (Jv(s)|* exp(—20(t —5))) .

0<s<t

(111)

Inequality (50) is a direct consequence of inequality (111). The
derivation is complete. <
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