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ABSTRACT. A low-gain integral controller with anti-windup component is pre-
sented for exponentially stable, linear, discrete-time, infinite-dimensional con-
trol systems subject to input nonlinearities and external disturbances. We
derive a disturbance-to-state stability result which, in particular, guarantees
that the tracking error converges to zero in the absence of disturbances. The
discrete-time result is then used in the context of sampled-data low-gain inte-
gral control of stable well-posed linear infinite-dimensional systems with input
nonlinearities. The sampled-date control scheme is applied to two examples
(including sampled-data control of a heat equation on a square) which are
discussed in some detail.

1. Introduction. Low-gain integral control is a well-studied technique which guar-
antees that the output of a stable linear system converges to a prescribed constant
reference signal. It is well-known (see, for example, [7, 22]) that, for a stable finite-
dimensional linear system, by applying an integrator with sufficiently small gain
parameter and closing the feedback loop, the corresponding output converges to
any prescribed reference value, so long as the eigenvalues of the steady-state gain
matrix have positive real part. Much work has been done on the extension of low-
gain integral control to more general systems: we refer the reader to works such
as [5, 6,9, 10, 11, 15, 18, 19, 20, 21, 23, 24] for integral control in infinite-dimensional
settings, in the presence of input nonlinearities and in sampled-data contexts.
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In much of the literature which addresses the low-gain integral control problem
in the presence of nonlinearities (see, for example, [5, 6, 9, 10, 11, 19]), attention
is restricted to single-input single-output systems. To the best of our knowledge,
the only exceptions are [15, 16] which develop low-gain integral control schemes for
multi-input multi-output linear finite-dimensional systems with input nonlinearities.
In contrast to [5, 6, 9, 10, 11, 19], the low-gain integral controllers presented in
[15, 16] include anti-windup components. We remark that integrator windup can
cause performance and/or stability degradation in integral control systems subject
to input saturation. Indeed, as [15, Example 10] shows, in the absence of any
anti-windup component, the integrator state for the multivariable low-gain integral
control scheme considered in [15, 16] may be unbounded. The theory of anti-windup
control seeks to avoid or reduce integrator windup and is a much researched area,
we only mention the references [1, 2, 12, 28] which provide a small sample of the
available literature.

In the current paper, we will extend the main result in [15] to the context of
sampled-data integral control of multivariable linear well-posed infinite-dimensional
systems with input nonlinearities. Briefly, in sampled-data control, a continuous-
time system is controlled by a discrete-time controller, via the use of sample and
hold operations. This discrete-time controller may be thought of, for example, as a
processor of a digital computer. The underlying class of linear well-posed infinite-
dimensional systems is well-developed, see, for example, [26, 27, 29, 30]. Systems
in this class allow for considerable unboundedness of the control and observation
operators and they encompass many of the most commonly studied partial differ-
ential equations (PDEs) with boundary control and observation, and a large class
of functional differential equations of retarded and neutral type with delays in the
inputs and outputs.

The main result of this paper, Theorem 3.1, provides a stability criterion for the
sampled-data feedback interconnection of an exponentially stable well-posed linear
system with input nonlinearities and a discrete-time low-gain integral controller
combined with an anti-windup component. The sampled-data control scheme un-
der consideration includes continuous as well as discrete-time external disturbances.
When these disturbances are small, Theorem 3.1 guarantees good approximate as-
ymptotic tracking, and the asymptotic tracking error goes to zero as the size of the
disturbances goes to zero.

To prove Theorem 3.1, we first extend the finite-dimensional continuous-time re-
sults of [15] to infinite-dimensional discrete-time systems: under assumptions anal-
ogous to those in [15, Theorem 4], we derive a stability estimate of the difference
between the output and reference signals which, in the absence of disturbances,
guarantees exponentially fast asymptotic tracking. The discrete-time result plays
a pivotal role in the main contribution of this paper, namely the development of a
sampled-data low-gain integral control scheme with anti-windup component which
applies to multivariable well-posed linear infinite-dimensional systems with input
nonlinearities.

The layout of the paper is as follows. Section 2 is devoted to an infinite-
dimensional discrete-time generalisation of the low-gain integral control result in [15].
In Section 3, we use the discrete-time result to prove stability and tracking proper-
ties of the feedback interconnection of linear infinite-dimensional systems subject to
input nonlinearities with a natural low-gain sampled-data integral controller with
anti-windup component. Finally, in Section 4, we provide detailed discussions of two
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examples. One of which considers the application of the proposed control scheme
in the presence of plant output quantization and the other illustrates the developed
sampled-data theory in the context of a heat equation on a square.

Notation. We denote the field of complex numbers by C, the field of real
numbers by R and the set of positive integers by N, and define

Ry:={reR:r>0} and Z;:=NU{0}.

We set Cp, :={s€C : Re(s) >a} and E, :={{ € C: [¢] > a} for @ € R and
a > 0, respectively. For z € C and r > 0, we let D(z,7) denote the open disc in C
of radius r centred at z. For ease of notation, we write E := E; and D = D(0, 1).

For Banach spaces V, V1 and Vs, we denote by £(V1, V2) the set of all bounded
linear operators from V; to V5 and, as usual, set L(V) := L(V, V). We denote the
spectrum of L € L(V) by o(L) and recall that an operator L € L(V) is discrete-
time exponentially (or power) stable if p(L) < 1, where p(L) denotes the spectral
radius of L. When the context is clear, we will omit the words ‘discrete-time’ from
exponentially stable. The space of functions defined on Z, and taking values in
V is denoted by VZ+ and the set of continuous functions R, — V is denoted by
C(R4, V). Frequently, we will associate with an element v € V' the constant function
in either V%+ or C(R,, V) with value v, and we will not notationally distinguish
between the element and the associated constant function.

For v € VZ+ and t € Z,, we set

’U(S), lfSE{Oalat}
(m)(s) == 0, otherwise.

For Hilbert spaces V and W, the product space V x W is itself a Hilbert space
when equipped with the inner product

<(771) ; (772)> = (n,m)v + (&L L)w YV eV, VEeW, i=1,2.
§&1) ' \&/)/ vuw

When V or W are Banach spaces (and not Hilbert spaces), then we equip the
product space V' x W with the norm

i)

although any equivalent norm on V' x W could be chosen. For ease of presentation,
we will typically suppress the space where the norms are taken for clarity.
In the following, let V' be a Banach space. The Hardy space given by

= [ollv + lwlw YveV, weW,
VxW

H>®(V):={h:E—V : his holomorphic and bounded},
is a Banach space when endowed with the norm

[Pl := sup [[R(&)[lv  Vh e H=(V).
€k

For o € R, we define the exponentially weighted L?-space L2 (R,,V) by

L2(Ry, V) i={we L} (R, V) re_quw € L*(Ry,V)},
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with norm [[w|| 2 := [le_qw||z2 and where, for 3 € R, eg(t) := eft, for all t € R,
For o € R, we define the Hardy space

H*(C,,V):= {h :Co — V' ¢ h is holomorphic and

o0
sup ([ e+ i)l dy) < oo}
> —00
For w : T — V and v € V, where T = Zy or T = Ry, we say that u(t)
converges exponentially to v as t — oo in T if there exists 4 > 0 such that
limsup; oo ter (e(stHU(t) - U”V) < 0.

Finally, if u € L] (R4, V) (which means in particular that u is an equivalence
class of functions, the difference of any two of which is equal to zero almost every-
where) and v € V', then we say that u(t) converges to v as t — oo if, for every € > 0,

there exists t. > 0 such that
meas{t > t. : [[u(t) —v| > e} =0, where meas=Lebesgue measure.

It is easy to see that this is equivalent to saying that there exists a representative
u of the equivalence class u such that u(t) — v as t — oo in the usual sense.

2. Low-gain integral control in discrete-time. In this section we derive a low-
gain integral control result for infinite-dimensional, discrete-time linear systems
with input nonlinearities and external disturbances. We proceed to outline the
mathematical formulation. Let X and V' be complex Banach spaces and let Y and
U be complex Hilbert spaces. We consider the discrete-time system of difference
equations given by

T = Az + Bo(u) + Bov, 2(0) =2° € X, (2.1)

y=Czx+ D¢(u) + Dev. '

Here " denotes the image of z under the left shift operator, that is, z 1 (t) = z(t+1)
for all t € Z,.. Further,

(A, B, B.,C,D,D,) € L:= L(X)xL(U, X)x L(V, X)x L(X,Y)x L(U,Y)x L(V,Y),

and u € U%+, v € VZ+, ¢ : U — U and A is assumed to be exponentially stable. As
usual, we shall denote the transfer function of (2.1) (from ¢(u) to y) by G, that is,
G(z) = C(2I—A)~'B+ D. For ease of notation, we set ¥ := (A, B, B,,C, D, D) €
L

. We highlight that the formulation (2.1) encompasses systems of the form
T = Az + Bo(u) +v1, z(0)=2"€ X,
y = Cz + Do(u) + vo,
where vy € X%+ and vy € Y%+, Indeed, the above is a special case of (2.1) with
V=XxY,

Be = (I,0), D= (0,I) and v = (Zl>
2

As usual, the variables v, u,x and y in (2.1) denote a disturbance signal, a control
signal, the state and output, respectively, and the function ¢ represents an input
nonlinearity. The control goal is that the output y asymptotically tracks a constant
reference vector r € Y. We shall propose a low-gain integral controller to determine
win (2.1) so that the closed-loop system is disturbance-to-error stable. In particular,
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when v = 0, the low-gain control law will guarantee that the error y(t) —r converges
to 0 exponentially as t — oo.
Given ¥ € I, we say that r € Y is feasible (with respect to (2.1)) if the set

U :={welU:G)pw)=r},
is non-empty, and we say that a subset R C Y is feasible (with respect to (2.1)) if

every r € R is feasible. For ¥ € L, feasible R C Y, r € R and v € U", consider
the control law

ut =u+gK(r—y) —gl(u—p(u) —u" +od(u") +w, u(0)=u’cU, (2.2)

where ¢ > 0, K € L(Y,U) and ' € L(U) are design parameters and w € U%+
is a disturbance. The signal w could model a measurement disturbance d, that is,
instead of y, the disturbed output y+d is fed into the control law, in which case w is
of the form w = —gKd. Further, w could also be used to model errors which occur
when the control law is implemented digitally. We highlight that if I' = 0 or ¢ = id
is the identity function, then (2.2) becomes ‘standard’ integral control (subject
to the disturbance w). The term gI'(u — ¢(u) — u” + ¢(u")), the so-called anti-
windup component, seeks to mitigate against integrator windup [1] when the input
nonlinearity ¢ is a saturation function, in which case ¢ usually has a ‘linear regime’,
meaning that there exists a neighbourhood Uy of zero such that ¢|y, = id. In this
scenario, if u” € Uy N U™, then ¢(u”) = u" (and Up N U™ = {G(1)~r}, provided
that G(1) is invertible), and so, the difference —u" 4+ ¢(u") is zero, implying that
knowledge of u" is not required to implement the control law (2.2). Furthermore, if
u” € UpNUT", then the contribution of the anti-windup component is zero as long as
u remains in Uy and, when u is outside of Uy, the anti-windup action helps to drive
u towards Up. As mentioned in the introduction, integrator windup often leads
to undesirable outcomes in the context of PI control, including destabilisation: for
example, in a finite-dimensional continuous-time context, [15, Example 10] shows
that, in the absence of any anti-windup action, the integrator state of a multivariable
low-gain integral control scheme with input saturation may diverge to infinity. We
refer the reader to [12] and [28] for tutorials concerning anti-windup control.
The feedback interconnection of (2.1) and (2.2) yields the closed-loop system

rT = Az + Bo(u) + Bev, z(0) =2° € X,
y = Cz + D¢(u) + Dev, (2.3)

ut =u+gK(r—y) - gl(u—o(u) —u" +é(u") +w, u(0)=u’el.
We shall show in Theorem 2.1 that the above feedback interconnection is well-posed,
meaning here that for all (z° u®) € X x U, and all (v,w) € VZ+ x UZ+, there is a
unique solution of (2.3), that is, a pair (u,z) € U%+ x X%+ satisfying (2.3).

The following theorem is the main result of this section and provides a disturbance-
to-state estimate for the low-gain integral control feedback system (2.3).

Theorem 2.1. Let X €L, K € L(Y,U), ' € L(U) and RCY, where A and I =T
are exponentially stable and R is feasible. Assume that there exists L > 0 such that

lp+O) —o(Qllv < Llglly véeU, vee | JUm, (2.4)
reR
and
?GIEH(SI— (I-1)7 M-I —KG()| < 1/L. (2.5)

The following statements hold.
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(1) Forall g >0, all (z°,u°) € X x U, and all (v,w) € VE+ x UL+ there exists
a unique solution (u,z) € U+ x X2+ of (2.3).

(2) There exists g* € (0,1] such that for all g € (0, g*), there exist constants c,d >
0 and 6 € (0,1) such that for allr € R, u" € U" and all (2°,u") € X xU, and
all (v,w) € VE+ x U%+, the solution (u,x) € UL+ x X%+ of (2.3) satisfies,

for allt €N,
|7 2 Y=o (o 7 2]
(2

and the corresponding output y of (2.3) satisfies, for allt € Z,

ly(t) —r|| < d (9t (””0 —- A)_lB‘b(“T)) o (Z) Zw) e

u’ —u”
Before proving Theorem 2.1, we provide some commentary. The reader is referred
to [15, Remark 7] for a related discussion in the finite-dimensional, continuous-time
setting.

_|_

) e

+

Remark 2.2. (i) We note that Theorem 2.1 guarantees that, under zero forcing,
u(t) — u”, o(t) = (I — A)"'Bp(u") and y(t) — r as t — oo, and, in each
case, the convergence is exponential.

(ii) Assumption (2.4) is evidently satisfied if ¢ is globally Lipschitz with Lipschitz
constant L. Moreover, if there exist distinct uy,us € U such that ¢(uy) = ug
and ¢(uz) = ug, then an immediate consequence of (2.4) is that L > 1.

(iii) The assumptions of Theorem 2.1 imply that any «” € U”" which satisfies
u” = ¢(u") is in fact unique. To see this, suppose that w” € U” also satisfies
w” = ¢(w"). From (2.4) we see that

[u" —w"llo = l¢(u") — p(w")|v < Lllu" —w"|v .
We conclude that either v = w”, or that L > 1. In the latter case, (2.5)
yields that
1
supgeg [|(§1 — (I = 1)~
Invoking [13, Lemma 2.1] and the exponential stability of I —T', it follows that
c(I-KG()=c((I-T)+('-KG(1))) CD,

It - KG()] <

which in turn implies that KG(1) is invertible. Finally, by definition of
u",w" e UT,
KGHu" = KG(1)p(u") =r=KG(1)p(w") = KG(1)w"
and so u” = w".
(iv) Note that, for A € C,
M—-KG(1)=—((1-MI—-(I-KG(1))),

meaning A\ € o(KG(1)) if, and only if, 1 — A € o(I — KG(1)). In the case
that L > 1, we argued in item (iii) that the condition (2.5) implies that
o(I-KG(1)) CD. Hence, the conditions L > 1 and (2.5) together imply that
o(KG(1)) C Cy, the usual spectral condition for low-gain integral control.
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(v) Theorem 2.1 remains true if the spaces V, U, X, and Y are real, provided
that the estimate (2.5) holds for the canonical extensions of I' and KG(1) to
the complexifications U¢ and Y of U and Y, respectively. In the situation
wherein U = R™ and Y = RP for some m, p € N, if L > 1, then part (iii) shows
that tk G(1) = m is a necessary condition for the assumptions of Theorem 2.1
to hold.

(vi) The condition (2.5) is trivially satisfied for any L > 0 if we choose K as a
left inverse of G(1) and I' = I. Such a choice naturally requires knowledge
of G(1) to be implemented, although the condition (2.5) carries robustness
with respect to uncertainty in G(1). We note that with the choice I' = I,
the supremum on the left-hand side of (2.5) equals 1 and thus, (2.5) holds,
provided that steady-state gain information is available which is sufficient for
the design of an integrator gain K satisfying || — KG(1)|| < 1/L.

(vii) Observe that the choice I' = 0 does not satisfy the hypotheses of Theorem 2.1,
as I — T is required to be exponentially stable. When I' = 0, then (2.2) for
feasible r € Y reduces to “pure” integral control, leading to the closed-loop
system

2T = Az + Bo(u), z(0)=2"¢€ X,
y = Cx + Do(u), (2.8)
ut =u+gK(r—y), u(0)=u’eUl,
where, for simplicity, we have assumed that v = 0 and w = 0. It can be
shown that, if o(KG(1)) € Co, KG(1) is self-adjoint, and ¢ satisfies (2.4)
with L = 1, then there exists g* > 0 such that, for all (z°,u°) € X x U
and all g € (0,g*), it follows that the output y of (2.8) satisfies y(t) — r as
t — oco. However, the assumption that K G(1) is self-adjoint is highly non-
robust to uncertainty, and essentially restricts the result to the single-input
single-output case, that is, Y = U = R or C. If KG(1) is not self-adjoint,
then the anti-windup component in (2.3) is crucial for the stability of the
closed-loop system as [15, Example 10] shows. ¢

The proof of Theorem 2.1 requires the following lemma, which is a discrete-time,
infinite-dimensional version of [15, Lemma 6], extended to the case of potentially
non-zero feedthrough.

Lemma 2.3. Let X €L, K € L(Y,U), T € L(U) and assume that A and I —T are
exponentially stable. For g > 0, we define

A= (gf;{c ; Ogr), B (Q(FBKD)>, G=(0 1), (29

and let G denote the transfer function of (A, B,C), that is, G(¢) = C(¢1 — A)™'B.
The following statements hold.

(1) For each g € (0,1], A is exponentially stable.
(2) For alle > 0, there exists g* € (0,1] such that, for all g € (0,g*),

1G]~ <e+ Sup 167 = (T =T) 7 I* = KG(1)]|. (2.10)

Proof. To prove statement (1), fix g € (0,1]. From the block triangular structure
of A, it follows that o(A) C o(A) Uo(I — gI'). Since 0(A) C D, our aim is thus to
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prove that (I — ¢I") C D. For which purpose, first note that for A € C,

AI(IgF)(A1)1+grg(<’\gl+1>I(IF)> ;

which in turn yields that A € o(I — gT') if, and only if, (A —1)/g+1) € o(I = T).
By combining this with the fact that I — I' is exponentially stable, we see that if
A € o(I—gT), then (A\—1)/g+1 € D, which in turn implies that (A—1)/g € D(—1,1).
For such a A, it is easily checked that since g <1, A—1 € D(—1, 1) and hence A € D.
We have thus shown that o(I — gI') C D, hence yielding that A is exponentially
stable for each g € (0, 1].

For statement (2), fix ¢ > 0 and note that, for all £ € E and g € (0, 1], a routine
calculation gives

G =(0 1) <§;[;CA €1 — (([)_ gp)> <g(1‘ _BKD))
=g(&l — (I - g) (T ~ KG(9)).
We write G = H; + Ha, where, for all £ € E and g € (0,1],
H, (€) == g(&] — (I — g1) 'K (G(1) - G(9))
Hy(¢) := —g(&l — (I — gT)) 1 (KG(1) - T).

We highlight that Hy, Hy € H(L(U)) for all g € (0,1]. We claim that there exists
€ (0,1] such that

||H1||H°° S 3 VQ € (Oag*)7 (211)
and that
[Ha|lg= < Sup 1= (I =T)7 Y- [IT = KG(1)]| Vge(0,1]. (2.12)
€

The desired estimate (2.10) follows from the conjunction of (2.11) and (2.12). We
record that

(€—-1)/g+1€E VEEE, Vge (0,1], (2.13)
which follows from the estimates
-1 -1 1 1 1 1
'54—1‘ > f—&-‘—’—l‘ >———-+1 as{/gecEyyy
g g g g g g

=1 VEEE Vge(0,1].

Consequently, from the exponential stability of I —T°

225“((* + 1)1— (Ifr))_lu =M <oo Vge(0,1]. (2.14)

To establish (2.11) we express H; as

1.G(1) - G(¢)
H,(¢) _g(I+ ﬁr) K

We claim that there exists M > 0 such that

VEER, Vg e (0,1]. (2.15)

H(I+7F) IHSM VEEE,Vge (0,1]. (2.16)
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To show this, fix p > 1 and let g € (0,1] and £ € E. If [¢ — 1| < p||T'||g, then,
from (2.14),

(e e25m) =5 (G - -m)
< p||T'|| My .

If instead |€ — 1| > p||T||g, then

H H w1 <1
e T ’

whence, estimating the convergent Neumann series gives

G+ e25m) =10 - (- 5m) =12 (-e50) ]
SkezZng—fH Spf1::M2'

Taking M := max{p||T'|| M1, M2} gives (2.16). Combining (2.15) and (2.16) yields
that

H1 (&I < gM[[I[z= VEEE, Vg e (0,1], (2.17)

where

KG’(l) if € =1.

The bound (2.11) now follows from (2.17) by taking ¢* := min{1,e/(M||J||z=)}.
To establish (2.12), we note that

KG(E) (1) if 1
J@%:{ oW f g o

0l < || (SF1+1) 7| - ke

(= +)r-a-D) 7|~ el

<sup |(M — (I =T)7H|-IT - KG(1)| VE€E, Vge (0,1], (2.18)
A€EE

where we have used (2.13) to obtain the final inequality. The estimate (2.12) follows
from (2.18). O

We are now in position to prove Theorem 2.1.

Proof of Theorem 2.1. Let r € R, u" € U™, 2° € X, w® € U, g > 0 and (v,w) €
VZ+ x U%+ be given. Let A, B and C be given by (2.9), define

Pur(Q) = o(C+u") —o(u") V(eU,

and consider the Lur’e system of difference equations

= I o0 o\ (B
z+:Az+Bg+< ) Dev |, 2(0)=2z",
0 —gKk 1)\ ", (2.19)
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It is clear that a unique solution to (2.19) exists. Furthermore, a routine calculation
shows that z is a solution to (2.19) if, and only if,

2= <§) = (x - (I_A)_lB(‘S(“T)) : (2.20)

u u—u”"

where (u,z) is a solution of (2.3). Hence unique solutions of (2.3) exist, proving
statement (1).

To prove statement (2), we realize that the estimate (2.6) follows from an ap-
plication of [13, Statement (ii) of Theorem 3.2] to (2.19) and (2.20). We proceed
to verify that the hypotheses of [13, Theorem 3.2] hold. To this end, we note that
inequality (2.5) implies the existence of an € > 0 such that

e+ sup (1 — (1 = 1) T ~ KG()] < 1/1. (2.21)

Moreover, by invoking Lemma 2.3, we obtain the existence of g* € (0, 1] (indepen-
dent of u, w, v, x, y, r and u") such that, for all g € (0, g*), the transfer function
G of (4, B,C) satisfies (2.10). This, along with (2.21), implies that

1Gllz~ <1/L Vge(0,9%).
Finally, since ¢, satisfies

[fur (Ol < LliEllv VEEU,

by (2.4), we see that the hypotheses of [13, Theorem 3.2] are satisfied.
The estimate (2.7) follows from (2.6) and the bounds

ly(@) =7l < [Cllllz(t) = (I = A7 Bo(u")|| + [[Dllll¢(u(t)) — ¢(u")] + [ Dev(®)]
< Clllx(t) = (I = A)~ B (u")|| + L|| DI[[|u(t) — ||
+[Dev@®)|| VieZy,
completing the proof. O

3. Sampled-data integral control. In this section, we apply Theorem 2.1 in
the context of sampled-data low-gain integral control of well-posed linear systems.
We will be brief in our setup, since there is much literature concerning these sys-
tems. Indeed, we refer the reader to the references [26, 27, 29, 30] for more details.
Throughout, we consider an L2-well-posed system with state space X, input space
U x U,, output space Y (all Hilbert spaces), generating operators (A, (B, B.),C),
and transfer function (H,H,). Control inputs will act through B, whilst external
disturbances will act through B..

By definition, A is the generator of a strongly continuous semigroup T on X,
(B,Be) € L(Ux Uy, X_1) and C € L(X1,Y), where X; is the domain of A endowed
with the graph norm ||z||; := ||z| + ||Az||, and X_; is the completion of X with
respect to the norm ||z||_; := ||(BI — A)~'x||, where 3 is in the resolvent set of A.
We recall here that the choice of 5 is unimportant, since a different choice leads to
equivalent norms. It is clear that X; C X C X_; and that the canonical injections
are dense. It is well-known that the semigroup T restricts to a strongly continuous
semigroup on X; and extends to a strongly continuous semigroup on X_;, with the
exponential growth constants being the same on all three spaces X7, X and X_;.
It is also true that the generator of the restricted semigroup is a restriction of A,
and the generator of the extended semigroup is an extension of A (to X). We shall
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use the same symbols, T and A, for the restriction and extension of the semigroups
and their generators, respectively.

The operators (B, B.) and C are admissible control and observations operator,
respectively, that is, for every ¢ > 0, there exist b; > 0 and ¢; > such that

t
/ T(t — s)(B, Bo)v(s) ds|| < bi||v]|z Vv e LQ([O,L‘], U x U,),
0

and

t
[ lerweia < alel vee xi.
0
We define the A-extension of C as
ChE& = )\lim CAN — A)7le vee dom(Ch),
— 00

where dom(Cy) is the set of all £ € X such that the above limit exists. We note
that X; C dom(Cy). Moreover, for all £ € X, it follows that T(¢)¢é € dom(Cy) for
almost all t > 0, and CAT¢ € L2(R4,Y) for all a > w(T), where w(T) denotes the
exponential growth constant of T, viz.
1
w(T) := lim n In || T(®) -

t—o0

The transfer function (H,H,) is a bounded holomorphic function C, — L(U x
Us,Y) for every a > w(T). Finally, throughout we assume that w(T) < 0, that is
to say that T is exponentially stable.

For given ¢ : U — U globally Lipschitz, we shall consider the continuous-time
system of the form

& = Ax + Bop(w) + Bev1, x(0) =2° € X, } (3.1)
y=Ch (v + AN (Bo(w) + Bevr)) + H(0)p(w) + He(0)v1, '

where w € L (Ry,U) is the control input and v; € L (R, U,) denotes a dis-
turbance. We interpret the differential equation in (3.1) in the larger space X_;.
If the well-posed system is regular, then the output equation (3.1) reduces to the
more familar form y = Cpyz + Dé(w) + Devy, where (D, De) € L(U x U, Y) is the
feedthrough operator.

Let 7 > 0 denote the sampling period. The (zero-order) hold operator H is
defined as

(Hu)(t) := u(k) Vtekr,(k+1)7), YuecU™,

which maps U%+ into the set of U-valued step-functions (of step length 7) defined
on [0,00). Furthermore, we let a € L*([0,7],R) be such that

(i) /O at)dt=1 and (i) /0 at)T(tzdt € X; Ve X. (3.2)

We comment that (i) holds if a is piecewise absolutely continuous, which follows
from integration by parts and the fact that [J T(t) zdt = A~Y(T(s) — I)z is a
continuous Xi-valued function of s for every z € X. A trivial example of a function
a satisfying (3.2) is the constant function a(t) = 1/7 for all ¢ € [0, 7].

For a € L*([0, 7], R) satisfying (3.2), the (generalised) sampling operator
S: L2 (R.,Y) — Y%+ is defined by

loc

(Sy)(k) := /OT at)y(kr +t)dt Yye LE . (Ry,Y), VkcZ,.
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We say that r € Y is feasible (with respect to (3.1)), if the set
U™ :={weU:H(0)p(w)=r},

is non-empty. A subset R C Y is said to be feasible (with respect to (3.1)) if every
r € R is feasible.

Given feasible R C Y, r € R and " € U", consider the discrete-time integral
control law

ut =u+ gK(r—Sy) — gl(u— d(u) —u" + d(u")) +ve, u(0)=u€U, (3.3)

where y is the output of (3.1), and ¢ > 0, K € L(Y,U) and I € L(U) are design
parameters. The signal vy € U%+ is a disturbance.

The feedback interconnection of (3.1) and the control law (3.3) via w = Hu,
yields the closed-loop system

& = Ax + Bo(Hu) + Bevy, x(0) =2" € X, (3.4a)
y=Ch (z+ A Y (Bo(Hu) + Bevr)) + H(0)p(Hu) + He(0)v1, (3.4b)
ut =u+gK(r—S8y) — gT(u — d(u) —u" + d(u")) +va, u(0) =u’ € U. (3.4c)

For given vy € L (R4, Us,), v2 € U%+, 2% € X and u® € U, we say that (z,y,u) €
C(Ry,X) x LE (R4,Y) x UL+ is a solution of (3.4) if

z(t) = T(t)z" + /0 T(t — s) (Bo((Hu)(s)) + Bovi(s))ds Vit >0,

and (3.4b) and (3.4c) are satisfied. It is a routine exercise to show that there exists
a unique solution of (3.4)

In the following, we let H and H, denote the input-output operators associated
with H and H.,, respectively. These are causal operators defined on L2 (R4,U)
and L (R4, U,), respectively, with values in L, (R.,Y), and they map L2 (R4, U)
and L2 (R4, U,), respectively, boundedly into L2 (R4, Y) for any a > w(T). We say
that H has a measure impulse response if U = C™, Y = CP and there exists a
CP*™_valued Borel measure on R4 such that

(Ho)(t) = (p*v)(t) := /0 p(ds)v(t —s) Vt>0,Vve Ll (R ,C™).

We now present the main theorem of this section, a stability result for the sampled-
data low-gain integral control system (3.4). The strategy for the proof is to extract
a discrete-time system from (3.4) which describes the evolution at the sampling
points and which allows an application of Theorem 2.1, and then to show that the
inter-sampling dynamics are well behaved.

Theorem 3.1. Let w(T) < 0, K € L(Y,U), T € L(U) and let R CY be feasi-
ble. Assume that I — T is discrete-time exponentially stable, ¢ is globally Lipschitz
continuous with Lipschitz constant L > 0 and

sup (61— (7 =)~ -7 = KH(O)|| < 1/1. (3.5)

Then there exists g* € (0,1] such that, for all g € (0,g*), there exist constants
c1,02,¢3,7 > 0, @« < 0 and 8 € (0,1) such that for all v € R, u" € U", all
(2% u%) € X x U and all vi € L>®(R4,U,), vy € £°(Z4,U), the solution (z,y,u)
of (3.4) has the following properties.
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(1) The output and state variables, y, u and x, respectively satisfy

0 —1 r
Ju) =+ 5 ol < (] (%8 5) [+ ol

u u
+ [ mi-avall, ), VEEN, (3.6)
and

(kT + 1) + A7 Bo(u")| < e (e

0 Ale r
(a; + ! é(u )) H i ||7Tk”2||eoo

u’ —u”
0l e opran) YEEZe, VEEDT).  (3T)
(2) If H has measure impulse response and
H, € LI=(Ry, U.), L=(Ry, Y)), (3.5)
then there exists ¢ € L2 (R4, Ry) such that
ly(kr + ) — 7l < q(t) + cs(l[vill Lo (0, krre) + [ Trvalle=)

Vke€Zy, forae tel0,r). (3.9)
Moreover, under the additional assumption that there exists tog > 0 such that
T(to)(Az° + Bo(u")) € X, (3.10)

the output y satisfies
timsup [y(6) = 71l < ca (o122 0.0 + zllo=) (3.11)

(3) If vy = 0 and va = 0, then u(k) — u" as k — oo and z(t) - —A~"1Bo(u")
as t — oo exponentially and r —y € L2(Ry,Y); furthermore, if addition-
ally (3.10) and

Jim (Hf)(H) =0 Vfe L*(R,,U) with Jim f(t) =0, (3.12)
hold, then y(t) — r as t — oo.

Remark 3.2. (i) We note that the conclusions of Theorem 3.1 hold for any
sampling period 7 > 0. Although not performed exhaustively, our numerical
simulations suggest that performance (for instance speed of convergence) is
slower when 7 is larger, which seems reasonable intuitively.

(ii) If H, has measure impulse response, then (3.8) is satisfied. Condition (3.12)
holds if H has measure impulse response (see [17, Lemma 6.2.4]).
(ili) Note that if r —y € L2(R4,Y) for some a < 0, then, for any 6 > 0,

lim meas {t > 0 : e *"|y(t) —r|| > 6} =0, where meas=Lebesgue measure,
— 00

that is, y tracks r exponentially fast in measure.

(iv) The smoothness condition z° + A~!B¢(u") € X; is sufficient for (3.10) to
hold. Furthermore, analyticity of the semigroup T(t) guarantees that (3.10)
is satisfied for every to >0, 2° € X,r € Rand u" € U". O

The remainder of this section is dedicated to proving Theorem 3.1.

Proof of Theorem 3.1. (1) The first aim is to extract a discrete-time system from
(3.4) to which Theorem 2.1 may be applied. For which purpose, define

Mz = / a®) T dt YaeX.
0
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Then, Mz € X; for all z € X by property (ii) in (3.2). It is straightforward to
show that M is closed, and hence M € L(X,X;) by the closed-graph theorem.
Furthermore, set

A, :=T(7), B, ::/ T(s)Bds, Cy := CM, D, :== CMA™'B+H(0). (3.13)
0

Clearly A, € L(X), and it easy to show that A, is (discrete-time) exponentially
stable, since T is an exponentially stable semigroup. Further, B, satisfies

B, = (T(r) —I)A™'B € L(U, X),
and rearranging the above gives
(I-A.)'B,=-A"'B. (3.14)

By the boundedness of M, it follows that C, € L(X,Y) and D, € L(U,Y). We
denote the transfer function of the discrete-time system given by (A,, B,,C;, D;)
by G.

Let r € R, u" € U™, (2°,u°) € X x U and v; € L®(Ry,U,), v2 € {°(Z,,U) be
given, and let (z,y,u) denote the solution of (3.4). We claim that £ and ¢ given by

g(k) = x(kr) and C(k) == (Sy)(k) VkeZ,, (3.15a)

satisfy the discrete-time system

.
PP 15

with
(k) = /O T(r — 5)Bovr(s + 7h) ds Vk € Zy, (3.15¢)

and

na(k) ::/OT a(t)Cy (/0 T(t — s)Bevy (s + k7))ds + A~ Bovy (k7 + t)) dt
+ /T a(t)He(0)vy (kT +t)dt Yk € Zy. (3.15d)
0

Further, recall that w in (3.15b) is given by
ut =u+gK(r—¢)— gl (u—¢(u) —u" + ¢(u")) + v . (3.16)

We seek to apply Theorem 2.1 to the feedback interconnection of (3.15) and (3.16).
We proceed in steps.

STEP 1. EXTRACTING A DISCRETE-TIME SYSTEM. We show that £ and (
in (3.15a) do indeed satisfy (3.15b) with 7 and 72 as in (3.15¢) and (3.15d), re-
spectively. Straightforward modifications of [18, Propositon 3.1] to incorporate vq
give the difference equation for . As for the output equation of (3.15b), let us first
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note that, for all k € Z, and t € [0, 7),
y(kT +1t) = Ch (J:(k‘T +t)+ A Bo(u(k)) + A" Bovy (kT + t)) +H(0)p(u(k))
+H.(0)vy (kT + t)

kT+t
=Ch (T(t)x(lm‘) + /k T(kt 4+t — s)(Bo(u(k)) + Bevi(s))ds

+ AT Bo(u(k)) + A7 Bevi (k7 + t)) +H(0)¢(u(k))

+H.(0)vy (kT + ).

By using a change of variables, this becomes, for all k € Z and t € [0, 7),

y(kT +1t) = Ca (']I‘(t)x(kT) + /0 T(t — s)(Bo(u(k)) + Bevi (s + k7))ds

+ A7 Bp(u(k)) + A~ Bovy (k7 + t)) +H(0)op(u(k))

+H.(0)vy (kT + ).

Since
/Ot T(t — s)Bp(u(k))ds = A~ (T(t) — I)Bo(u(k)) Vke€Z,,Vte[0,7),

we see that, for all k € Z, and ¢ € [0, 7),

y(kt+1t) = Cx (’]I‘(t)x(kT) +T(t) A" Bo(u(k)) + /0 T(t — s)Bevi(s + kT)ds

+ A7 ' Bovy (k7 + t)) +H(0)p(u(k)) + He(0)vy (kT + 1) .
Consequently, for all k € Z,
C(k) = /OT a(t)Ch <’I[‘(t)x(k7) +T(t) A Bo(u(k)) + /0 T(t — s)Bev1(s + kr)ds
+ A7 Bovy (kT + t)) dt + /T a(t) (H(0)p(u(k)) + He(0)vy (kT +t))dt .
0

Recalling that, for all £ € X, T(¢)¢ € dom(Cy) for almost all ¢ > 0, we see that, for
all k € Zy,

C(k) = /O ’ a(t)OAT(t)(x(kT) + A~ Bo(u(k)))dt
+ /T a(t </t T(t — 5)Bevy (s + k7))ds + A~ Bovy (k7 + t)) dt
0 0

(t)Ca
+ / a(t) (H(0)p(u(k)) + He(0)v1 (kT + t))dt .

o

Invoking (3.2), (3.13) and (3.15d), we obtain that, for all k € Z,
((k) = CMa(kt) + CMA™ Bo(u(k)) + H(0)p(u(k)) +12(k)
= Cr¢(k) + Drop(u(k)) + n2(k) .
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We have now shown that (3.15b) holds.
STEP 2. ESTIMATING THE DISCRETE-TIME FORCING TERMS 7)1 AND 7)3. By the
admissibility of B, there exists x > 0 such that

|/ T 5)Bavr (b7 -+ 5) | < a2t sa) < mv o et
VkeZy, Viel0,7). (3.17)
Whence,
[Tr—1mlle=e < 6VTll01]lLoe ok Y EN. (3.18)
We now seek to prove the existence of d > 0 such that
[mk—1m2lee < dlvillLeeokr) VEEN. (3.19)
To this end, by writing

we(t) := Cy </Ot T(t — 8)Bevi (s + k7))ds + A~ Bovy (k7 + t)> + H(0)vy (kT + 1),

we see that w, is the output of an exponentially stable well-posed system with zero
initial condition and input vy (k7 + -). Hence, there exists d; > 0 such that

lwellz2(jo,7)) < dillvillLz(r,k+1)7)) < AVTl0L]| oo (R, (k1) 7)) -
By use of Hoélder’s inequality, we then obtain from (3.15d) that, for all k € Z,

[m2(B)I| < [lall 2o,/ 1well L2 (0,71) < dllvillLoe (rr,(kt1)71) 5

where d := di+/7l|a| £2(j0,7)) > 0. Tt is thus evident that (3.19) holds.

STEP 3. INVOKING THEOREM 2.1. An application of [18, Propositon 3.1] yields
that G,(1) = H(0). Thus, r € Y is feasible with respect to (3.1) if, and only
if, it is feasible with respect to (3.15b). Moreover, from (3.5), (2.5) is satisfied in
the context of (3.15). Therefore, in light of steps 1 and 2 above, an application of
statement (2) of Theorem 2.1 to (3.15) and (3.16) yields the existence of g* € (0, 1]
such that, for all g € (0, g*), there exist ¢; > 0 and 6 € (0, 1) such that

() — (1 — A) 7 Br(ur 20— o
s, )l )

* H”’H (Z;) Hm) VEkeN. (3.20)

In light of (3.14), (3.18) and (3.19) (and the definition of the norm on product
spaces), the estimate (3.6) follows.
STEP 4. DERIVING (3.7). We note that, for each k € N and ¢ € [0, 1),

t+kT

z(kT +1t) = T(t)z(kT) + /k T(t + kT — 5)(Bo(u(k)) + Bov1(s)) ds

T

= T(t)x(kr) + / T(s) Bo(u(k)) ds + / T(t — 5)Bov (b + s) ds
0 0
= T(t)a(kr) + (T(t) — 1) A~ Bo(u(k))

+ /0 T(t — 8)Bovy (kT + 5) ds. (3.21)
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Therefore, taking norms in (3.21) and invoking (3.17), we see that
o (k7 +t) + A7 Bo(u")|| < IT(t)|[l|z(kT) + A~ B (u(k))]|
AT B (u") — p(u(k)]| + mv/Tlv1 ]| Lo (k)
VkeZy, Vtel0,7). (3.22)
Define the positive constants

vy := sup | T(t)| <oo and wvy:=||A™'B|| < . (3.23)
te[0,7]

The Lipschitz property of ¢ together with (3.22) and (3.23) leads to
(kT +1) + A7 Bo(u")|| < villa(kr) + A7 B (u")[| + voL(1 + 1) |Ju(k) — u”||
+ KVTlo1 || oo ([r k)

VkeZy, Vtel0,T). (3.24)
Setting v := —(In#)/7 > 0 and v3 := €77, we have that
0F = v3e Y*HIT < e kTH) YR e 7, Ve [0,7). (3.25)

Combining (3.20) with (3.14), (3.24) and (3.25) gives (3.7), as required.
(2) Set
f(t) = CaT(t)a” + H(p(u")) — H(0)d(u"),
where we view ¢(u") as the constant function with value ¢(u"). The Laplace trans-
form of H(p(u")) —H(0)p(u") is given by (H(s) —H(0))p(u")/s. As this function is
in H%(Cg,Y) for every 8 > w(T), the Payley-Wiener theorem [27, Theorem 10.3.4]
then guarantees that

H($p(u") —H(0)(u") € LF(R4,Y) VB >w(T),
and so f € L%(RJF, Y) for all 8 > w(T). As r = H(0)¢(u"), the error y — r can be
written in the form
y—r=f+HM(¢w) - o))+ Hevr. (3.26)

Assume now that H has a measure impulse response and that (3.8) holds. Denoting
the measure impulse response of H by p and the total variation of p by |u|, we have
that

[ (HH(p(w) — ¢(u)(®)|| < L(Ip| = [[H(w) —u"[D(E) V>0,
where we recall that L is the Lipschitz constant of ¢. Consequently, it follows from
statement (1) that

[ (HH(p(w) = p(u")) (k7 + )| < 1 L(ln| * o) (kT + 1)
+ R (vl + llvzlle=)
VkeZy, Ytelo,7), (3.27)

where

20+ A7 Bo(u"
UO —u"

go (kT + ) = okH< )> H VkeZy, Vie 7).

Noting that g9 € L2 (R4, R), where ag := (In6)/7 < 0, and choosing 0 > a >
max(w(T), ap), we conclude that |u|*qo € L2 (R4, R), and so, the function ¢ defined
by

q(t) = [IF O + er L[] * qo)(t) V=0,
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is in L2 (R4, R). It follows from (3.26) and (3.27) that there exists c3 > 0 such
that (3.9) holds.

Let us now assume that (3.10) is satisfied. It is clear from (3.9) that, to estab-
lish (3.11), it is sufficient to show that ¢(¢t) — 0 as t — oco. Since

Jm ([u] * go)(t) =0,
we need to show that f(¢) — 0 as t — oo. The Laplace transform f of f is given by
. 1
f(s)=C(sI — A)~ 12" + E(H(S) —H(0))p(u") Vs Cy- (3.28)

By [27, Theorem 4.6.7)
1

g(H(s) —H(0))p(u") = C(sI — A) " A 'Bo(u") Vs € Cyry,

and thus, it follows from (3.28) that
f(s)=C(sI — A)"* A7 (Ao + Bo(u")) Vs e Cury -
Consequently,
f(t) = CAT() A~ (Azo + Bo(u"))
= CA™'T(t — to)T(to)(Azo + Bo(u")) Vit > to,

and the exponential stability of T implies that lim;_, o f(t) =

(3) Assume that v; = 0 and vy = 0. It is clear from statement (1) that u(k) — u”
as k — oo and x(t) - —A"'B¢(u") as t — oo and that the convergences are
exponentially fast. To show that y —r € L2(Ry,Y), we note that, by (3.26),

y—r=[f+HMH(u) - o(u"). (3.29)
Set p := e and note that

/0 e (B (w) () — o(u )| di = / TS 2R g (k) — (")

k=0
1 9]
—2(17’ —2k V(2
= - P~ lo(ulk)) — ¢(u")]]
SRS
< o0, (3.30)

where the convergence of the infinite series follows from (3.6) and the fact that p > 6.
Consequently, H(p(u)) — ¢(u”)) € L2(Ry,Y). We know that f € L2(Ry,Y) and
therefore, invoking (3.29), we conclude that y —r € L2(R,,Y).

Finally assume that (3.10) and (3.12) hold. We know from the proof of state-
ment (2) that f(t) — 0 as t — oo. By (3.30), H(¢(u)) — ¢(u") is in L?*(R,,U)
and, by statement (1), lim_, oo (H(P(w))(t) = ¢(u”), and thus, invoking (3.12),
H(H(p(u)) — ¢(u”))(t) — 0 as t — oo. It folows now from that y(t) — r as
t — 00. O

4. Examples. We conclude with two examples. The first considers an application
of Theorem 3.1 to a system with output quantization, and in the second example
we apply Theorem 3.1 to to a heat equation on a square domain.
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FIGURE 4.1. Quantization function gs.

Example 4.1. For § > 0, the quantization function g5 : R — R is defined by
g5 (0k+&) =0k VkeZ VEe€[-6/2,0/2).

The graph of g5 is plotted in Figure 4.1.

We consider the sampled-data system (3.4) with K € L(Y,U), T € L(U), g >0
and r € R CY, where R is feasible. Let E C Y be an orthonormal basis of Y and
let 1 = (ne)ecr € £2(E) be positive, that is, . > 0 for every e € E. If Y is not
separable, then E is uncountable, in which case ¢?(E) is defined to be the space
of all functions £ : E — R such that £(e) # 0 for at most countably many e € E
and Y . p|€(e)]* < oo. Obviously, if Y is of finite dimension p, then (?(E) can
identified with R?. Given ¢ € Y, we have that

qn. (N < (G, el +me /2 VeeE,

and so the function e — g, ((¢,e)) is in ¢*(E). Consequently, the quantization
operator @, : Y — Y given by

Qn(Q) ==Y . ((Ge)e VCeY,
ecE

is well defined. We will study the situation in which only the quantized version
@y (y) is available for feedback, but not y itself. That is, the feedback system under
consideration is given by

@ = Az + Bo(Hu) + Bevy, z(0)=2" € X, (4.1a)
y=Ch (z+ A7 (Bo(Hu) + Bevy)) + H(0)p(Hu) + He(0)vy, (4.1b)

u =+ gK(r — S(Qy o)) — T (u— d(u) — u” + o(u") + vs,
u(0) =u’ € U. (4.1¢)

As
[(Sy)(k) = (S(Qn o) (Bl < llallz2vTnlle2/2 VE € Zy,

where [|n]lez == (X.cp |§(e)\2)1/2, it is clear that we can write (4.1¢) in the form
ut =u+gK(r—S8y) — gl (u—d(u) —u" +¢(u")) +va+w, u(0)=1u’€eU, (4.2)

where w € U+ satisfies ||wl|g=~ < g||K||||a|l 2 v/T||7le2 /2

Assuming that (3.5) holds, then the conclusions of statement (1) of Theorem 3.1
apply to the sampled-data system given by (4.1a), (4.1b) and (4.2). If addition-
ally, H has measure impulse response, v; = 0, v = 0 and (3.10) holds, then, by
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statement (2) of Theorem 3.1?, there exists ¢ > 0 such that
lim sup [y (t) — 7{| < ¢flnll= -
t—o0

Hence, the smaller ||n||z (the size of the quantization parameter), the more accurate
the tracking behaviour of the sampled-date system. O

Example 4.2. We consider sampled-data low-gain integral control in the presence
of input saturation for a controlled and observed heat equation on a square domain
with disturbances. Let  := (0,1) x (0,1) C R? denote the unit square. We define
the sections of the boundary

00 = {(&,&L)eR® 1 0<& <1, & =0},
00 = {(&,&£)€R? 1 0<& <1, & =1},
03 :={(&,&L)eR? : & =0,0< & < 1},
O ={(&,&L)eR? : & =1,0< & < 1},
the bottom, top, left and right sides, respectively, see Figure 4.2.

&2 (792
003 Q oy
0 o0, &

FIGURE 4.2. Square domain ) C R2.

The plant inputs w; and up are boundary controls applied on 9, and 0,
respectively, and the boundaries 923 and 024 are maintained at a constant tem-
perature, leading to

0z

pri Az in (0,00) x Q, (4.3a)
z=2% on {0} xQ, (4.3b)
2=0 on (0,00) x 9Q;, for i € {3,4}, (4.3¢)

Z—Z =¢q; on (0,00) x 09, forie {1,2}, (4.3d)
n

where z = z(t,£) and

29 is the initial condition;

A denotes the Laplacian;

g—z = Vz - n is the outward normal derivative of z;

q; = u; + v; is the sum of the plant input w; and disturbance v;.

2 Since we are assuming that v; = 0, the condition (3.8) is irrelevant and does not need to be
imposed.
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The plant outputs y; and y, are the averaged temperature over the two boundary
sections 0921 and 09, respectively, that is,

yi(t) = /aQ- z(t,6)d¢ fort>0andie {1,2}. (4.3¢)

We claim that (4.3) gives rise to a L? well-posed linear system on the state-space
X = L?(Q) with input and disturbance space U = U, = R?, B = B,, and output
space Y = R2. The details are somewhat technical, require some material from the
theory of PDEs, and are not required to illustrate our results, which is the purpose
of the present example. Therefore, we have chosen to relegate the details to the
Appendix.

The semigroup associated with (4.3) is exponentially stable and analytic, so
that (3.10) holds for every to > 0, 2° € X and every feasible r. Furthermore, the re-
sulting well-posed linear system has an L' impulse response, and so properties (3.8)
and (3.12) hold as well.

Since B = B,, the transfer functions from input to output H in (4.3), and from
disturbance to output He in (4.3) are equal. Thus, the transfer function of (4.3)
can be identified with H. In the Appendix we show that

c d
Ho) = (5 7). (1.4)
for certain constants ¢ > d > 0. In particular, H(0) is invertible.

For the purpose of output regulation by sampled-data low-gain integral control
in the presence of input saturation, we fix

a(t):% vtelo,7], K:=H(0O)' and T':=1. (4.5)

The choice of a in (4.5) leads to the sampled output Sy given by

(Sy)(k) = ~ / y(t+kr)dt, VkeN, wherey= <y1> .
T Jo Y2
The choice of K and I in (4.5) ensures that the condition (3.5) holds for any L > 0,
and hence for any globally Lipschitz saturation term ¢. Therefore, the conclusions
of Theorem 3.1 apply to (3.4) with plant given by (4.3) and controller data as
specified in (4.5).
For a numerical simulation, we discretise (4.3) in space with a finite-difference
approximation, the details of which are given in the Appendix. Common to all our
simulations are the data

g=0.1, 20(¢) =sin(né&) Vé= @) cdq, (4.6)

where ¢l denotes the closure of Q. For fixed a < b, define ¢(-;a,b) : R — R by
P(w;a,b) = max{a, min{w, b}}. We consider two saturation functions ¢ = ¢; for
1 =1,2 given by

)= (M Th3) e e = (U5) ves () e
The sets it

{H(0)¢i(w) : we R*} i=1,2,
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are the largest sets of feasible references for (4.3) and (4.4) with ¢ = ¢;, and are
plotted in Figure 4.3. The reference

P (1}2) : (4.8)

is clearly feasible in both cases.

0.5 x
N
0
-0.5 0 0.5 1 1.5

1

FIGURE 4.3. Feasible sets of reference vectors r = (T1 rg)T for
¢1 (darker grey) and ¢o (lighter gray) regions. The reference r
in (4.8) is marked with a cross.

We will use the notation

V= (Ul) R (ul) and y := (yl) .
V2 u2 Y2

For the simulation plotted in Figure 4.4, we choose
u(0) =0, 7€{0.25,0.5} and ¢=¢;. (4.9)

The simulations shown in Figure 4.4 illustrate the convergence of the sampled-data
system when no disturbance is present, that is, when v = 0. Moreover, in this
example, we see that the saturation bounds are not reached (meaning ¢;(u(t)) =
u(t) for all t € Z,). As expected, the convergence appears faster when the sampling-
period 7 is smaller.

For the simulation presented in Figure 4.5, the data in (4.9) are replaced by

w(0) = (_64) . r=04 and é=ds. (4.10)

Additionally, as nonzero forcing we choose
sin(¢)
=011 . .
v <sm(3t/4) + sin(v/2t)
The choice of initial integrator state v(0) in the saturation region of ¢ is deliberate
and is to illustrate the saturation effects. Two simulations are shown with forcing

terms v and 3v. Not surprisingly, the tracking error seems to increase as ||v| g
increases. ¢

) Vi>0. (4.11)
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FIGURE 4.4. Model data as in (4.5), (4.6), (4.8) and (4.9). (a)
Initial temperature profile 2°. (b) Temperature profile of solution
z at time ¢t = 20. (¢) Outputs. (d) Held inputs. In panels (¢) and
(d), the solid and dashed lines correspond to 7 = 0.25 and 7 = 0.5,
respectively. The dotted lines in panel (c¢) are the components of
the reference.

FIGURE 4.5. Model data as in (4.5), (4.6), (4.8), (4.10) and (4.11).
(a) Outputs. (b) Held inputs. In panels (a) and (b), the solid and
dashed lines correspond to the external forcing v and 3v, respec-
tively. The dotted lines in panel (a) are the components of the
reference.

39
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Appendix

Further details for example 4.2. We provide further details for Example 4.2
not given in the main text. We first describe the theoretical setting, and then our
numerical approximation.

Theoretical setting

The following arguments are somewhat similar to those in [3]. There the authors
assume that the boundary 9 has a smoothness called piecewise C?, which (despite
the name) is not the case here. To describe the model requires some standard
material from the theory of PDEs. We make use of notation and results from [14],
and from the theory of well-posed linear systems [27]. First note that 2 := (0,1) x
(0,1) € R? clearly has a so-called curvilinear polygonal boundary [14, Definition
1.4.5.1]. We let H*(Q2) for s € R denote the usual (fractional) Sobolev space. For
open I' C R and a given function z : I' — R, we let z denote the extension of z to
all R by zero. Thus for s > 0, we let

H*T):={z€ H) : 7€ H'(R)}.

Further, C¢°(c1Q) (denoted by D() in [14]) denotes the set of infinitely-different-
iable functions R? — R with compact support, restricted to cl€. Next, let ~; :
HY(Q) — H 2 (09);) denote the usual trace operators, which are continuous exten-
sions of 7; defined on C2°(cl?) given by

viz = z|oq, Vie{l1,2,3,4},
see [14, Theorem 1.5.2.1]. Let
E:={zc H'(Q) : Azc L*(Q)}, (A1)
which is a Banach space with the norm
12le = zlm@) + |1A2llL2) VzeEE.

Furthermore, by [14, Theorem 1.5.3.10], the Neumann trace ’Yj% defined on C2°

(1) has a continuous extension E — (Hz(852;))*. The following Green’s identity
for 2 holds

/Q(Au)v dé = — /Q<Vu,Vv> dg +§;/{9Q (%%)%vda

Vue HX(Q), Vv e H'(Q), (A.2)

and also for all u € E, and all v € HY(Q) such that vv € Hz(99;) for all
i = 1,2,3,4. These claims are [14, Lemma 1.5.3.8] and [14, Theorem 1.5.3.11],
respectively. Note that Hz(9€);) contains the image under ~; of {v € H(Q)
viv =0, k # i}, see [14, p. 61].

Noting that the constant function with value one, denoted by 1, satisfies 1 €
L2(8€) < H~2(8;), and that the L2(8€;) inner product is the duality product
between H~2(9€;) and H= (9€;), we obtain the estimates

/391' Yi(w)

for some mg > 0.

= [{L @) r2000] < I ,-4 o) @) 43 50,

<mpllw| i) YweH'(Q), Vie{l,2,3,4}, (A.3)
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Next, we define
HE (Q):={z€ H"(Q) : 732 =0, 142 =0}.
We shall make extensive use of the Poincaré-type estimate [29, Theorem 13.6.9],
namely, that there exists § > 0 such that
8llzll2@) < IVzlle2@) V2 € Hpy(Q). (A.4)
Therefore, H%O(Q) is a Hilbert space when equipped with the inner product
<217Z2>H1}‘0(Q) = (V21,Va)20) V21,22 € H%O(Q)7

and || - ||z (@) and || - [[g1 (o) are equivalent norms on H}, (€2). We proceed to
0
describe the generators A, B and C of . Recall that X = L?(Q). Define A by

A: XDD(A) - X, Az=Az,

with domain
D(A):={z€ H} () : Az € X} Nker (71£) N ker (*ygi)
' To ' on on/’

Note that {z € H} () : Az € X} C E given by (A.1), and the Neumann
trace is continuous on E, so D(A) is well-defined. We claim that A generates an
analytic and exponentially stable contraction semigroup. The following is loosely
based on [29, Section 3.6] which considers the Dirichlet Laplacian. First note that
A is symmetric as, by Green’s identity (A.2) (with second set of hypotheses on z;
and z9)

<217A22>X = —<VZ1,VZQ>X = <A21,22>X V21,29 € D(A) . (A5)

Second, A is surjective since, for every f € L2(f2), there exists a unique solution
z € D(A) to the elliptic problem

Az=f

viz=0 1i€{3,4},

0z .
’VJ%:O J 6{1?2}7

see [14, Lemma 4.4.3.1]. Consequently, A is self-adjoint by [29, Proposition 3.2.4].
Taking z = 21 = 29 in (A.5) gives that A is dissipative and so, by the Lumer-Phillips
Theorem, A generates a strongly continuous contraction semigroup, denoted T.
By [25, Theorem 13.31 (a)], we have that o(A) C (—o0, 0] and since X is a Hilbert
space and A is self-adjoint, analyticity of T follows from, for example, [8, Corollary
IL. 4.7].
For exponential stability, fix zg € X. Taking z1 = 20 = T(t)z9 € D(A) for ¢t > 0
in (A.5) gives
(T(t)20, AT(t)20) x = —[|[VI(t)20]% < —8*|T(H)20]% V>0,

by (A.4) again. Therefore, since z := z; = z5 is classically differentiable, the above
reads

d1

dt 2
Rearranging and integrating gives

lz2®l% = =Vl < =*[=@®)lI% V> 0.

1
/ 1Tzl dt < szl W20 € X
Ry
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Hence, exponential stability of T follows by Datko’s Theorem.
For the sequel we shall require that — A is positive, as

(z, (—A)z)x = ||Valk = 8°|l2l% Yz e D(A),

by (A.4). Consequently, (—A) has a square root, denoted (—A)z.
We define the control operator B : U — (Hp, (92))* by

B=(By B:) where (Bju,w)x = u/ vi(w) Ywe H%O(Q), VueC,
a9
which is bounded by (A.3), and set B, := B. Similarly, we define the observation
operator C': H, (Q) =Y by

C= <g;> where Cjw := /Q, vi(w) Ywe H%O(Q), vVijie{l,2},
which again is bounded by (A.3).

Given X = L?(Q), recall the usual interpolation and extrapolation spaces X; and
X_1, respectively, (see the start of Section 3 or [27, Section 3.6]). For A > 0, we
also require the fractional powers (A — A)?, where v € [—1, 1], and the associated
fractional spaces X, for v € [—1, 1], described in [27, Section 3.9]. Since A generates
an exponentially stable semigroup, for simplicity we consider A\ = 0.

We claim that, for all € € (0,1/4),

Ce E(X1/4+€,Y) and B € ,C(U, X_(1/4+5)) . (AG)

Since B = C*, the second claim in (A.6) follows from the first. Assuming (A.6),
it follows from [27, Theorem 5.7.3, statement (ii)] (with, using the notation of that
result v = 0) that (A4, B,C) generates a L? well-posed linear system on (Y, X,U).
That the impulse response belongs to L! follows from the same result.
To establish (A.6), fixe € (0,1/4), j € {1,2}, and set 6 := 1/4+¢. Tt is sufficient
to show that
Ci(—=A)~": X — C is bounded, (A.7)
that is
Ci(-A) 2 S lzlx VzeX.
Here the symbol < means less than or equal to, up to a multiplicative constant
which is independent of the other variables appearing. Its use is intended to clarify
the exposition by reducing the number of constants which appear in estimates.
Since (—A)? is an isometry Xy — X (cf. [27, p.149]), we have that (—A)%w =:
z € X for all w € Xy. Whence, if (A.7) holds, then

Ciul S I(=A) wlx = [lw|x, YweXe,

and so (A.6) holds.

We proceed to establish (A.7). Fix z € X = L*(Q). Defining z := (sI — A)~'z €
X1 = D(A) for all s > 0, we have that —Ax + sz = z. Taking the inner product in
X of the previous equality with 2 and using (A.5) gives

V2% + sllzll% = (z,2)x ,
so that, by the inequality (A.4)
21 @) S VX < IValk + slalk < llzllx - lollx < llzlx - lzllme -
Therefore, cancelling [|z|| g1 () # 0 from both sides of the inequality above gives

[I(sI — A)_leHl(Q) <|zllx Vse€(0,1). (A.8)
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(Note that (A.8) trivially holds if ||z| g1(q) = 0.) Combining the continuous em-
bedding H*(Q) — Hz(Q) with (A.8) yields

16T = )2l g oy S I = A 2oy < el Vs € (1), (A9)

Since A generates an exponentially stable analytic semigroup, we have the resolvent
estimate

_ _ 1
(s = A) ™ 2llz2q) = (s — A) " ellx < Slellx Vs >0, (A.10)

from, for example, [27, Theorem 3.10.6]. Again with z := (s — A)~'z € D(A) for
all s > 0, it follows from (A.5) and the inequality (A.4) that

230 S IVl = (—A)z,2)x = [(=4)22[72q) »
that is

I(sT = A) " 2l o) S I(=A)2 (sT — A) 2| x

1
Ni“””) lellx S —Jlellx Vs>1. (A11)
S2

The second inequality above is an apphcatlon of [27, Lemma 3.10.9] (with, using
the notation of that result: v =0, A = s, 4/ = —n > 0, for some small n > 0, and
o = 1/2). Here it is crucial that (—A)z is both the square root of —A, and the
fractional operator in the sense of [27, Sections 3.9-3.10].

Since © has Lipschitz boundary it follows from, for example [4, Corollary 4.7],

that H2 () is the interpolation space between L2(Q) and H(Q) (up to equivalent
norms), and so the interpolation inequality

1 1
[ ] Slelza )zl YoeH (),

H3(Q)
holds. Thus, combining (A.10) and (A.11) gives

NI = A2y ST = A) 2l gy - 16T = A2l
1

3
1

”H%(Q)

< ||Z||L2(Q) Vs>1. (A.12)

s
From the expression for (—A)~? from [27, Lemma 3.9.9], namely,

(—ay-0 = Snm) / s0(sI — A)~
™ 0
and the bounds (A.9) and (A.12), we estimate that

O T A (C RS

1 o) 3
< (/ 3_9d8+/ s_(0+1)ds)||z||x
0 1
<ol (A13)

where both integrals are finite since § = 1/4 + ¢ with € € (0,1/4).

Finally, recalling that the Dirichlet trace «y; is continuous H 3(Q) — L2(09;), we
invoke (A.13) to estimate that

\0j<fA)*9z\=\/mj (=A%) S 15 (A7)l omy) SN0 g S lellx

as required.
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We next establish the expression (4.4) for H(0), which we do by solving by
separation of variables the elliptic problem

Az=0 onQ,
82:0 on 0%);, for i = 3,4, (A.14)
d =u; on 9, fori=1,2,
on
associated with (4.3) for fixed u; € R.
For i = 1,2, we let z; denote the solution of
Azi=0 on€Q, 2z =0 on 003Uy, % =0 on 0Q3_;, % =u; on 0%,
on on

so that by superposition the solution of (A.14) is given by 21 + z5. For the following
calculation, it is useful to note that

1'kd 2 (0 keven, QkaN
/051n(7T§1) gl_ﬂ'k{l k‘Odd,}_ﬂ'kX() ey,

where x : N — {0,1} is given by x(m) = 0 if m is even, and x(m) =1 if m is odd.
Routine calculations give that
21(6,6) = Y arsin(wkéy) cosh(rk(é — 1)) VEE€Q,

keN
where a;, are the Fourier coefficients

1

—Uy .

—_2 k&) dé =4
mk sinh(—k) /0 sin(mkéy) déy
Similarly, routine calculations give that

2(61,&) =Y bisin(wkéy) cosh(wkéy) VE € Q,

keN

31

s XF) VR €N (A15)

ap =

where by are the Fourier coefficients

1
k — ﬁ;(/ﬂ’ﬂ)z/o Sin(ﬂ'k’gl) d§1 = 4mx(kﬁ VkeN. (A16)

Thus
z=21+29 = Z sin(mkéy) (a;.C cosh(mk(& — 1)) + by cosh(ﬂkfg)) VeEeQ, (AT
keN

solves (A.14). In light of (A.15), (A.16) and (A.17), the steady-state outputs y;
of (4.3) are given by

b

' 2
Y1 = /0 2(£1,0) d&y = Z Ex(k) (ax, cosh(—mk) + by)

keN

=> mxwmmm ). (A.18)
keN

Similarly,

o= [ =61 e = 3 k) (o + b cosh(e)

keN

= Z m){(k) (U1 + COSh(ﬂ'k‘)u2) . (A.19)
keN
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Define the series

_ 8 cosh(rk) B 3
c:= ];\] WX(IC) and d:= ’% Wx(k) 7

which converge absolutely, and satisfy ¢ > d > 0. Since y = H(0)u, an inspection
of (A.18) and (A.19) yields (4.4).

Numerical approximation

For notational convenience in this section, we define N := {1,2,...,N} for
N € N. For the numerical simulations, let N € N, N > 2, and define ¢; := (i—1)/N
for i € N + 1. We partition 1€ into (N + 1)? equally-spaced points ((;, ;) and set
h:=1/N > 0. For given v € L% (Ry;R?) and 2° € L*(Q), we approximate the
solution z of (4.3) by T;;(t) = 2(¢, ((;,(;)) for t > 0 and 4,5 € N + 1. Approximat-
ing the Laplacian by centered finite-differences, we obtain the following differential
equations for T;;, for 4,5 € {2,..., N},

(Tij—1 — 255 + Tij11) + (Ti—1j — 2T55 + Tiyay)

T;; = 02 52 )
Ti=Tin=0,
1j = 52 + e )
7 _ (Tni1j-1 = 2Tn41 + Tvgag1) | (2T — 2Tn415 + 2hug)
N+41j = 2 + 2 )

with initial condition
T;;(0) = 2°(¢i¢) Vi, je N+1.

Letting the (i,j)-th entry of T € RWHDXN=1 aqual T;;+1, the above differential
equations may be written in matrix form

T =ALT+TAg + Biuy + Bousy . (A.20)

The matrices A;, € RWFDX(N+) =4, ¢ RIN-Dx(N-1) " B, B, ¢ RIN+xN-1
in (A.20) are given by

2 (5,)) €{(1,2),(N+1,N)}

—2 =
(Ar)i; = N? . .

1 i€{1,N+1}, j=i+1

0 else,

1 (i,j)E{(Q,l),(N—Q,N—l)}

, ] =2 1=
(Ar)i =N JE{LN -1}, i=j+1
0 else,
and
2N i=1,7e N-1 2N +1=N+1,7eN-1
( 1)”{0 else - and (BQ)”{O else. -

The vec operation denotes columnwise stacking of columns, from left to right, of a
matrix into a vector. Taking vec of both sides of (A.20), and using standard vec
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properties, gives
vec (T) =vec (AT +TAg + Biuj + Baus)
= (In—2 ® AL + Ag ® Iy)vec (T) + vec (By) uy + vec (Ba) us
= Avec(T) + Bu, (A.21a)
where ® denotes the Kronecker product, and
A=IN_ oA +Ar® Iy, B:= (Vec (B1) vec (BQ)) :
Further, by the trapezoidal rule,

1 N . ; ‘
i) = /0 2(t, (p,0)) dp ~ ; 2t (4,0)) ;N(R (¢j51,0))
N
- Z %le(t) = Cyvec(T(t)) = Yi(t), Vt>0, (A.21b)

where C; € RN(N=1 5 given by

— i=1+k(N+1), k 0,1,...,.N -2
0 else.

Similarly,

1 N 1
y2(t) = /0 2(t, (p, 1)) dp ~ Z N IN415(t) = Covee (T(1)) =: Ya(t), Vt>0,

(A.21c)
where Cy € RN(V=1) is given by

|
(Ca)i =4 N i=(k-1)N+1), kef2...,N}
0 else.

The controlled and observed linear system (A.21) is a finite-dimensional approxi-
mation of the controlled and observed PDE (4.3) used in our numerical simulations.
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