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Stability results for infinite-dimensional linear control systems subject
to saturations

Swann Marx!, Yacine Chitour? and Christophe Prieur

Abstract— This article deals with the stability analysis
and the derivation of ISS-Lyapunov functions for infinite-
dimensional linear systems subject to saturations. Two cases
are considered: 1) the saturation acts in the same space as the
control space; 2) the saturation acts in another space, especially
a Banach space. For the first case, an explicit ISS-Lyapunov
function can be derived. For the second case, we prove the
global asymptotic stability of the origin when considering all
weak solutions.

I. INTRODUCTION

In recent decades, a great deal of effort has been dedicated
to the development of tools for the analysis of systems with
a saturated control in a finite-dimensional framework (see
[23], for a nice introduction to the topic as well as the main
techniques used). It is well known, in the finite-dimensional
framework, that without any Lyapunov stability property
for the open-loop system, the origin cannot be globally
asymptotically stable when closing the loop with a saturated
feedback law. Moreover, even if the open-loop system is
Lyapunov stable, simply saturating a stabilizing feedback can
lead to undesirable behavior for the asymptotic stability of
the closed-loop system (see e.g., [5]). In these cases, the
feedback-law has to be designed taking into account the
nonlinearity (see e.g. the famous nested saturation solution
given in [24] for the chain of integrators and generalized in
[22], and [13] for another solution based on optimization).

To the best of our knowledge, analysis of infinite-
dimensional systems subject to saturations started with [20]
and [18] and it is only very recently that appeared other
works such as [12] and [17]. In [20] and [18], global
asymptotic stability of the closed-loop system is tackled
using nonlinear semigroup theory. Moreover [12] and [17]
use similar results, but for a wider class of saturations.
In [11], a nonlinear partial differential equation, namely
the Korteweg-de Vries equation, is considered and some
Lyapunov arguments are used to conclude on the global
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asymptotic stability of the closed-loop system. Finally, some
nonlinear open-loop abstract control systems are studied in
[10], where a LaSalle Invariance Principle is applied to prove
global asymptotic stability.

A system subject to disturbances is said to be input-
to-state stable (for short ISS) if its state is bounded by
the norm of the disturbances. It implies that the state is
bounded if the disturbances are bounded, and converges to
0 if the disturbances goes to 0. Such a notion, introduced
in [21] for finite-dimensional systems, is an important tool
to design robust feedback laws or even observers. This
kind of properties has been studied for finite-dimensional
control systems subject to saturations (see e.g., [1]). Note that
the ISS notion has been extended for infinite-dimensional
systems (see e.g., [16], [6] and [14]).

The aim of this paper is to study linear infinite-dimensional
systems subject to saturations and disturbances, therefore to
analyse the asymptotic stability and to find ISS-Lyapunov
functions for such systems. Two cases are considered: 1) the
saturation acts in the same space as the control space; 2) the
saturation acts in another space, especially a Banach space.
For the first case, we provide an ISS-Lyapunov function
inspired by [9]. For the second case, we just prove the
global asymptotic asymptotic stability of the origin, when
considering all weak solutions of the nonlinear infinite-
dimensional system.

The paper is organized as follows. In Section the
problem is stated, some useful definitions are introduced and
the main result is provided. In Section some definitions
and technical lemmas are given together with the proof of
the main result. Some numerical simulation are collected in
Section for the linearized Korteweg-de Vries equation.
Finally, Section |V| collects some concluding remarks.

II. PROBLEM STATEMENT AND MAIN RESULTS
A. Some remarks on the linear system

Let H and U be real Hilbert spaces equipped with the
scalar product (-,-)y and (-,-)y, respectively. Let A
D(A) C H — H be a (possibly unbounded) linear operator
whose domain D(A) is dense in H. Suppose that A gener-
ates a strongly continuous semigroup of linear contractions
denoted by e*4. Let B : U — H be a bounded operator.
The operators A* and B* denote the adjoint operators of A
and B, respectively. The aim of this paper is to study the
following abstract control system

d
pre Az + Bu,

z(0) = 2.

(D



Suppose that we have the output y = B*z. Therefore, in
this case, a natural feedback law for (I) is u = —B*z. One
needs the following assumption.

Assumption 1. [Linear feedback law] The feedback law u =
—B*z makes the origin of the closed-loop system

%z = (A - BB%)z,

z(0) = 2o.

2

globally exponentially stable.

It is easy to see that, under Assumption [I] A — BB*
generates a strongly continuous semigroup of contractions
(see [18] for a precise proof of this result). In the remaining
sections of this paper, the following notation will be used.

A:=A— BB* (3)

Let us denote the strongly continuous semigroup of contrac-
tions generated by Ax by et4.

From [4, Theorem 5.1.3, page 217], Assumption E] holds

if and only if there exist a self-adjoint and definite positive
operator P € L£(H) and a positive value C' such that

(A2, Pz,) i + (P2, Az)p < —Cll2};, V2 € D(A), @)

where D(A) is the domain of A (by (3) and the boundedness
of B, it coincides with the domain of A). In other words,
this inequality implies that there exists a Lyapunov function
for the closed-loop system (@), given by

V(z):=(Pz,2)p. 5)

B. Saturation functions

In this section, the case where the feedback law is bounded
is studied. As explained in introduction, the feedback laws
rely on the use of a saturation function defined next.

Definition 1. [Saturation functions on S] Let S be a real
Banach space equipped with the norm || - ||s. Assume more-
over that (U, S) is a rigged Hilbert space. In other words, S
is a dense subspace of U and the following inclusions hold

sScucs. (6)

In particular, the duality pairing between S and S’ is
compatible with the inner product on U, in the sense that
YueScU YweU=U cg9.

(7
A function o : S — S is said to be a saturation function on
S admissible for U if it satisfies the following properties

1. For any s € S, the following holds
lo(s)lls <15 (®)
2. For any s,5 € S, the following holds
(o(s) —0o(8),s — 8)y > 0; 9)

(v,u)srxs = (v,u)v,

3. For any s,§ € S, there exists a positive value k such
that the following holds

lo(s) —a(3)llv < klls — 5lus (10)

4. There exist positive values
and
such that, for any s € U, the following holds
lo(s) = slls: < (a(s), s)u- (1

5. There exists a positive value Cy such that, for any s,s €
U, the following holds

<S,O’(S+§)—O’(S)>U S CO||§HU (12)

Example 1. [Examples of saturations] Here are examples of
saturations borrowed from [23] or [20].

1. Suppose that S := L°>°(0,1) and U = L?(0,1). In this
case, S’ is the space of Radon measures. It contains
strictly the space L'(0,L). In particular, the norm of
S’ is identified by the norm of L'(0, L). Hence, (U, S)
is a rigged Hilbert space.

The classical saturation, which is used in practice, can
be defined as follows:

L=(0,1) — L=(0,1),

(13)
S 5atLoo(071)(s),
where
satzeo(0,1)(8)(7) = satr(s(x)) (14)
and
1 ifs< -1,
satg(s) := s if —1<s<1, (15)
1 ifs>1,

All the items of Definition E] are proved in [7] and [23].
2. Suppose that S := U. The saturation, studied in [20],
[8] and [11], is defined as follows, for all s € U

s if ||s]|lo <1,
soto) = { RSy

llsllo

(16)

It may be proven that saty satisfies all items of Defi-
nition [I] for an admissible saturation map.

C. Discussion on the well-posedness

1) Case without disturbance: We aim at studying the
following closed-loop system

iz = Az — Bo(B*z) := A,z,

dt a7
z(0) = 2o,
where the operator A, is defined as follows
A,:D(A,) CH—H
(18)

z Ayz,

with D(A4,) = D(A).
From [19, Lemma 2.1., Part IV, Page 165.], we have the
following proposition

Proposition 1. [Well-posedness] The operator A, generates
a strongly continuous semigroup of contractions, which we
denote by (W,(t))i>o. Hence, there exists a unique strong



solution to and, for all zy € D(A,), the following
functions

t= Wo®)zollm,  t= [AWo ()20l (19)

are nonincreasing.

2) Case with disturbance: In this paper, we will also
consider the case with a perturbation. The system under
consideration is the following

d *
pri Az — Bo(B*z +d),

z(0) = 2o,

(20)

where d : R>g — U is the perturbation. Note that d belongs
to 86 := L?((0, 00); U). For this system, we study only weak
solution.

Let us introduce two notions related to stability.

Definition 2. [Global asymptotic stability and ISS property]
1. The origin of is globally asymptotically stable, if
there exists a class KCL function 5 such that for any weak
solution z(.) to (T]), it holds

Izl < BUI12(0) |z, ¢) ,

2. A positive definite function V : H — R>q is said to be
an ISS-Lyapunov function with respect to d if there exist two
class K~ functions o and p such that, for any weak solution

to (20)

Vi >0,

;t —a([z[]) + p(lldllv)-

D. Input-to-state stability result

V(z) <

We are now in position to state our main result. Here is
its statement.

Theorem 1. Suppose that Assumption (I| holds and let P €
L(H) be the self-adjoint and positive operator P € L(H)
satisfying @). Let o be a saturation function satisfying all
the items of Definition [I} Then, the following holds.

1. If S = U, there exists an 1SS-Lyapunov function for
).

2. If S # U, assume that the following holds, for any
s € D(A),

1B*s|ls < csllsllpay- 1)

Then, the origin of is globally asymptotically for
any weak solution.

III. PROOF OF THE MAIN RESULT
A. Definitions and techninal lemmas

Before proving Theorem [T} let us give some useful defini-
tions and results to prove Theorem [l1| especially the case
where S # U. When S # U, the properties given in
Definition [T] do not hold when considering weak solutions.
Therefore, the following result is needed to link the attractiv-
ity for strong and weak solutions. Note that its proof, which
relies on a density argument, can be found in [8] and [10].

Lemma 1. Let (W, (t))i>0 be a strongly continuous semi-
group of contractions on H, a Hilbert space. Let D(A) be
dense in H. If for all zo € D(A), the following holds

lim[[Wo (6)z0ll =0, @2)
then, for all zy € H,
Jlim [ Wo(t)z0]lm = 0. 23)

Thanks to this latter lemma, proving the global asymptotic
stability of the origin of for every weak solution reduces
to proving it for every strong solution to (I7). We need
another definition of stability before proving the global
asymptotic stability.

Definition 3. The origin of is said to be semi-globally
exponentially stable if, for any positive value r and any initial
condition satisfying ||zo0||p(a,) <, there exist two positive
values pv := p(r) and K := K(r) such that, for every strong
solution to (I7)

[Wo(t)zollm < Ke ™" z0]|m,

where (W,(t))i>0 is the strongly continuous semigroup of
contractions generated by the operator A,.

Vit >0, (24)

This definition is inspired by [11]. One has also the
following result, whose proof is omitted due to lack of space.

Lemma 2. If the origin of is semi-globally exponen-
tially stable, then it is globally asymptotically stable.
B. Proof of Theorem [I]

Proof of Theorem [I; We split the proof of Theorem [I]
into two cases. Firstly, we prove Item 1. of Theorem [I] and
then Item 2. Indeed, the Lyapunov functions considered in

both cases are different.
Case 1: S="U.
Let us consider the following candidate Lyapunov function

2M
Vi(2) =(Pz, 2)u + —|zll%
s (25)
2M | 4
=V(z) + THZHHv
where P € L(H) is defined in @) and M is a sufficiently
large positive value that will be chosen later. This function,
inspired by [9], is clearly positive definite and tends to
infinity if the H-norm of z does. Firstly applying Cauchy-

Schwarz inequality, one has, along the strong solutions to

@0,

Ly

= =(Pz, Az + (PAz,2)g

+(PB(B*2 — 0(B*2),2)n
+ (Pz,B(B*z —o(B*2))n
+ (PB(0(B*z) —o(B*z +d)),z)n
+ (2, PB(c(B*2) —o(B*z+d)))n
< —Cllzll + 2B 2llu | Pll e |1 Bz — o(B*2)||lu
2(c(B*z) —o(B*z 4+ d), B*Pz)y,
< = CllzllE + 2IB* 2| u |1 Pll e | B2 — 0(B*2)||lu
+ 2kl dlu | B* | o) |1 Pll e ey 2N a2



where (@) and Item 3. of Definition [I] have been used to
get this inequality. Using Item 4. of Definition [I] Cauchy-
Schwarz inequality and the fact that B* is bounded in U
yields

d ”B*HQE(H U)HPH%(H)
—V C - : Z
(2) < ( - I

dt

+ 2| B*2||u|| Pl () |1 B* 2 — o (B*2)|lv

+ K ||d] 7,
<@wmwmwam|

+ 2| B*|| e |1 Pl ey | 21 1 ({0 (B “2)u

+(B*z,0(B*2))u)

+ ke ||d|Fr

B* 2 P 2

<—(0—””“iﬂ“m>u%

+2[B e |Pllecn 21l ((0(B*2), B*2)u
+H(B*z,0(B*2))v) + Keilld|7,

where ¢; is a positive value that will be selected later.
Secondly, using the dissipativity of the operator A,, Item
5. of Definition [T] and Young inequality, one has

2M d

2l =Mz (A2, 2)m + (2 A2ha)

—2M||z||g{(Bo(B*z +d),2) g

< —2M|z||u((e(B"2), B*z)u
+(0(B*2) — o(B"= + d), B*2)v)

< —2M||z||u((o(B"2), B*2)v)
+2MCoHZHH||d||U

< —=2M|[z||u((o(B"2), B*z)v)

2MC’
=203 + 2M Coes||d|IF;,

where €9 is a positive value that has to be selected. Hence,
if one chooses M, 1 and e5 as follows

M > 2||B*|| a0 | Pll 2(a),

2MCy n HB*||QL(H,U)”PH2L(H)
E9 €1

<C,

one obtains

iVl( ) < o 2M ”B*H%(H,U)HPH%(H) 12112
dt €2 €1 n

+ (Co2Meq + k2e1)||d|)% .

With an appropriate choice of €1 and e», it concludes the
proof of Item 1. of Theorem [T}

Case 2: S # U. In the case where S # U, we will prove
that the origin of (T7) is semi-globally exponentially stable.
Using Lemma [2] it proves that the origin of (I7) is globally
asymptotically stable.

Pick a positive value . Consider any strong solution to
(T7) starting from z, satisfying

llzollpay < 7 (26)
Now, focus on the following Lyapunov function
Vo(z) :=(Pz,z + Mr||z|?
3(2) i=(P2, 2) + M| o

=V (2) + Mr|=|I%

where M is a sufficiently large positive value that will be
selected later.
Firstly, using Assumption [T} one has

d

Al

=(Pz, Az + (PAz, 2)g
+ (PB(B*z —0(B*z),2)g
+ (Pz,B(B*z —o(B*2))m
< —C| 2% + (B*z2 — 0(B*z), B*P2)y
+(B*Pz,B*z — o(B*2))y
Since (U, S) is a rigged Hilbert space, one has the following
equality
(B*z —0(B*z)),B*Pz)y + (B*Pz,B*z — o(B*2))y =
2(B*Z — O'(B*Z), B*PZ)S’XS-

Hence, applying Cauchy-Schwarz’s inequality, one obtains

Ly () < ~Cllzly + 2B P25 B2 — o(B*2)|s

dt
Using Item 4. of Definition [T] yields
d
Dy < cpely

+4es||Pzllpay((B*z,0(B*2))u),  (28)

where, in the second line, it has been used the assumption

given in (21).
Now, using (26) together with the monotonicity of the

function in (I9), along the strong solutions to (I7), we have
[Wo(t)zollp(ay < [l20llpa)- (29)

Therefore, noticing that || Pz||p(ay := || Pz||g +[|PAz||x <
| Pllzcenll 2]l pa), and using and (21)), one obtains

d
ZV(2) <= Cllall

+ desr|| Pl g3y ((2, Bo(B*2)) ).
Moreover, one has, using the dissipativity of the operator A
d ~
tMr||z||H =Mr(Az,2)g + (2, A2) g

d
— Mr ({(z, Bo(B*2)) g + (Bo(B*z),
< —4Mr ((z,Bo(B*2))y) .

2) i)

Hence, if one selects M such that
M > 2¢s||P| ey

it follows

d
—Va(z) < =Cz[l3

dt 30)



Note that, from (27), we have, for all z € H,

Mrlzllf < Va(2) < (IPllecny + Mo)|l=lF B
It yields
d C
—Va(2) £ = ——V2(2) (32)
dt 1P|y + Mr
Applying Gronwall’s inequality, one obtains
Va(Wo(t)z0) < e #Va(z), Vit >0, (33)
— c
where p 1= TPlecm L0
Therefore, using (31 yields
P, + Mr _
W, @zl < VDT s g

Hence, the origin of is semi-globally exponentially
stable for any strong solution to (I7). It yields that the origin
is globally asymptotically stable from Lemma [2] Moreover,
using Lemma [T} the origin of is globally asymptotically
for any weak solution to . Therefore, this concludes the
proof of Item 2. of Theorem [I} O

IV. EXAMPLE: A KORTEWEG-DE VRIES EQUATION
A. Applying Theorem

The Korteweg-de Vries equation (for short KdV) describes
long waves in water of relatively shallow depth. It has
been deeply studied in recent decades (see e.g., [2] for a
nice introduction to the KdV equation in the context of the
control).

The linearized version of the controlled KdV equation can
be written as follows

Zt+ 2p + Zpen = u,  (t,2) € R>g x [0, L],

z(t,0) = z(t,L) =0, te€Rxg (35)
zz(t, L) =0, teRsg
2(0,2) = z0(x), « €]0,L].

Given

H=U=L*0,L),
D(A) :={z€ H*0,L) | 2(0) = 2(L) = 2/ (L) = 0},

one can describe (33) as an abstract control system with the
following operators

AizeDA)CHw —2 — 2" cH B=1Iy, (36)

where Iy denotes the identity operator for H. A simple
computation shows that

(Az,z2)g <0, (A*z,2)y < 0.

These inequalities together with the fact that A is a closed
operator allow us to apply the Liimer-Phillips theorem.
Therefore, A generates a strongly continuous semigroup of
contractions.

If one sets u = —B*z = —z, then Assumption [I| holds.
Indeed, the associated Lyapunov function is

1
V(z) = 3ll=l- (37)

Its derivative along the solutions to (33) satisfies

d
%V(z) < =V(z).

Therefore, the operator P given by (@) reduces to the identity.

Now, focus on the case where the control is saturated and
where S # U. Let S = L*°(0,L) and ¢ be given by (13).
In [12], the following lemma has been proved

(38)

Lemma 3. [[12], Lemma 4.] There exists a positive value
A such that, for all z € D(A),

2l a2 0,2y < All2llpay- (39)

Using the above mentionned result together with the
fact that the space H{(0,L) is continuously embedded in
L*°(0, L), one obtains that

2]ls < Allz]|p(ay- (40)
Since B* = Iy, one has
[B*z||s < Allz[p(a)- (41)

Therefore, (21)) holds for the linear Korteweg-de Vries equa-
tion (33).

Finally, since all the properties needed to apply Theorem ]
hold, this proves that the origin of

2t + 2 + Zpgr = —SCLJ(Loo(O’L)(Z), (t,l‘) S Rzo X [0, LL

z(t,0) = 2(t,L) =0, te€R>g
Zm(t,L) =0, teRy
Z(O,.’L’) = ZO(Z‘)7 T e [O7L]7

(42)
is globally asymptotically stable.

B. Numerical simulations

Let us discretize the PDE ({@3)) by means of finite differ-
ence method (see e.g. [15] for an introduction on the numer-
ical scheme of a generalized Korteweg-de Vries equation).
The time and the space steps are chosen such that the stability
condition of the numerical scheme is satisfied.

By applying Theorem [I| Case 2, we know that the origin
of [@3) is globally asymptotically stable. A natural question
is to inspect if Case 1 applies, that is, if

2t + Zg + Zeax = —Satpeo(0,0)(2 + d), (t,2) € R>o x [0, L],

z(t,0) =2(t,L) =0, te€R>
Zm(t,L) =0, te RZO
z(0,2) = zo(x), =« €]0,L],

(43)
is ISS with respect to d. To check that on numerical simula-
tions, we choose L = 2w, T =9, zp(z) = (1 — cos(x)) for
all x € [0,27] and d(t) = 0.05cos(t). Let us numerically
compute the corresponding solution to (@3).

Figure [I] (top) gives the time-evolution of this solution
to (@3), where the convergence property could be checked.
Since the disturbance is bounded, one can check that the
solution is also, which is one of the property of ISS. Figure
illustrates the Lyapunov function ||z||%2(07 1) With respect



z(t,z‘)

”zH%z(O!L)

sz H%ﬂ(oyL)

4 5 3 7 E 9
i

Fig. 1. Top: time-evolution of the solution to @) Down: L2-norm of the
solution to @3) (in blue) and of the solution to (43) without saturation and
without perturbation (in red).

to the time and the solution without perturbation and without
saturation. One can see that the L2-norm of the solution to
(@3) is bounded, and thus that the origin of (43) seems to be
ISS with respect to d.

V. CONCLUSION

In this paper, the analysis of a stabilizing feedback law
modified via a saturation function has been tackled using
Lyapunov theory for infinite-dimensional systems. The sat-
uration under consideration might render the feedback-law
bounded in another space than the one where the origin is
stabilized. Assuming a stabilizability property and depending
on the set where the saturation acts, an ISS property has
been derived, or a weaker property, as the global asymptotic
stability of the origin in the infinite-dimension nonlinear
system.

For future research lines, it would be interesting to prove
an ISS property for both case of Theorem [I] and to study
the case of unbounded control operators as considered for
instance in [3], [25] or [17]. The case of nonlinear open-loop
systems, as it is considered in [10], could be also challenging.

Acknowledgement: We would like to thank Professors
Marius Tucsnak and Fabian Wirth for fruitful discussions.
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