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Internal rapid stabilization of a 1-D linear transport equation
with a scalar feedback

Christophe Zhang*'
September 4, 2020

Abstract

We use the backstepping method to study the stabilization of a 1-D linear transport equation on
the interval (0, L), by controlling the scalar amplitude of a piecewise regular function of the space
variable in the source term. We prove that if the system is controllable in a periodic Sobolev space of
order greater than 1, then the system can be stabilized exponentially in that space and, for any given
decay rate, we give an explicit feedback law that achieves that decay rate.

Keywords. Backstepping, transport equation, Fredholm transformations, stabilization, rapid stabi-
lization, internal control.

1 Introduction
We study the linear 1-D hyperbolic equation

{yt + Yz + a(l')y = u(t)¢(x)7 HAS [0’ L]’ (1)

y(t,0) =y(t, L), Vi =0,

where a is continuous, real-valued, ¢ is a given real-valued function that will have to satisfy certain
conditions, and at time ¢, y(t,-) is the state and u(t) is the control. As the system can be transformed
into

(2)

oy + oy + pa = u(t)p(z), x € [0, L],
a(t,0) = a(t, L), Vt >0,

through the state transformation ’
a(t,x) = efo a(S)d87uwy(x’t)v

L
where p = / a(s)ds, and with
0 ) )
p(x) = elo a1 (),

we will focus on systems of the form in this article.

These systems are an example of linear hyperbolic systems with a distributed scalar input. Such
systems appear naturally in physical problems. For example, as is mentioned in [32], a linear wave
equation which can be rewritten as a 2 x 2 first order hyperbolic system, the problem of a vibrating
damped string, or the plucking of a string, can be modelled thus. In a different field altogether, chemical
tubular reactors, in particular plug flow reactors (see |27, 30]), are modeled by hyperbolic systems with a

*Laboratoire Jacques-Louis Lions, Sorbonne Université, Boite courrier 187, 75252 Paris Cedex 05, INRIA équipe Cage,
Paris, France.

fCurrent: Angewandte Analysis, Department Mathematik, Friedrich-Alexander Universitidt Erlangen-Niirnberg, Cauer-
str. 11, 91058 Erlangen, Germany.
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distributed scalar input (the temperature of the reactor jacket), albeit with a boundary input instead of
proportional boundary conditions. Let us cite also the water tank system, introduced by Frangois Dubois,
Nicolas Petit and Pierre Rouchon in [I6]. It models a 1-D tank containing an inviscid, incompressible,
irrotational fluid, in the approximation that its acceleration is small compared with the gravitational
constant, and that the height of the liquid is small compared with the length of the tank. In this
setting, the motion of the fluid can be modelled by the Saint-Venant equations on the interval [0, L] with
impermeable boundary conditions (which correspond to proportional boundary conditions after a variable
change), and the control is the force applied to the tank itself, which takes the form of a distributed scalar
input.

1.1 Notations and definitions

We note ¢? the space of summable square series £%(Z). To simplify the notations, we will note L? the
space L? (0, L) of complex-valued L? functions, with its hermitian product

L
(o) = | fa)@ds, vhge L2 o)
0
and the associated norm || - ||. We also use the following notation
]. 241
en(t) = —=e L™  VnelZ, (4)

VL

the usual Hilbert basis for L?. For a function f € L?, we will note (f,,) € £? its coefficients in this basis:

[= anen

nez

Note that with this notation, we have

.f: Zf—inena

nez
so that, in particular, if f is real-valued:
fon=fn, VnecZ.

Functions of L? can also be seen as L-periodic functions on R, by the usual L-periodic continuation:
in this article, for any f € L? we will also note f its L-periodic continuation on R.
We will use the following definition of the convolution product on L-periodic functions:

L
Frg=) fugnen = / f(s)g(- = s)ds € L?, Vf.ge L2 ()
nez 0

where g(x — s) should be understood as the value taken in x — s by the L-periodic continuation of g.
Let us now note £ the space of finite linear combinations of the (e,,)necz. Then, any sequence (f,)nez
defines an element f of &':

(enaf> :ﬁ

On this space of linear forms, derivation can be defined by duality:
9
r=(*n) L owree
L ne”Z

We also define the following spaces:



Definition 1.1. Let m € N. We note H™ the usual Sobolev spaces on the interval (0, L), equipped with
the Hermitian product

L [
(f. g = /0 o" TG + fg, Vf.ge H™,

and the associated norm || - || m.

Form > 1 we also define H(},,, the space of piecewise H™ functions, that is, f € H(Tgw) if there exists
a finite number d of points (0;)1<<a € [0, L] such that, noting oo :==0 and o441 := L, f is H™ on every
[0j,0541] for 0 < j <d. This space can be equipped with the norm

d
1l = Z 1 fitos.0511 5 (05,0510)-
=0

as the subspace of L? functions f = Z fnen
nez

For s > 0, we also define the periodic Sobolev space H,,

2s
) e <.

H? is a Hilbert space, equipped with the Hermitian product

such that
2imn
L

Z(H

ne”Z

2imn|*\ , .
(f.9)s=>_ <1+ 7 ) fnTn, Vf.g€H,
ne’
and the associated norm || - ||s, as well as the Hilbert basis

€n

Vi

Note that for m € N, H}¢, is a closed subspace of H™, with the same scalar product and norm, thanks

to the Parseval identity. Moreover,

(e3) =

Hpe, = {f e H™, f9(0)=f9L), Vie{0,---,m— 1}}.

1.2 Main result
To stabilize , we will be considering linear feedbacks of the form

L
(a(t), F) = 3" Fran(t) = / Fls)a(s)ds
nez 0
where F € £ and (F,,) € CZ are its Fourier coefficients, and F is real-valued, that is,
an = Fiﬂ,, Vn € Z.

In fact, the integral notation will appear as purely formal, as the (F,) will have a prescribed growth, so
that F ¢ L?. The associated closed-loop system now writes

{at + oy + po = <O‘(t)aF>90(‘T)7 S [OvLL (6)

a(t,0) = a(t, L), Vt > 0.

This is a linear transport equation, which we seek to stabilize with an internal, scalar feedback, given by
a real-valued feedback law. This article aims at proving the following class of stabilization results:
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Theorem 1.1 (Rapid stabilization in Sobolev norms). Let m > 1. Let ¢ € H(j;,, N H;’;;l such that
c < C

ﬁﬁ“ﬂﬁfﬁa
V1|2 V1+ |2

where ¢,C > 0 are the optimal constants for these inequalities. Then, for every A>0, for all ag € H,y¢,
the closed-loop system @ with the stationary feedback law F € &' given by

Vn € Z, (7)

1—er 2
(en, F) = _WT@’ Vn € Z,
has a solution «(t) which satisfies the estimate
o\ 2
ol < (£) e agl,, ez ®)

Note that the estimate is constructive, as it only depends on ¢,C,u and A. Though it is not
necessarily sharp for a given controller ¢ and the corresponding feedback law F, it is the “least worse” a
priori estimate one can get, in a sense that we will elaborate further on. The growth restriction on
the Fourier coefficients of ¢ can be written, more intuitively, and for some other constants ¢/, C’ > 0,

c/ !

and corresponds to the necessary and sufficient condition for the controllability of system in Hp,., in
time T > L, with L?(0,7) controls. This is obtained using the moments method, and we refer to [33,
Equation (2.19) and pages 199-200] for more details. The controllability of system , in turn, will allow
us to use a form of backstepping method to stabilize it.

On the other hand, the additional regularity ¢ € H (’;w) gives us the following equality, first using

the fact that ¢ € H,¢,~ !, then by integration by parts on each interval [o;,0;41], using the fact that
3m71g0 € H(lpw):

Vn € Z,

(~)m?

on = (9, 0™ en)
(#7*)

1 m—1

- W@ @, €n) N

L

s 1 d N *

= — (mn)m + (%n)m Z <X[aj,gj+1]a (p’en>7 VneZ 7
L L §=0

where
1 d )
= o |9 0 e0) 4 e E T (@0 (o)) — 0" (o)) | e
j=1

Note that, thanks to condition @, there exists Cq, Cy > 0 such that
01§|Trf|§02, ’I’LEZ,

so that these numbers are the eigenvalues of a diagonal isomorphism of any periodic Sobolev space into
itself, which we note 7. Moreover, it is clear from the definition of its coefficients that 7% is a sum of
translations. Also, note that 7,7 # 0, and thus, ¢ ¢ Hg, . Finally, note that

d
<X[Uj;<7j+1]8m§0aen> e /2. (10)
=0

J
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1.3 Related results

To investigate the stabilization of infinite-dimensional systems, there are four main types of approaches.

The first type of approach relies on abstract methods, such as the Gramian approach and the Riccati
equations (see for example [39, [38, 22]). In these works, rapid stabilization was achieved thanks to
a generalization of the well-known Gramian method in finite dimension (see [28, 20]). However, the
feedback laws that are provided involve the solution to an algebraic Riccati equation, and the inversion
of an infinite-dimensional Gramian operator, which makes them difficult to compute in practice.

The second approach relies on Lyapunov functions. Many results on the boundary stabilization of first-
order hyperbolic systems, linear and nonlinear, have been obtained using this approach: see for example
the book [2], and the recent results in [I7, [I8]. However, this approach can be limited, as it is sometimes
impossible to obtain an arbitrary decay rate using Lyapunov functions (see [I3, Remark 12.9, page 318§]
for a finite dimensional example).

The third approach is related to pole-shifting results in finite dimension. Indeed, it is well-known
that if a linear finite-dimensional system is controllable, than its poles can be arbitrarily reassigned
(shifted) with an appropriate linear feedback law (see [I3]). There have been some generalizations of this
powerful property to infinite-dimensional systems, notably hyperbolic systems. Let us cite [33], in which
the author uses a sort of canonical form to prove a pole-shifting result for a class of hyperbolic systems
with a distributed scalar control. In this paper, the feedback laws under consideration are bounded and
pole-shifting property is not as strong as in finite dimension. This is actually inevitable, as was proved
in [36], in a very general setting: bounded feedback laws can only achieve weak pole-shifting, which is
not sufficient for exponential stabilization. However, if one allows for unbounded feedback laws, it is
possible to obtain stronger pole-shifting, and in particular exponential stabilization in some cases. This
is extensively studied in [3I], in which the author gives a formula for a feedback law that achieves the
desired pole placement. However, this formula requires to know a cardinal function for which the poles
coincide with the initial spectrum, which might be difficult in practice.

The fourth approach, which we will be using in this article, is the backstepping method. This name
originally refers to a way of designing feedbacks for finite-dimensional stabilizable systems with an added
chain of integrators (see [13] 35, [24], and [6] or [25] for some applications to partial differential equations).
Another way of applying this approach to partial differential equations was then developed in [3] and [I]:
when applied to the discretization of the heat equation, the backstepping approach yielded a change of
coordinates which was equivalent to a Volterra transform of the second kind. Backstepping then took
yet another successful form, consisting in mapping the system to stable target system, using a Volterra
transformation of the second kind (see [23] for a comprehensive introduction to the method):

) .2 - | "k, y) [t y)dy.

This was used to prove a host of results on the boundary stabilization of partial differential equations:
let us cite for example [2I] and [34] for the wave equation, [41l [42] for the Korteweg-de Vries equation,
[2, chapter 7] for an application to first-order hyperbolic systems, and also [I5], which combines the
backstepping method with Lyapunov functions to prove finite-time stabilization in H? for a quasilinear
2 x 2 hyperbolic system.

The backstepping method has the advantage of providing explicit feedback laws, which makes it
a powerful tool to prove other related results, such as null-controllability or small-time stabilization
(stabilization in an arbitrarily small time). This is done in [I2], where the authors give an explicit
control to bring a heat equation to 0, then a time-varying, periodic feedback to stabilize the equation in
small time. In [42], the author obtains the same kind of results for the Korteweg-de Vries equation.

In some cases, the method was used to obtain stabilization with an internal feedback. This was done
in [37] and [40] for parabolic systems, and [43] for first-order hyperbolic systems. The strategy in these
works is to first apply a Volterra transformation as usual, which still leaves an unstable source term in
the target, and then apply a second invertible transformation to reach a stable target system. Let us note
that in the latter reference, the authors study a linear transport equation and get finite-time stabilization.
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However, their controller takes a different form than ours, and several hypotheses are made on the space
component of the controller so that a Volterra transform can be successfully applied to the system. This is
in contrast with the method in this article, where the assumption we make on the controller corresponds
to the exact null-controllability of the system.

In this paper, we use another application of the backstepping method, which uses another type of
linear transformations, namely, Fredholm transformations:

L
f(t ) o / k(e 9) f(t,y)dy.

These are more general than Volterra transformations, but they require more work: indeed, Volterra
transformations are always invertible, but the invertibility of a Fredholm transform is harder to check.
Even though it is sometimes more involved and technical, the use of a Fredholm transformation proves
more effective for certain types of control: for example, in [II] for the Korteweg-de Vries equation and
[10] for a Kuramoto-Sivashinsky, the position of the control makes it more appropriate to use a Fredholm
transformation. Other boundary stabilization results using a Fredholm transformation can be found in
[8] for integro-differential hyperbolic systems, and in [9] for general hyperbolic balance laws.

Fredholm transformations have also been used in [7], where the authors prove the rapid stabilization of
the Schrédinger equation with an internal feedback. Their method of proof relies on the assumption that
the system is controllable, and the technical developments are quite different from the work in previous
references. This is a new development in the evolution of the backstepping method. Indeed, the original
form of the backstepping method, and the backstepping method with Volterra transformations of the
second kind, could be applied to uncontrollable systems. Hence, a controllability assumption makes for
potentially powerful additional information, for example when one considers the more general Fredholm
transformations instead of Volterra transformations of the second kind. It is interesting to note that the
role played by controllability is also a feature of the pole-shifting approach and the Gramian method,
although in this setting it leads to an explicit feedback law given by its Fourier coeflicients, instead of the
inverse of the Gramian operator, or, in the case of Richard Rebarber’s result in [31], a cardinal function.

1.4 The backstepping method revisited: a finite-dimensional example

Let us now give a finite-dimensional example to illustrate the role controllability can play in the back-
stepping method for PDEs. Consider the finite-dimensional control system

&= Az + Bu(t), x€C", Ae M,(C),B e M,:1(C). (11)

Assume that (A, B) is controllable. Suppose that x(t) is a solution of system with u(t) = Kuz(t).
Now, in the spirit of PDE backstepping, let us try to invertibly transform the resulting closed-loop system

into another controllable system, namely ~
T = Az, (12)

which can be exponentially stable if A is well chosen.
Such a transformation 7" would map the closed loop system to

(Tz) = Ti = T(A+ BK)z.
In order for Tz to be a solution of , we would need

T(A+ BK) = AT. (13)

One can see quite clearly that this matrix equation is not well-posed, in that if it has a solution, it has
an infinity of solutions. Moreover, the variables T and K are not separated because of the TBK term,
and as a result the equation is nonlinear. Hence, we can add the following constraint to equation ([13)), to
separate the variables, make the equation linear in (T, K), and get a uniqueness property:

TB = B. (14)
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Injecting the above equation into , we get the following equations:

TA+ BK = AT,
(15)
TB = B,
Now for this set of equations, one can prove the following theorem, using the Brunovski normal form (or
canonical form):

Theorem 1.2. If (A, B) and (A, B) are controllable, then there exists a unique pair (T, K) satisfying
conditions (|19)).

This shows that controllability can be very useful when one wants to transform systems into other
systems. In the finite-dimensional case, using the canonical form is the most efficient way of writing it.
However, in order to gain some insight on the infinite-dimensional case, there is a different proof, relying
on the spectral properties of A and A, which can be found in [7]. The idea is that the controllability of
A allows to build a basis for the space state, in which T' can then be constructed. Indeed, suppose A is
diagonalizable with eigenvectors (e, Ar)1<n<n, and suppose that A and A have no mutual eigenvalues.
Then, let us project on ey:

MTe, + (Key,)B = ATe,, (16)

from which we get the following relationship
Te, = (Kep)(A—=\,I)"'B, VYne{l,---,N}. (17)

Then, using the Kalman rank condition on the pair (A, B), one can prove that the f, := ((A—\,I)"'B)
form a basis of RY.
Knowing this, write

n=1
. (18)
B= Z bnfnv
n=1
and T'B is written naturally in this basis:
N
TB=> (Ken)bnfn, (19)
n=1

so that the second equation of becomes

N N N

n=1

Using the Kalman rank condition on (A, B), one can prove that b, # 0 so that the (Ke,) are uniquely
determined. The only thing that remains to prove is the invertibility of T', as the (Ke,) could be 0. In
the end the invertibility is proven thanks to the Hautus test on the pair (A, B), and the uniqueness is
given by the T'B = B condition.

Remark 1.1. In this finite-dimensional example, one can see a relationship between the Gramian method
and our variant of the backstepping method. Indeed, the Gramian matriz, defined by

oo
Cr ::/ efme*tABB*eftA*dt,
0
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1s the solution of the Lyapunov equation:
CF(A+wl)" + (A+wl)C = BB™.
Now, injecting the feedback law K = —B*(C’fj’)_1 given by the Gramian method, this equation becomes:
CrA+wl)*+ (A+wl)CP = -BKCS,
which becomes, after multiplication by (CS°)™* on the left and on the right,
(CZ)TH A+ BK) = (A" = 2wI)(C) 7,

which is of the form , with A = —A* —2wI and T = (C%°)~1. The fundamental difference then comes
from the fact that in the Gramian method, this backstepping-type equation is coupled with the definition
of the feedback law

B (CF) ™ =K,

whereas in the backstepping method, the backstepping-type equation is coupled with the TB = B
condition, which can be recast as

B*T* = B*.
The former leads to a Lyapunov-type analysis of stability, whereas the latter allows us to use Fourier

analysis to give explicit coefficients for the feedback law.
Another way to look at this is that , rewritten as

AT —TA = TBK, (21)

has a linear left hand side with some symmetry which the right hand side does not have. In order to give
some more symmetry, one can either symmetrize the right hand side by

K = -B*T*, TBK = -TBB*T", (22)

which yields a quadratic equation and corresponds to the Gramian method; or one can remove T from the
right hand side in order to have a non homogeneous linear equation in T

AT —TA = BK,

which corresponds to our variant of the backstepping method.

1.5 Structure of the article

The structure of this article follows the outline of the proof given above: in Section 2, we look for candidates
for the backstepping transformation in the form of Fredholm transformations. Formal calculations (and
a formal TB = B condition) lead to a PDE analogous to which we solve, which is analogous to
the derivation of . Using the properties of Riesz bases and the controllability assumption, we prove
that such candidates are indeed invertible, under some conditions on the feedback coefficients (F,,). For
consistency, we then determine the feedback law (F},) such that the corresponding transformation indeed
satisfies a weak form of the TB = B condition. Then, in Section 3, we check that the corresponding
transformation indeed satisfies an operator equality analogous to , making it a valid backstepping
transformation. We check the well-posedness of the closed-loop system for the feedback law obtained in
Section 2, which allows us to prove the stability result. Finally, Section 4 gives a few remarks on the
result, as well as further questions on this stabilization problem.
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2 Definition and properties of the transformation
Let X' > 0 be such that \' — x>0, and m > 1. Let p € H™N H;’;;l be a real-valued function satisfying
(7). We consider the following target system:

(23)

2+ 2.+ N2=0, x€(0,L),
z(t,0) = 2(t,L), t>0.

Then it is well-known that, taking oo € L?, the solution to with initial condition aq writes
2(tx)=e Mag(z —t), V(t,z) € RT x (0,L).

Hence,

Proposition 2.1. For all s > 0, the system is exponentially stable for || - ||s, for initial conditions
n HY

per:*

2.1 Kernel equations

As mentioned in the introduction, we want to build backstepping transformations 1" as a kernel operator
of the Fredholm type:

L
f(t ) o / k(. 9)f(t,y)dy.

To have an idea of what this kernel looks like, we can do the following formal computation for some
Fredholm operator T': first the boundary conditions

(/ k(O,y)a(y)dy> = (/ k(L,y)a(y)dy> ,
0 0

then the equation of the target system, for x € [0, L]:

L L L
0 = (/ k(ay)a(y)dy)ﬁ(/o k(z,wa(y)dy) X ( / k(z,ym(y)dy)
L L L
(/0 k(%y)at(y)dy)Jr(/O km(w7y)a(y)dy>+/\ (/0 k(ﬁt,y)a(y)dy)

L

x

; (kz(z,y) + Nk(z, y))a(y)dy>

L
(/ k(z,y)(—az(y) — paly) + <a,F><p(y))dy> + </
0



L

L
ky (x > — (k(z, L)a(L) = k(z,0)a(0)) + (/0 k(%y)<a7F>w(y))dy> +
L

J
J,

+(\ = u)k(%y))a(y)dy)

(/
L
(/ k(x ( (S)a(S)dé’) @(y))dy> = (k(z, L)a(L) = k(z,0)(0))

0

+ ( (z,y) + ko (z,y) + (N —u)k(afvy))a(y)dy>

L
( / F(s) ( / (e, y)so(y)dy> a(s)ds> ~ (k. L)o(L) — K(z,0)a(0))
0 0

L
+ (/0 (ky(2,y) + ko (2, y) + (N = u)k(afvy))a(y)dy> -

Now, suppose we have the formal TB = B condition

/0 k(e y)p(y)dy = o(z), Ve e [0,L]

Then, we get, noting A := X — p> 0,

L
(/0 (ky(2,y) + ko (2,y) + Me(@,y) + @(2) F(y)) a(y)dy> — (k(z, L)a(L) — k(z,0)a(0)) = 0.
Hence the kernel equation:

k(0,y) = k(L,y), (24)

k(x,0) = k(x, L),

together with the T'B = B condition
(k(z,-),0()) = ¢(x), Voel0,L]. (25)

2.2 Construction of Riesz bases for Sobolev spaces
To study the solution to the kernel equation, we project it along the variable y. Let us write heuristically
x,y) = Z kn(x)e
neZ

so that

L
| ket = 3 ok

nez
Projecting the kernel equations , we get

. 4 Ak = —F_nep, (26)

10
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i

Apn =A+ —n. 27

+ = (27)

Note that 0i 1 1
iTp
A =1, Vn,peZ. 28
T o T P (28)

Now consider the L? function given by

\/E —Anz

Ap(x) = PP , VnelZ, VreloL). (29)

Then, for all m > 0, A} € H™, and we have

L
—)\ZE _2L7rpm 1 —\ T 1
de = ——— ntr¥dy = , Vn,p€Z,
( L €p) \/>/ 1oL ¢ e =1 ’\L/oe T = n,p
so that, using (28|,
(AN 4+ XA = Zeplné’

PEL

Remark 2.1. In &', Zep is the equivalent of the Dirac comb, or the “Dirac distribution” on the space
PEL
of functions on [0, L]. So, in a sense, Aﬁ is the elementary solution of .

Let us now define, in analogy with the elementary solution method,

kpx=—F ,A)xp € H"  VncZ. (30)

per?

The regularity comes from the definition of the convolution product, @ and , and one can check,
using 7 that &, » is a solution of .

The next step to build an invertible transformation is to find conditions under which (k,, ») is some
sort of basis. More precisely we use the notion of Riesz basis (see [0, Chapter 4])

Definition 2.1. A Riesz basis in a Hilbert space H is the image of an orthonormal basis of H by an
isomorphism.

Proposition 2.2. Let H be a Hilbert space. A family of vectors (fir)ren € H is a Riesz basis if and
only if it is complete (i.e., Span(fi) = H) and there exists constants Cy,Co > 0 such that, for any scalar
sequence (ay) with finite support,

O lal < [ an] <3 ol ()

Let us now introduce the following growth condition:
Definition 2.2. Let s >0, (u,) € CZ (oru € &') . We say that (u,) (or u) has s-growth if

2s 2s

.
T Ynez, (32)

L

2imn

1
* L

<lup| <C

for some ¢,C > 0. The optimal constants for these inequalities are called growth constants.

Remark 2.2. The inequalities can also be written, more intuitively, and for some other positive
constants,
c(14+n*) <|u,| <C(1+1n]*), VYneZ. (33)

11



We can now establish the following Riesz basis properties for the (k. »):

Proposition 2.3. Let s > 0. If (F,,) has s-growth, then the family of functions

(k0) finp

RS

Proof. We use the characterization of Riesz bases given in Proposition 2.2] First, let us prove the com-
pleteness of (k,, ). Let f € Hj;, be such that

per

. : ; m
is a Riesz basis for H,.,

<f, ,fl))\>m = 07 Vn € Z.

) fexl

) foepep € L2

Then for all n € Z we get

0= (A} %, fhm Zf”‘pp <1+

pEZ n+p

2imp
L

2imp
L

2m
) fp%opep> )

as, thanks to , and using the fact that f € H"

per?
Z <1 +

pEZ

29mp 2
L

Now, (A}) is a complete family of L?, as it is a Riesz basis, so that

foop =0, VpeZ

Recalling condition @, this yields
f p = 07 Vp S Za

which proves the completeness of (&, ).
Now let I C Z be a finite set, and (a,) € C!. Then,

E an n)\

nel

Z‘anLAQ*W
mo el \/1+\2%|25
m
= Zan

nel 1+ |217rn| n+p

_ a’TLF—’rL
o Z %017 ‘ 25

b et Anypy/1+ | 2

27rp

= Z(l—i—

PEZL

2m =
9 an ',
) o[ __

nel Angpy/ 1+ 272

Now, using condition @, we have
2
2 anF_y,

+ |2

< C2 Z anE

<|>_a >
nk ™ )\ 2imn |28
pEZ |nel )\n+p 1 + | T |

nel

C

pEZ |nel )\n+p 1+



where ¢, C' > 0 are the decay constants in condition .
This last inequality can be rewritten

9 CLnF_n A 2 z: anF—n A
C —%An E an TL A >~ C —QSAn 5
70/14 |2mn ] et net \J1+ |2
as 1
A
A) = e
pEZL n+tp

We now use the fact that (A}) is a Riesz basis of L?: indeed, it is the image of the Hilbert basis (e,) by
the isomorphism
A fe L= A

The norms of A* and its inverse are rather straightforward to compute using piecewise constant functions,

we have
VL

Al —
A = 5,

A1 1—e ™ )
AN = ———e",
Ay~ = =
so that

2 2

D e Y DI e PO SRR

T VislEe| e e e e

and we finally get, using the fact that (F,) has s-growth,
C2 AN =112 Zl "|2 Za" nA
\H I” a7 nel

where C1,Cy > 0 are the growth constants of (F),), so that the constants in the inequalities above are
optimal. Hence, using again point 2. of Proposition (ky,.») is a Riesz basis of H,. O

2
< C*CRIANI Y lanl.

2
m nel

We now have candidates for the backstepping transformation, under some conditions on F':

Corollary 2.1. Let m € N*, and F such that (F,) has m-growth, with growth constants Cy,Cy > 0.
Define

2 2m
Y=Yy 1| M= ankoan € HE,, Vo€ HP. (34)
neZ neZ
where o = Z anen. Then, T : Hpe, — Hpe, is an isomorphism. Moreover,
neZ
CCVL
I <2
AL (35)

™ -1|< —-¢€ AL
Iy e e

Proof. The invertibility of T is clear thanks to the Riesz basis property of (k™ O, ), and . comes from
the above calculations. O

13
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2.3 Definition of the feedback law

In order to further determine the feedback law, and define our final candidate for the backstepping
transformation, the idea is now to return to the TB = B condition , as we have used it in the formal
computations of section in the equation . However, in this case, ¢ ¢ H%,., and so it is not clear
whether 7 is well-defined.

We can nonetheless obtain a TB = B condition in some weak sense: indeed, let us set

o) = Z Pnen € H. VYN €N.

Then,
m—1
(p(N) H,
N—oo
and
N
TN = 3"~ F AN+
n=—N
N JR—
_ —pnFnpp
= D ) e
n=Npez P

AP o8
= D> ( D A@n n>e”'
pEZ n=—nN 7~ ntP

Now, notice that one can apply the Dirichlet convergence theorem for Fourier series (see for example [19])
to A;‘,p €7Z at 0:

N 1 N A3 (0) + AN (L) L 1+e
> =y VL - — .
i )\—n+p M )\n+p N—o0 2 1—e 2
Let us note L
21—e"
KX ==
and set KO
F, = — L), Vn € Z. (36)
Pn

This defines a feedback law F' € &£ which is real-valued, as ¢ is real-valued, and which has m-growth
thanks to condition 7 so that T is a valid backstepping transformation. Moreover,

1
)\,ner m Dp; Vp S Z, (37)

N
<T>\80(N)»6p> = ppK(A) Z
n=—N

which corresponds to the T'B = B condition in some weak sense.
With this feedback law, the backstepping transformation now writes

T a = Z ank_nx, Vo€ Hp,., (38)
nez
and VI
CK(MVL
IS O
C(1 —e M) (39)
T ti< A

cKOWL

14
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2.4 Regularity of the feedback law

Finally, in order to study the well-posedness of the closed-loop system corresponding to , we need
some information on the regularity of F'.
Let us first begin by a general lemma for linear forms with coefficients that have m-growth:

Lemma 2.1. Let m >0, and G € & with m-growth.

Then, for all s > 1/2, G is defined on H}.", is continuous for || - ||mis, but not for || - [lmye, for
—-m<o<1/2

In particular, the feedback law F € £ defined by defines a linear form on H;’;;H which is contin-
wous for || - ||ms+1 but not for || - ||m-

Proof. Let s > 1/2, and let a € H'*. Using the growth conditions , we can do the following

per
computations for a € Hpzt*:

o
Do lGullanl < CIT4 14|75 ol
nez nez
1 Qiqrn [P
< ! S
) %HIW\/ oo

IA
Q
N
—
B
El
S

where C,C’ > 0 are constants that do not depend on «, and where the last inequality is obtained using
the Cauchy-Schwarz inequality. Thus G is defined on H"" by

per

(o, G) = ZGnan, Yo € H™FS

per
neZ

and G is continuous on Hyzt>.

On the other hand, let —m < o < 1/2, and consider, for N > 1,

1

(N) — - m—+s

= — en € HJ.TO.

hE%GM1+WHﬂ ?
We have omto
(1 + 2 g) 1 1
W™ re = > 5<C Y e
SN |G |? (14 |n|t+9) M2N1+¢mlﬂ 2

for some constant C' > 0. Then,

™6 = 3 —

1+s
sy I
1
1+s—2
niz
1
1+s—20
z N IIX>:N 1+ [n[2+2s—20
ni=z
1
I ATl4s—2 (N)
Z & N y 7 Z 1 + |n|2+25720 ||fy ||m+o’
[n|>N

15
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11

for some constants ¢, ¢’ > 0. Now, we know that there exists constants ¢”/, C”" > 0 such that

/! i
c < 1 < C
N1+2s—20 — Z 1+ |n‘2+28—20' — N1+2s—20’

In|>N
So that
Nitem2e Z 1+ ‘n|i+2572g > J'N2=° m o0
In[>N
This proves that G is not continuous for|| - ||™*7. O

Let us now give a more precise description of the domain of definition and regularity of F. Recalling
the identity @, we can derive the following identity for F,, from :

d
KA [ 2imn\™ K\ /2imn\™ - (X(o,.0,110™Ps €n)
Fn — (71)m ( ) ( Zﬂ—n) + (71)m ( ) ( Z’]TTL> 7=0 ’ vn c Z*’ (40)

® L T¥ L d
(A Z <X[0j701+1]8m90’ e”>
j=0

T -n
J

<(2£1n)m (Fn - (—1)mf§i) (222”)m)> €2 (41)

nez*

n

so that

Let us then note

B = (_l)mK()\) <22'7rn

T¥ L

—n

) , VnezZ,

and h the associated linear form in &’.

Proposition 2.4. The linear form h defines the following linear form on 7% (H™'!), continuous for

(pw)
1 A1 pw:
(o, h) = \/Z@ (@™ ((r%)'a) (0)+ 0™ ((r¥) ') (L)), Vace T“”(H(’qu;)l). (42)

Moreover, F := F —h is continuous for || |m, so that F is defined on 7¢(H™ YN H™

(pw) pers and is continuous
Jor |- llms1,pw, but not || - [|m.

Proof. 1t is clear, by definition of H,;,, and using , that for « € H . the expression:

per>

(o, F —h) = Z an(Fy, — hy) = KNao + Z (2?”) Oén(%rln)m(Fn—hn) (43)
L

nez ¥o n£0

defines a continuous linear form on H,..

On the other hand, let o € 7% (H(";;:)Q), then

g: anlin = VIE(N) iv: <2¢2n>m

n=—N n=—N

/8
S
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we can use the Dirichlet convergence theorem (see [I9]) on 0™ (%) 'a) € H(zpw) at 0, so that

i 8 ()

n=—N n=—N
K(A
—— VEE (o (9 10) )+ 07 (7)) (1).

— 00

Now, we know that H (ZLI)Q is dense in H (’ZI; for the H(";I)l norm. As 7% is a sum of translations, it is
continuous for || - ||m+1,pw, so that T“”(H(’;I)Q) is dense in T‘p(H(’ZI)l) for || - |l m+1,pw-

Moreover, using the Sobolev inequality for H* and L> (see for example [4, Chapter 8, Theorem 8.8]),
we get the continuity of h for || - ||;m41,pw, S0 that we can extend it from T“"(H?;I)z) to TLP(H(TZ:;;) by

density. We also get that h is not continuous for || - ||, as « € H™ +— 0™a(0) and o € H™ +— 0™ a(L)
are not continuous for || - ||,.
Thus, F = F + h is defined on 77 (H"") N H™

(o) pers 18 continuous for || - |41 but not for || - ||, O

3 Well-posedness and stability of the closed-loop system

Let m > 1, ¢ € Hip, ﬂH;’é;l satisfying growth condition . Let the feedback law F' be defined by .

3.1 Operator equality

Now that we have completely defined the feedback F and the transformation T, let us check that we
have indeed built a backstepping tranformation. As in the finite dimensional example of subsection [1.4]
this corresponds to the formal operator equality

T(A+ BK) = (A— A)T.

Let us define the following domain:

Dy = {a e TP (HIM) N HE,,  —ay — po+ (0, F)p € H;;;T} . (44)
Notice that, as ¢ € H(y,,), the condition a € H(’Z:;)l D T“’(H(";lt)l) is necessary for —a, — pa+ (o, F)e
to be in H¢, . Let us first check the following property:
Proposition 3.1. Form > 1, D,, is dense in Hp,. for || - ||

Proof. It is clear that Hg;jl cr¥ (H(T;‘I)l), so that

K i={a € H2M, (o, F) =0} C Dy,

per

Now, by Lemma as F has m-growth, K, is dense in H™"* for || - ||, as the kernel of the linear form

per
F which is not continuous for || - ||,,. As H™ ! is dense in H™,, then D,, is dense in Hpy, for ||« [[m. O

per per?

Now, on this dense domain, let us establish the operator equality:

Proposition 3.2.

TN =0y — pl + (-, FYp)a = (=0, — N)T*a in H™, Va € D,y,. (45)

per?
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Proof. First let us rewrite in terms of A:

TM=0p + (- FYp)a = (=0, — \)T*a in H™,, Vo € D,,(F).

per?
1 Let o € D,,. By definition of the domain D,,, the left-hand side of is a function of Hp;, C &,

> and by construction of 7%, the right-hand side of is a function of H,;~ L' &. To prove that these
s functions are equal, it is thus sufficient to prove their equality in £’. Let us then write each term of the

+ equality against e, for n € Z. One has

9
(=8, = \[)T a,e,) = <T’\a, = n> AT e)
= (T a,e,)
5
6 Let us now prove that
(TM = + (o, F)p), en) = =M (TP e,), Vn € Z. (46)

Now, as we only have o, € H.~ L Tra, is not defined a priori. In order to allow for more computa-
tions, let us define

N
a®) .= Z apén, VYN €N,
n=—N

N
SO(N) = Z Pn€n,
n=—N

so that we have, by property of the partial Fourier sum of a H, function,

—a™ + (o, FYp™ s ) + (a, F)g,

N—o00

7 so that in particular,

<T/\(_a(zN) + <a7 F>90(N))7 en> — <T>\(_O‘I + <a7 F>g0), en> (47)

N—o00

Let N € N. We can now write

(TM=a™ + (a, F)e™M) e,) = (T e,) + (a, FNT o™ e,,)

N .
2
- < Lpapk—p,kaen> + (a, F><T>\‘P(N)7en>'
p=—N

Now, using , we get

247 —
Tpk—p)\ = (k—p,/\)w + Ae_px + Fpo,
so that
N PR
—Tr M) = Z ap (k—pa)a + Ae_px + Fpp) .
p=—N
Hence

_<T)\O[£N)7 en> = - <(T)\O‘(N))w ) en> - A <T/\04(N)7 en> - <04(N)7F><pn,

18



1

2

3

4

5

6

and finally,
(TA(fagN) + {a, F)go(N)), en) = —Ap <T>‘0¢(N), en> + ((a — o), F)) ©n
+{a, F) (<T’\<p(N) - <p,en>> .

To deal with the third term of the right-hand side of this equality, recall that we have chosen a feedback
law so that the T'B = B condition holds. Thus,

(48)

<T/\<p(N) — o, en> — 0. (49)

N—o00

To deal with the second term, recall that F' is the sum of a regular part F' and a singular part h:

<a—0z(N),F>=<oz—a(N),F>+<a—a(N),h).

Now, by definition of o™ and continuity of F for || - ||,
(a—a®.F) o e
N —o00

On the other hand, for all NV € N,

n=—N n
ST =) ()

where

7O = Z (fg, + (—1)m1£¢") en, VfeL
NeZ -n

Now, notice that, by definition of 7¥ and D,,,
G (—Ola; - p& + <Oé,F>(p) € H;)Z'r (52)

Moreover, using @, we have for n € Z*:

' m—1%P-n Pn m—19Pn
A A
—1—(-1 m—1 —1)m "
= (21'72 m( ) +2i:m
(37n) (#7n)
(3En)™

where 7, € 2. Hence, 7 € Hy,. This, together with , yields

™a, € Hy, .
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This implies that

- H™
T‘PaQ(EN) — TPay,
N—o0

as 7°a ™) is the partial sum of 7% a,.
Hence, by continuity of a + 9™ *a(0) for || - ||m, implies that

<a — @, h> — 0. (53)

N—o0

Finally, , , , , and the continuity of 77 yield
(T/\(—a(IN) + <a,F>go(N))7en> — =\ <T/\a,en> )
N—o00

This, put together with , gives by uniqueness of the limit, which in turn proves .
O

Remark 3.1. When o € H™, 7% is simply (1/VL)(0™ Y o(L) — 0™ 1(0))Id, F is defined on H™ 1 N
Hpy,, and 7¥a is simply, up to a constant factor, the symmetrisation o+ (=)™ ta(L —"-), which is Hpy,

ifaoe H"NH™ .

per

3.2 Well-posedness of the closed-loop system

The operator equality we have established in the previous section means that 7 transforms, if they exist,
solutions of the closed-loop system with a well-chosen feedback into solutions of the target system. Let
us now check that the closed-loop system in question is indeed well-posed in some sense.

Proposition 3.3. The operator A+ BK := —0, — pa + (-, F)p defined on D,, is a dense restriction of
the infinitesimal generator of a C°-semigroup on Hpy,.

Proof. We know from Lemma [3.1that A + BK is densely defined on D,,, C H

per'
Now, define the following semigroup on H,,:

Sy (t)a = e_’\/toz(~ —t), VYae€H

per?

t>0, (54)
which corresponds to the target system . Its infinitesimal is given by

!
D := H™ler,

P 55
—0, — N1 (55)
Now, define a second semigroup on H,¢,:
S(t)a == (T 1Sy ()T e, Vae Hpy., t>0. (56)
The infinitesimal generator of S(t) is given, when it exists, by the limit of
St)a — Sy ()T a — T
o =0 _ oy v =T -

so, by (55), the domain of the infinitesimal generator of S(t) is (TA)_l(H;’EL;H), and the infinitesimal
generator itself is given by

5 (t)ot‘ e :O+ (TN (=0, — NI)T*a. (58)
In particular, by 7
(TN (=0, = ND)T*a = (=0, — pI + (-, F)p)a = (A + BK)a, (59)
which proves the proposition.
O
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: 3.3 Stability of the closed-loop system

> We can now prove Theorem |1.1

3 Let S(t) the semigroup defined by (56), o € H,y,..
By definition of S(t), and using (39)), we then get, for ¢t > 0,

IS@allm < ITH TSN OT allm
< @) e M alm
< HI(T*);IIIHITAIIIe_”HaHm
< (f) eALe—)\/tHaHW“

+  which proves the exponential stability of the semigroup S(¢).

6 Now consider the particular case where C' = ¢ > 0, and p = 0 to simplify notations, together with:
c
Pn 1= ———, Vn € Z, (60)
;. m
/1 + | 212n|
7 so that 1
lox @llm = Cllall, Vo € L2, [lax Fll = Zlallm, Yo € Hy,. (61)

s Now let ¢ > 0. Keeping in mind that (X[o,1/n])n>0 and (X[z—1/n,r])n>0 are maximizing sequences for AN
o and (A)‘)71 respectively, and using , , 7 we get for ¢, ;=L —1/n:

S(ta)(Xpo1/m) * 9) = (TY) 1S (t) T (xp0,1/01 * )
= —EK\)(TY 'Sy (t) (9% (A (x10,1/n1)))

efAtn\/E B L
:*K(A)W(T’\) 1¢*<X[L—1/n,L]€ A( t")) (62)

= _e_ktnek(L_l/n)(X[Lfl/n,L] * )
_ _ef,\tne/\(L’l/”)(X[o,l/n] *x@)(-—tn), VYn>0,

so that

-
o

HS (tn) (X[0,1/m] * 90)Hm = e_)‘t"e)‘(L_l/")||X[0’1/n] *Q|lm, V> 0. (63)
1 Then, there exists n > 0 such that

-

1S () (X(o,1/m) * ©)]],, > € (e = €)lIX[0,1/n] * PlIm- (64)

"

> This shows that estimate can be critical in some cases.

1 3.4 Application
e Let m =1, A >0, and let us suppose, to simplify the computations, that a = 0. Define
plz)=L—=x, Vze(0,L), (65)
so that ¢ € H' but is not periodic, and satisfies , with
iL%
21

L3
o=

Pn = , VneZ,

21



Then,

2K (A (0 (L
(o, F) = — Lg)ao—K(A)a();a( ) Veemnml, (66)
2
and 2K (\) 1 1
_ 2 1 _
D, = {aEH NHp,, 73 o + (L—K()\)) ozgg(())—Lc)cgc(L)—O}7
so that 0 o 0
2K (A o (0) 4+ ag (L
arta, = — ~—~ g — K (A xz), ¢ €|0,L],
tan = (<2 a0 - k)0 ) o), o e . o
a(t,0) = a(t, L), Vt >0,
has a unique solution for initial conditions in D;.
The backstepping transformation can be written as:
VL e KO 2K (\)
T o = v (e A <_ NG QG ~ — oz0>> *p, Vo€ H,,. (68)

Let «(t) € D; be the solution of the closed loop system with initial condition a® € Dy, and let us
note z(t) := T a(t), then

_ VL e (_EX) 26N
= 1 — e AL € _\/Zaxt_ T2 0 * Q.
VI (e EO 2K (\)
Sl <e A (_\/z(—amx—l—(a,F}gom)— 7 a0>) *
VL u EO 2K (\)
- e (7 (e e - Heh) ) e
VL BN,
S QY2 <_€ \/Zo‘xaf> *xp— Az
VI [ . (KW 2K (\)
Zt+Z:p+AZ = 1_6)\L<e (\/Z<Q’F>— L2 O/Q))*
By projecting the closed loop system on eg, we get
L3
o = (o, F)po = <04>F>7
so that
In particular,
d
2T = 270213 (69)

Let us now set
V(a) = ||z}, Va e H}

per:
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Now, notice that

2imn
L

L
A2
T |y = (1_67_/\];)22 <1+

ne”Z

2
> | |?

2

+ ol (a0
2
s oo | KQ), 20,

> C'E(N)*e*||alff.

Together with , this shows that V' is a Lyapunov function, and is exponentially stable.

4 Further remarks and questions

4.1 Controllability and the T'B = B condition

In the introduction we have mentioned that the growth constraint on the Fourier coefficients of ¢
actually corresponds to the exact null controllability condition in some Sobolev space for the control
system . As we have mentioned in the finite dimensional example, the controllability condition is
essential to solve the operator equation: in our case, formal computations lead to a family of functions
that turns out to be a Riesz basis precisely thanks to that rate of growth. Moreover, that rate of growth
is essential for the compatibility of the T'B = B condition and the invertibility of the backstepping
transformation. Indeed, as the transformation is constructed formally using a formal T'B = B condition,
that same T'B = B condition fixes the value of the coefficients of F},, giving them the right rate of growth
for T* to be an isomorphism.

In that spirit, it would be interesting to investigate if a backstepping approach is still valid if the
conditions on ¢ are weakened. For example, if we suppose approximate controllability instead of exact
controllability, i.e.

on#0, VYnezZ,

then F' can still be defined using a weak T'B = B condition. However, it seems delicate to prove, in the
same direct way as we have done, that 7? is an isomorphism, as we only get the completeness of the
corresponding (ky, x), but not the Riesz basis property.

Finally, it should be noted that, while in [7] the TB = B condition is well-defined, in our case, it
only holds in a rather weak sense. This is probably because of a lack of regularization, indeed in [7] the
backstepping transformation has nice properties, as it can be decomposed in Fredholm form, i.e. as the
sum of a isomorphism and a compact operator. Accordingly, the Riesz basis in that case is quadratically
close to the orthonormal basis given by the eigenvectors of the Laplacian operator. That is not the case
for our backstepping transformation, as it is closely linked to the operator A*, which does not have any
nice spectral properties.

Nonetheless, it appears that thanks to some information on the regularity of F, a weak sense is
sufficient and allows us to prove the operator equality by convergence.

4.2 Regularity of the feedback law
As we have pointed out in Section if ¢ is such that system is controllable in H . then the

per?

feedback law F' defined by is continuous for || - ||;4+1 but not for || - ||;,. This was actually to be
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expected, as we have mentioned in the introduction that Shun Hua Sun proved that bounded feedback
laws can only achieve “compact” perturbations of the spectrum, which is not enough to get exponential
stabilization. More precisely, it would be possible to get exponential stabilization only with very singular
controllers. With a distributed control such as ours, it is necessary to consider unbounded feedback laws.

Moreover, the application in Section [3.4] shows that even though the feedback is not continuous, and
is given by its Fourier coefficients, in practice it can be expressed quite simply for some controllers.

4.3 Null-controllability and finite-time stabilization

As we have mentioned in the introduction, one of the advantages of the backstepping method is that
it can provide an explicit expression for feedbacks, thus allowing the construction of explicit controls for
null controllability, as well as time-varying feedbacks that stabilize the system in finite time 7" > 0.

The general strategy (as is done in [12], [41]) is to divide the interval [0, T'] in smaller intervals [t,,, tnt1],
the length of which tends to 0, and on which one applies feedbacks to get exponential stabilization with
decay rates \,, with A\, — oo. Then, for well-chosen t,, \,, the trajectory thus obtained reaches 0 in
time T. Though this provides an explicit control to steer the system to 0, the norm of the operators
applied successively to obtain the control tends to infinity. As such, it does not provide a reasonably
regular feedback. However, the previous construction of the control can be used, with some adequate
modifications (see [12] and [42]) to design a time-varying, periodic feedback, with some regularity in the
state variable, which stabilizes the system in finite time.

Let us first note that, due to the hyperbolic nature of the system, there is a minimal control time,
and thus small-time stabilization cannot be expected. Moreover, even for T" > L, the estimates we have
established on the backstepping transforms prevent us from applying the strategy we have described
above: indeed, for any sequences (t,) — T, A, — 0o, we have

n C 2n n
la®llm < IT () e Leap (Z—mw—m—m) Joollms ¥t € [tnstn,
k=0

k=0
where ¢, C' are the decay constants in . Moreover, as tiy+1 — tx — 0, we have

exp <Z N (tgyr — ti — L)) —3 00.

n—o0
k=0

Another approach could be to draw from [9] and apply a second transformation to design a more
efficient feedback law. It would also be interesting to adapt the strategy in [43], inspired from [37], to our
setting.

4.4 Nonlinear systems

Finally, another prospect, having obtained explicit feedbacks that stabilize the linear system, is to
investigate the stabilization of nonlinear transport equations. This has been done in [I0], where the
authors show that the feedback law obtained for the linear Korteweg-de Vries equation also stabilize the
nonlinear equation. However, as in [7], the feedback law we have obtained is not continuous in the norm
for which the system is stabilize. This would require some nonlinear modifications to the feedback law in
order to stabilize the nonlinear system.
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