N

N

Remarks on the internal exponential stabilization to a
nonstationary solution for 1D Burgers equations
Axel Kroner, Sergio S. Rodrigues

» To cite this version:

Axel Kroner, Sergio S. Rodrigues. Remarks on the internal exponential stabilization to a nonstationary
solution for 1D Burgers equations. STAM Journal on Control and Optimization, 2015, 53 (2), pp.1020-
1055. hal-01089893

HAL Id: hal-01089893
https://hal.science/hal-01089893

Submitted on 2 Dec 2015

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01089893
https://hal.archives-ouvertes.fr

REMARKS ON THE INTERNAL EXPONENTIAL STABILIZATION
TO A NONSTATIONARY SOLUTION FOR 1D BURGERS
EQUATIONS

AXEL KRONER'! AND SERGIO S. RODRIGUES!Y

Abstract. The feedback stabilization of the Burgers system to a nonstationary solution using
finite-dimensional internal controls is considered. Estimates for the dimension of the controller are
derived. In the particular case of no constraint on the support of the control a better estimate
is derived and the possibility of getting an analogous estimate for the general case is discussed;
some numerical examples are presented illustrating the stabilizing effect of the feedback control, and
suggesting that the existence of an estimate in the general case analogous to that in the particular
one is plausible.
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1. Introduction. Let L > 0 be a positive real number. We consider the con-
trolled Burgers equations in the interval Q = (0, L) C R:

(1.1) O + u0yu — VOypu + h+ ¢ =0, ulp =0.

Here u stands for the unknown velocity of the fluid, » > 0 is the viscosity, h is a fixed
function, I' = 92 stands for the boundary {0, L} of 2, and ¢ is a control taking values
in the space of square-integrable functions in 2, whose support, in z, is contained in
a given open subset w C 2.

Let us be given a positive constant A > 0, a continuous Lipschitz function x €
W1o(Q, R) with nonempty support, and a solution @ € W of (1.1) with ¢ = 0,
in a suitable Banach space W. Then, following the procedure presented in [7], we
can prove that there exists an integer M, a function n = n(t, x), defined for ¢ > 0,
x € §, such that the solution u = wu(t, ) of problem (1.1), with ¢ = xPymn, and
supplemented with the initial condition

(1.2) u(0,x) = ugp(x)

is defined on [0, +00) and satisfies the relation |u(t) — ﬂ(t”zL?(Q,]R) < Ce |u(0) —
a(o)\’;(mR), provided |u(0) — 4(0)|z2(q,r) < €, for small enough e. Here M, C,
and € can be taken depending only on (||, , A), and Py is the orthogonal projection
in L2(Q, R) onto the subspace L%,(€, R) := span{sin(Z£) | i € N, 1 <i < M}. That
is, the internal control { = xPysn stabilizes exponentially, with rate %, the Burgers
system to the reference trajectory .

Notice that the support of the control ( is necessarily contained in that of y, and
that the control is finite-dimensional. Furthermore, we also know that the control can

TA. K. was supported by the Austrian Academy of Sciences at the Johann Radon Institute for
Computational and Applied Mathematics (RICAM) in Linz, Austria. Further, he acknowledges the
hospitality and support of Commands team at ENSTA, ParisTech (Palaiseau, France), where during
a research visit part of the work was carried out.

fINRIA Saclay and CMAP, Ecole Polytechnique, Route de Saclay, 91128 Palaiseau cedex, France.

§S. R. acknowledges partial support from the Austrian Science Fund (FWF): P 26034-N25.

9Johann Radon Institute for Computational and Applied Mathematics (RICAM), OAW,
Altenbergerstrale 69, A-4040 Linz, Austria.

Emails: axel.kroener@inria.fr, sergio.rodrigues@oeaw.ac.at.

1



2 A. KRONER AND S. S. RODRIGUES

be taken in feedback form, ((t) = e’MxPMng’\(u(t) —a(t)), for a suitable family
of linear continuous operators Q% A L2(Q, R) — L2(Q, R), £ > 0 (cf. [7, section 3.2]).

We can see that the dimension M of the range of the controller depends on
the norm |i|yy of 4 but, up to now no precise estimate is known. In the case 4 is
independent of time it is possible to give, for the case of the Navier—Stokes equations,
a rather sharp description of its dimension M, though the range of the controller
depends on 4; see, for example, [2,5,6,8,39] (cf. [7, Remark 3.11(c)]). The procedure
uses the spectral properties of the Oseen—Stokes system and cannot be (at least not
straightforwardly) used in the time-dependent case.

The aim of this paper is to establish some first results concerning the dimension M
of the range of the internal stabilizing controller, in the case of a reference time-
dependent trajectory 4. Notice that this case is not less important for applications
because often we are confronted with external forces h that depend on time.

In [7], the proof of existence of an M-dimensional stabilizing control uses a con-
tradition argument (cf. [7, proofs of Lemma A.4 and Proposition A.3]) which makes
it difficult to find an estimate for M. Here we prove the existence of a stabilizing
control by a more constructive procedure.

In the case we impose no restriction on the support of the control, more precisely,
if we take x(z) =1 for all x € , then we obtain that is it enough to take

(1.3) M > L(%)s(v2[af}y, + v V)3,

where e is the Napier’s constant. In the case our control is supported in a small subset
w = supp(x), we can also derive that it is “enough” to take

(1.4) M > Cpe®? (1+(V_1>‘)%+(V_1>\)%+V_1\12|W+V_2\12|$/V>

where Cy and Cy are constants depending on x and €. Estimates (1.3) and (1.4)
are the main results of this paper. We easily see that the estimate in the case of
the support constraint in much less reasonable, if we think about an application.
The reason of the gap is that the idea used to derive (1.3) cannot be (at least not
straightforwardly) used for general x(z). So one question arises: can we improve (1.4)?
To derive (1.4) we depart from an exact null controllability result, carrying the cost
associated with the respective control. For stabilization, with a given (finite) positive
rate % > 0, we do not need to reach zero; that is why we believe the estimate can be
improved, if we can avoid using the exact controllability result.

We have performed some numerical simulations whose results suggest that the
possibility of getting, also in the general case, an estimate analogous to (1.3) is plau-
sible. We focus on the 1D Burgers equations because the simulations are much simpler
to perform in this setting. However, we believe that the difficulties to find an estimate
for M will be analogous for the 2D and 3D Burgers and Navier—Stokes systems, and
for a suitable class of parabolic systems.

The rest of the paper is organized as follows. In section 2 we recall some well-
known results and set up our problem, in particular we recall that the problem can be
reduced to the stabilization to zero of the Oseen—Burgers system. In section 3, for the
linearized Oseen—Burgers system, we present the first estimates for a lower bound for
the suitable dimension M of the controller; section 3.1 deals with the particular case
where we impose no restriction on the support of the control and section 3.2 deals with
the general case. In section 4 we consider the full nonlinear Oseen—Burgers system.
The discretization of our problem is presented in section 5, and in sections 6 and 7
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we present the results of some simulations we have performed. Finally, in section 8
we give a few more comments on the results.

Notation. We write R and N for the sets of real numbers and nonnegative integers,
respectively, and we define R, := (r, 4+00), for r € R, and Ny := N\ {0}. We denote
by  C R a bounded interval. Given a vector function u: (¢,z) — u(t,z) € R, defined
in an open subset of R x €2, its partial time derivative % will be denoted by d;u. The
partial spatial derivative g—; will be denoted by J,u, and %6% by Ozz.

Given a Banach space X and an open subset O C R"™, let us denote by L?(O, X),
with either p € [1, +00) or p = oo, the Bochner space of measurable functions
f: O — X, and such that |f|% is integrable over O, for p € [1, 4+0), and such
that ess sup,co | f(z)|x < 400, for p = co. In the case X = R we recover the usual
Lebesgue spaces. By W*P(O, R), for s € R, denote the usual Sobolev space of or-
der s. In the case p = 2, as usual, we denote H*(O, R) := W*2(O, R). Recall that
H°(O, R) = L*(O, R). For each s > 0, we recall also that H*(O, R) stands for the
dual space of H§(O, R) = closure of {f € C>*(O, R) | supp f C O} in H*(O, R).
Notice that H*(O, R) is a space of distributions.

For a normed space X, we denote by |-|x the corresponding norm, by X" its dual,
and by (-,-)x’ x the duality between X’ and X. The dual space is endowed with the
usual dual norm: |f|x/ =sup{(f,z)x' x | # € X and |z|x = 1}. In the case that X
is a Hilbert space we denote the inner product by (-,)x.

Given an open interval I C R and two Banach spaces X and Y, we write
W, X,Y):={f e LI, X)|0:f € L*(I, Y)}, where the derivative 0, f is taken in
the sense of distributions. This space is endowed with the natural norm | f|w (1, x,v) =
(|f|%2(17x) + ‘6tf‘%2(17y))%. In the case X =Y we write H'(I, X) :== W(I, X, X).
Again, if X and Y are endowed with a scalar product, then also W (I, X, Y) is. The
space of continuous linear mappings from X into Y will be denoted by £L(X — Y).

If I C R is a closed bounded interval, C'(I, X) stands for the space of continuous
functions f: I — X with the norm | f|c (7 x) = max,c 7 |f(£)]x.

6[,11,_“’%] denotes a nonnegative function of nonnegative variables a; that in-
creases in each of its arguments.

C, C;,i=1,2,..., stand for unessential positive constants.

2. Preliminaries.

2.1. Reduction to local null stabilization. We will denote V := H}(Q, R),
H = L?*(Q, R), D(0yy) = VN H?*Q, R), and V' := H-1(Q, R). The space H is
supposed to be endowed with the usual L?(Q, R)-scalar product; the space V with
the scalar product (u, v)y = (9u, 9,v)g. The space H is taken a pivot space, and V'
is the dual of V. The inclusions V' C H C V' are dense, continuous and compact.
The space D(0,.) is endowed with the scalar product (u, v)p(s,,) = (Oratt, Oze¥)H-
Let us denote

(2.1) W = L™(Rg, L™ (2, R))

o) ¢

and, for given Banach spaces X and Y,

Lie(Ro, X) = {f | flio.m) € L*((0, T), X) for all T > 0},

loc

VVIOC(RO7 Xa Y) = {f ‘ f|(07T) € W((Ov T), Xa Y) for all T > O}

Fix a function h € L% (Ry, V') and suppose that @ € WN Wiee (R, V, V') solves
the Burgers system (1.1), with ¢ = 0 and initial condition g = 4(0) € H.
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Let us be given a Lipschitz continuous function y € W (92, R) with nonempty
support and A > 0. Then, given another function wug such that |ug — @(0)|g is small
enough. Let also O = (Iy, l3) be an open interval, such that supp(y) € O C Q.

Our goal is to find an integer M € Ny and a control € L?(Rg, H) such that the
solution of the problem (1.1)—(1.2), with ¢ = XE§ P} (n|,) is defined for all ¢ > 0 and
converges exponentially to @, that is, for some positive constant C' > 0 independent
of Uug — ’LAI,(),

(2.2) lu(t) — ()| < Ce Mug — |3 for t > 0.

Here Pﬁ stands for the orthogonal projection in L?(QO, R) onto the subspace spanned
by the first M eigenfunctions s,, of the Dirichlet Laplacian in O, that is, onto

L%,(0, R) :=span{s,, | n € Ng, n < M}

where ES : L2(O, R) — H is the extension by zero outside O, defined by ES f(z) :=
f(z) ifzeO

{ 0 ifreQ\O -

(normalized) Dirichlet eigenfunctions {s,, | n € No} C D(8,,) and the corresponding

system of eigenvalues {a,, | n € Ny} are given explicitly by

(23)  su(a) = (

where [ =I5 — [; stands for the length of O.
Let us notice that, seeking for the control 7 and considering the corresponding
solution u, we find that v = u — 4, will solve the Oseen-Burgers system

Recall that it is well-known that the complete system of

s

)% Sin( y  Qp = (7)2712, —OxzS, = OnS,, T E€ Oa

~In

nm(x—1
(l 1))

(2.4) 0pv — V02 + 00,0 + O () + ¢ = 0, vlp =0, v(0) = v,

with ¢ = xXE§ P (n],) and vo = u(0) — @(0). It is now clear that to achieve (2.2) it
suffices to consider the problem of local exponential stabilization to zero for solutions
of (2.4), where “local” means that the property is to hold “provided |vg|g is small
enough”.

2.2. Weak solutions. The existence and uniqueness of weak solutions for sys-
tem (2.4) can be proved by classical arguments, where weak solutions are understood
in the classical sense as in [37, chapter 1, sections 6.1 and 6.4], [42, sections 2.4
and 3.2], [43, chapter 3, section 3].

THEOREM 2.1. Given 4 € W, ¢ € L*((0, T), V'), and vo € H, then there exists
a weak solution v € W((0, T), V, V') for system (2.4), in (0, T) x Q. Moreover v is
unique and depends continuously on the given data (vg, 1):

(2.5) |’U|%/V((O, m.v.vy < O, falwl (|Uo|%r + |C|2L2((0,T), V’)) .

Notice that the proof of the existence and uniqueness of a weak solution can be
done following the argument in [43, chapter 3, section 3.2] by using the estimate

|02 (w0) [ < Clwl e, 1) V[T 200, m) < CrlwlFr i, r) 0] 720, r) < Colwli|v]F

DEFINITION 2.2. We say that v € Wiee(Ro, V, V') is a global weak solution for
system (2.4), in Ro x €, if v 7 € W((0, T), V, V') is a weak solution, for the same
system, in (0, T') x Q, for all T > 0.
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COROLLARY 2.3. Given 4 € W, ¢ € L (Ro, V'), and vy € H, then there exists
a weak solution v € Wioe(Ro, V, V') for system (2.4), in Ry x Q, which is unique and
there holds estimate (2.5).

Finally notice that system (1.1)—(1.2), is a particular case of (2.4) (with & = 0),

hence Theorem 2.1 and Corollary 2.3 also hold for (1.1)—(1.2) (with h + ¢ in the role
of ¢).

3. The Oseen—Burgers system. The dimension of the controller. Here
we look for a control in the form ¢ = xE§ P§}(n|,), with n € L?(Rg, H), that stabilizes
exponentially the linearized Oseen—Burgers system

(3.1) Opv — Vv + O (tw) + ¢ = 0, vlp =0, v(0) = vo,

to zero, with a desired exponential rate % > (0. We also provide some first estimates,
concerning a lower bound for the integer M, depending on the triple (A, |4l , V).
Later, the results will follow for system (2.4), provided |vg|j is small enough, by a
fixed point argument.

Remark 3.1. Theorem 2.1 and Corollary 2.3, also hold for system (3.1) in the
role of system (2.4).

It is well known that controllability properties for system 3.1 are closely related
to observability properties for the “time-backward” adjoint Oseen—Burgers

(3.2) =04 —V0req —W0q+ =0, qlp=0, qT)=aq

for g € H and f € L?((0, T), V'); below, in section 3.2, we will use some suitable
observability inequalities for this adjoint system.

3.1. The particular case xy = 1. We consider the case O = Q and y = 1q,
with 1g(x) =1 for all x € . In particular, there is no constraint in the support of
the controller.

THEOREM 3.2. For given u € W and X\ > 0, set

(3.3) M > L3z (LR, + 12,

v

where e is the Napier’s constant. Then for any given vg € H, there is a control
MY (vg) € L2(Rg, H) such that the corresponding solution v of system (3.1), with
(= XE(?PA(Z(n)"ﬂﬂO), satisfies the inequality

(3.4) ()3 < (L+e2)e Mugl3, 0.

Moreover, the mapping vo + %" (vg) is well defined, is linear, and satisfies

1

) a,v 2 e2 12 \
[/t (UO)|L2(R0,H) < 35 G laby + Vlvolt,  for 0<A <

v

Proof. Let w solve
(3.5) Ow = V0w — Oy (tw) + %w, wlp =0, w(0)=vo.
By standard arguments we can find

d N
E|w\%{ < —21/|8mw|%1 + 2] poo (0, ry [w| |0 w |1 + )\|w|§q

< 217|ﬁ|%oc(9,ua)|wﬁ1 + Awlg
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from which we can derive that

W, 1) S elFEENT gl

(3.6)
Now let (t) =1 — £ € C*([0,T], R), and set § := pw. Notice that § solves
040 = 10,56 — 0,(06) + 56 + (Bpp)w, blp =0, (0) =

with 6(7) = 0. Let now M € Ny be a positive integer and consider the solution das
for the system

6t5M=V8Z$(5M—a$(ﬂ(SM) ’\6M+(8t<p) M’LU 5M|F207 51\/[(0):’00.
The difference d := § — d; solves
Ohd = vOypd — 0y(td) + 5d + (Oyp)(1 — P )w, d|p =0, d(0)=0,

from which we can also derive

i 2
|dlZ e 0,7y, 1) < (a8 ( )7 + 4 | (@) (1~ PAS}I)U}’L"’((U,T),V’))

3
= + AT
<T" (2 fa | ) 4i |7«U|L2 ((0,T), H)

and, from |w\%2((07T)’H) < T\w@m((o’ ), ) @nd (3.6), we can arrive at

— 11412 —
|d|%oo((0,T)7H) <T 1ez(u |”‘W+’\)Tioch |U0|i1~

Since we are interested in the stabilization of the system, we can see T' as a parameter
at our disposal. Minimizing the right hand side over T" > 0, we can see that the
minimizer T} is defined by 7! := 2(v~![il3,, + \); then, setting T' = T} we have that

(3.7) |d|L°° (0,1, 1) < 2(v “Hafy + Ne' oy, o7 -

Now, from ap = (M%) (cf. (2.3), with O = (), setting M satisfying (3.3), and
recalling that d57(0) = vo and dp(T%) = —d(T%), we find

(3.8) an > (v il + )5

and |03 (%) 3 < [8a0(0)[ -
2 2
Further, from (3.6) and (3.7), we find |0ar[700 (0, 7.y, 11y = |0 — Al (0,72, 1)

C3; 100(0)[3,, with

IN

2 = o1l +A)T" +2(v My + Ne' Hay,

IN

e? + 2(v a3y + Nel 2ap,) < ez +1="1s;.

Now, notice that we can consider system (3.5) in (T, +o00) x Q with w(Ty) =
dn(Ty), and repeat the arguments. Recursively, we conclude that in each inter-

val J¢ = (iT., (i + 1)T%), i € Ny, we have |5y ((i + 1)T%)|4 < |5M(iT*)|§{ and

|5M|2L°°(Ji,H) <75 |5M(iT*)\§{. Hence, we conclude that |5M|2L°°(R0,H) <75 \voﬁl.
Next we notice that v := e~ 218y, solves (3.1), in Ry x €, with the concatenated

control ¢ = xPﬁ(e_%t(—T*_l)w) = T lem 2ty PQ AW, where wl ;i = w; solves (3.5),
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in J! x Q, with w;(iT,) = w(iT,) = 6 (iT%); from (3.6) and from the boundedness
of {|6m(i7%)|m | i € N}, we can conclude that the family {|w|2;: 5 | i € N} is

bounded; so we have that e%tC € L?(Ry, H) for all A < \. Finally we observe that
()] < e |5M|2L°°(]RO,H) < Tse M |ug|?,, and that for p™®¥ == e~ 21 (=T 1w,

At N

ez'n

_ (A=X)s—2 2
= e T, 7 |w(s)|y ds
. / (sl

IR 2 * _ . 1
< T2l R ENT |y 2 < (2 aly + A))2e? [uol; -

N N 1
e3tphiw < 2w Hald, + A\)? |UoﬁH~ O

That is, Lok, ) = A

3.2. The general case. Let w solve the system

(3.9) Oyw = V0w — Oy (iw) + 3w+ x7,  w|p =0, w(0) = vo.
To simplify the exposition we rescale time as ¢t = 7. Then w(7) = w(%) solves
(3.10) Orth = Dyyth — Dy (WD) + 206 + X7, W|p =0, w(0) = vo,

v

with (i, A, 77) = v=1(@, A, 7). Next, consider the adjoint system

(3.11) —0-q = 022q +U0:q+ 34, qlp =0, ¢(T)=qr

with ¢r € H (here with no external force; cf. system (3.2)). From, for example, [18,
Theorem 2.1] and [17, Theorem 2.3] (e.g., reversing time in system (3.11)), we have
that given an open set w C 2, there exists a constant C, o > 0, depending on w
and €, such that for any time T' > 0, the weak solution ¢ for (3.11) satisfies

v v2
2 Cuo (14 F+TA+X3 +(14T)]i[3 2
(G12) ) < o (TR |2
PROPOSITION 3.3.  For every vo € H, we can find a control 71 = 7j(vg) €
L?((0,T),H), driving system (3.10) to w(T) = 0 at time t = T > 0. Moreover,
the mapping 7: vo +— 7j(vg) is linear and continuous: 7 € L(H — L*((0, T), H)), and
there is a constant C, o such that

_ 2 Cro (142 +TX+ X3 +(14T)|)2 2
(3.13) |77(UO)|L2((0,T),H) <e XQ( . ' W) vol -

Sketch of the proof. The proof can be done following the arguments in [7]. First,
from (3.12) we can derive an observability of the form

2 Cro (14 2 +TXHXE +(14T) a2 2
(3.14) 4(O), < Cxn (1 DIR) gl 0.9,

for the solution ¢ of system (3.11) (cf. [7, eq. (A.8)]). Then we can prove the null
controllability considering the following minimization problem (cf. [7, Problem 3.3])

1
J(w,7) = 7|32 + = |[0(T)|3; — min;  with (,7) solving (3.10).
€
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Next we can consider the minimization problem
Joo(0,7) = |13 — min;  with (b, ) solving (3.10) and w(T) = 0

whose unique minimizer (w, 7)(vo) depends linearly on vg (cf. [7, Problem 3.4]). O
Considering the null controllability of linear parabolic equations we also refer
o0 [23, section 2] and [46, section 5.2.2], and references therein.
THEOREM 3.4. For given & € W and A\ > 0, set

1 2 4 X
(3.15) M > %C}g’ge%(1+cx,ﬂ)(1+(%)2+(%)3+%‘U|W+ﬁlu‘iv)’
where 0279 = (2+2(£)2)% |X|W1,00(52’R), l is the length of O, and Cy o is the constant
from (3.13). Then for any given vy € H, there is a control n™%"(vy) € L?(Ry, H)
such that, taking ¢ = xE§ P} (V%" |,), the corresponding solution v of system (3.1)
satisfies, for t > 0, the inequality

(3.16) v(®)[f < Ky.ae vl

with Ko = (1 et <°‘>'g;;v>2e3<0w+1>(1+<¢>%+<¢>§+mw+szﬁm).

Moreover, the mapping vo + n™ %" (vg) is well defined, is linear, and satisfies for

0< A< the inequality

1 2
Cra(148(2) 2 +(2) 8 4L faly+rlaldy )

/\ 0>’L2(]R H) = < 1 |vol7 -
o 1 — e(A=N@EA+[al3,)) " 2

u

o2

Proof. Let w solve (3.10), for ¢t € (0, T), with the control 77 = 7j(vy) given by
Proposition 3.3, and let wy; be the solution of

Orting = Dyatbrr — O (iidnr) + S10ar + XES PG (1(v0)|0), @arp = 0, wnr(0) = vo.
Then, the difference d := w — wjs solves
0rd = Oy — By iid) + 5+ XE§ (1 = PR)(0(w) o), dlp =0, d(0) =0,
and taking the scalar product with d, in H, we can arrive at
(3.17) Yy < 2000 2l oy Il 190l + Nl
+2(xE§ (1 = Py7) (71(v0) o) d)vr, v
For the last term we find

(XES (1 — P37)(11(v0)| o), d)vr,v = (XEF (1 = Py7)(1(v0)| o), d)ar
< |77(UO)‘(9|L2(07R) ’(1 - PM)(Xd|(’))‘L2(O,R) )

and from

2
(11— PJ\(Z)(XC”o)‘Lz(QR) < ayy | - Pyp) Xd|o>‘ < 2aj; |X\W1 > (Q,R) |d|H1 ,R)
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(which makes sense for a.e. t € (0, T), since from 2(xE§ (1 — P$))(7(v0)|p), d)v',v <
2 [XES (1 = P§})(71(vo) o) |H |d|; and (3.17), by standard arguments it follows that

de L>((0,T), HyNnL*(0,T), V)) and \8$d|L2(QyR) > m ‘leé(Q,Ry where of? =

% we find

(XE§ (1 — P§}) (7 (v0)]o) d)vr, v < a2 Dy o |amd|L2(Q,R) |ﬁ(v0)|O‘L2(o,R) )

Q1
with D, o = (211‘1 ) Xl o m) = 242(£)?)% x|y, (o, gy Then, from (3.17),

d 2 w2 2 N 2 — _ 2
Nl < i} ) Nl + M + 3 D2 0 100 o 20,2

and, using (3.13), we obtain

o (1485 +illy ) (CL o (h+2(5H2,)T)

2 — 2
(3.18) | (0, 1), 11y < @i D, e vl

with C} o = max{1, Cy o}. Now the function E(T) = O (FH20HE)T) takes its
minimum when 7' = T, with T, defined by = Tz = 2()\+ |1“L|$,V) Then, choosing T = T,

and recalling that Wy (T) = —d(T) and Wy (0) = vy, we arrive at
v2 12 3 1 ¢ o 1
iar (T < oy D2, e (AT #1823 (o) 1 0) 2,

Thus, choosing M € Ny satisfying (3.15) and recalling that ap = (#7)2, we have

(3.19) ay > D2 Qe3(CX,Q+1)(1+5\ +|ﬂ\2w+i%+\ﬁlw)

' = “x

and [ (T.))% < |war(0)]%. Moreover we can deduce from (3.13) and (3.18) that
H H

Ol D o 2 .

|00 (0,7, 1) = 10 = dlpoe 0,7, 1) < O 1021 (0)] gy, with

C]@-\Z — (Al T +(af +aM)D Xu(lﬂ +|ﬂ\iv) Cx o (E+20+ul3,)T)

A tli2,)% - c115\%“27\%“
< Ot} | gr1p2  HCxatD (LAl 183 Hahy) |y oy

Recursively, repeating the argument in the time interval (i, +00) with w(iT) =
wpr(iT%) in (3.10), we can conclude that the solution wjys will remain bounded for all
time 7 > 0. That is, |UU’M|i<>°(R0,H) <74 |v0|§{.

Next, we notice that v(t) := e~ 2 by (vt) solves (3.1), in Ry x €, with the con-
catenated control ¢ = YES PG (ve™2'qj(wr (iT.)) (vt) | ), where (war (iT.)), i € N, is
the control given in Proposition 3.3, when we consider system (3.10), in J? x Q, with
Jl = (iTs, (i+1)T), i € No, and w(iTy) = W (i), in particular 7(war (iT%))(vt) is
defined for t € (iv—'T., (i+1)v~1T,). We can also conclude from (3.13) and from the
boundedness of {|wa(iT%)|; | ¢ € N} that the family {|7(war (¢1%))[ 1250 gy | © € N}
is bounded; so €2'¢ € L2(Rg, H) for all A < \. Finally we observe that |v(t)|% <
e M ps ()3 < Tae > |vol3,, and for po¥ () == ve~ 2 (W (iTh)) (vt), t € Ji, it
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follows

1 14+1)Tx

At Nawl|? ’ e

eztphhv = lim E
L2(Ro, H)  j—+oo T

=0 v

(A=), |7(wWas (¢T%)) (vs) ﬁ‘l ds

J . . (34+1) T )
< dim oSGV / (0 (T (7)Y dr

~ j—=+oo
j—+ i—o

v v2
v Cro (14 24T 53 E 14T a3, 0o 2
- 1—0(5‘7”% 0lH

from which, using the equality 7% = (2(\ + |ﬂ|$,v))_% we can arrive to the estimate

)
1 2
5 2 cx,g(us(%)z+<,%>3+s%|mw+y%\m%,\,)
St A\, U,V ve

ez'n

lvol%. O

L2(Ro, H) — 1_e(i—x>(2<ux+|a\$\,>>’%

Remark 3.5. Notice that when we shrink the support of x the constant C\ o
in (3.13) is expected to increase; we cannot expect the right hand side of (3.15) to go
to 0 as the length | of O does.

3.3. The gap between (3.3) and (3.15). Comparing estimates (3.3) and (3.15),
we see that there is a big gap; the former being proportional to (V—l2 |ﬁ|)2/v + %/\)5,
while the latter depends exponentially on both 1 i), and (%)% For application
purposes the latter is much less convenient, so one question arises naturally: can we
improve (3.15)7

It seems that the idea used to derive (3.3) cannot (at least straightforwardly) be
applied in the general case. On the other side to derive (3.15) we start from an exact
null controllability result and carry the cost of the respective control. This means
that to improve (3.15) we will probably need a different idea.

In section 6, in order to understand if it is possible to improve (3.15), say that
we also have an estimate like (3.3) in the general case, we present results of some
numerical simulations comparing the number of controls M = Meeq, that we need
to stabilize the system (3.1) to zero, with the following reference real numbers

(3.20) Myt = L2 a5, + 7N 25 Moy = LeMrer,

The value M,er is motivated by (3.3), and the value My, by (3.15); notice that ﬁeMref
is a lower bound for the right hand side of (3.15); we take % instead of % in front
of eMxt in order to avoid giving the wrong idea that (3.15) goes to 0 with I (cf. Re-
mark 3.5).

Notice that in the case 4 = 0, we can see that the unstable modes of system (3.5)
are those defined by the inequality vo; < %, that is, 7 < %V*%(%)% = 275 Myer <
M,er. Thus, in this case and with xy = 1g, it is enough (and necessary) to take the
M:p%r@wmmm%%%M?ﬂmﬂJWWM}MMMMMMy
of controls considered in section 3.1). Here |y] € N stands for the biggest integer that
is strictly smaller than y > 0.

3.4. Feedback control and Riccati equation. By the dynamic programing
principle, for example following the arguments in [7, section 3.2], considering the
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family of minimization problems
(3.21, s)
Minimize J*(v, n) = [ eM(v |U(t)\‘2/ + \n(t)ﬁ{) dt on the space X =
(v, 1) e2t(v, n) € W(R,, V, V') x L2(R,, H) and, for ¢ € R,,
1 (v, €) solves (3.1) with v(s) = w € H and ¢ = xES P (1)
where s runs over [0, +00) and Ry = (s, +00), we can derive the following result.
THEOREM 3.6. The controls ( given in Theorems 3.2 and 3.4 can be taken in
feedback form

(3.22) ¢ = e MNES PO ((xQ5 )| )

, , A, , A
for a suitable family of operators Q;": H — H, t > 0, with ’Qa ‘

L(H—H) —
6[)\7&7 %]e”. Furthermore, the family {Qz)‘ | t > 0} is continuous in the weak operator

topology and @ = Q;’ A satisfies the differential Riccati equation

(823) Q= Q(—vdy, +B(1) = (—vdux + B(@))"Q — QBG B Q — Mvdyy = 0
where B()v == 9, (tw), and BS;: H — H and its adjoint BS, : H — H given by
(3.24) Bfm = e INEQ PR (o), Bf & =e 2 EF PH((XE)]0),

and (QZ’)\US(S), v0(s))y = js(vS\Rs , 778|R5) where (v9, n0) is the unique minimizer

of problem (3.21,0). Further, ( Z’)‘w, w)g = J*(02, n3), where (vE, n?) is the unique
minimizer of problem (3.21,s). .
Remark 3.7. Equation (3.23) can be seen as an evolutionary equation, and Q) =

4Q. A solution for (3.23), is understood in the sense that

(Qu', w?) i = (QAwy, W) i + (A*Quy, w?) g
+(QBS BS, Qui, w?) i + (Mdpw1, w?) g

holds for all (wl, w?) € D(0y) X D(0ps), with A = A(t) = —vdy, + B(i(t)). See,
for example, [15, section 5.4], [35, chapter 1, Theorem 1.4.6.4 and Corollary 1.5.3.5].
Observe also that (Q%  w, w)g = J*(vs, n2) > 0 for all w # 0, that is, Q3™ is
definite positive.

Remark 3.8. Notice that (0pz)* = Oge and B(4)* = —10,. Notice also that from
Theorems 3.2 and 3.4 (taking, e.g., (2\, A) in place of (A, X)), we have that the space
X in problem (3.21) is nonempty.

Remark 3.9. For any T > 0 and w € H, the function q = Quv¥ solves the sys-
tem (3.2) with f = —eMvd,,00 and q(T) = Qg”\vg(T), where (v2, n%) = (v2, n%)(w)
is the minimizer of problem (3.21,0).

We already know that @Q satisfies (3.23), we can also show that it is unique in the
class of operators e*C with

R R(t) is self-adjoint positive definite for all ¢ > 0,
C:= R € L*(Ro,L(H—H)) |the family {R(t) | t > 0} is continuous in the
weak operator topology

LEMMA 3.10. If R satisfies (3.23) and R := ¢™R € C, then the feedback control

¢ = e MYES Py ((xRv)|o) = B§; B Ru
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stabilizes exponentially system (3.1) to zero with rate %
Proof. We find that

%(Rv, v)g = (Rv, V)i + (RO, v)g + (Rv, Ow) g
= ((RA + A*R+ RB$, B, R+ eMvd,, v, v)y
+ (—R(A+ BB, R)v, v)g + (Rv, —(A + BB} R)v)y
= —Mwl? + e 3B Rul%).

Notice that XIE?Pﬁ((xe*%tBﬁ*Rv) lo) = B$), BS," Ru. Thus we have that (Rv, v)
is decreasing and, after integration, that J°(v, e’%tB](\D/Rv) (R(s)v(s), v(s))m —
Jim (R(TVO(T), o(T)i < (R(5)(3), v())ir < |Rli s, ey lo(s)l- This
inequality, together with 9;(e>*v) = 220 + e3¢ (vdy,v — 9, (@) + B$ B, Rv) and
T, le2t B, BY, " Ro|%, dt < C I, |BS, " Rul%, dt < CoJ* (v, e~ 2B Rv), imply that
dy(e2tv) is in L(R,, V'), with |8t(e%tv)|Lz(Rs7V/) < Ce* |v(s)|y. Hence it follows
that |e%tv|c([s_’+oo),H) < Che?s |v(s)| g, for suitable positive constants Cy, C and C.
That is, the feedback control ¢ = B BY,"Ruv stabilizes system (3.1) to zero with
rate 3, [v(t)|y < Cre™2¢%) |u(s)|,. O

The uniqueness of Q will follow from the uniqueness of Q; = e~ *Q € C satisfying

(3.25) Q1 — Q1A — A*Q) — QBB Q) — v,y + Q1 =0

with B = B(t) == e%tB](a[. From the exponential stability, with rate 3, of system (3.1)
with ¢ given by (3.22), it follows that

(3.26) Otz — VOpzz + 0. (02) — %z +BB*Q2 =0, z|p =0, 2(0) = 29,

is stable, that is, there is a constant C' > 0 independent of zy such that |z(t)|, <
C'|z0| g, for all t € Ry. Actually we can prove that it is uniformly exponentially stable,
that is, there are a > 0 and K > 0 such that

(3.27) 12()|y < Ke ®t=%) |2(tg)|,, for all 0 < to < t.

Indeed, notice that we can consider the system (3.1) in the interval of time Ry, =
(to, +00), instead of Ry and we obtain the analogous to Theorems 3.2 and 3.4, re-
placing the initial time ¢ = 0 by ¢t = ty. This means that if we denote by S(¢, to)w
the solution of system (3.26) for ¢ € Ry, with initial condition z(tg) = 2, we will
have that |S(t, to)w|2Lz(R0$H) <C \Zt0|§{7 where C' is given in Theorems 3.2 and 3.4
and can be taken independent of 3. The uniform exponential stability follows then
by [14, Theorem 1], see also [47, chapter 3, Theorem 3.1].

Remark 3.11. The operator (or family of operators) S(t, to) is sometimes called
“evolutionary process” as in [1], section 1], “Green operator” as in [36, chapter IV,
section 3], or “evolution operator” as in [13, section 2].

THEOREM 3.12. The solution of (3.25) is unique in C.

Proof. We follow ideas from [12,13,45], see also [35, chapter 1]. Let Q2 € C
solve (3.25). Then with A; = A +BB*Q; — 37 and Ay = A + BB*Qs — 31, where I
is the identity operator, the difference D = Q3 — Q1 solves

(3.28a) D= DA, + A;D + DBB*D,
(3.28b) D= DAy + AsD — DBB*D.



INTERNAL STABILIZATION FOR 1D BURGERS EQUATIONS 13

Let w € H and let S;(t, s)w stand for the solution of system (3.26) in the interval
of time ¢t € Ry, with z(s) = w and with @; in the place of @1, i € {1, 2}. Then
we have that 0;S;(t, s)w = —A;(t)S;(t, s)w, and we find 0;S;(t, s) = —A;(t)S;(t, s)
and 0;S;(t, s)* = =8;(t, s)*A;(t)*. For t € (s, T) we also have 0 = 9;S;(T, s)w =
0¢(S;: (T, t)S;(t, s)w), which gives us 0 = (0:S;(T), t))Si(t, s) + Si(T, t)0:Si(t, s), that
iS, 8t8i(T, t) = SZ(T, t).Ai(t) and (9t87;(T, t)* = .Az(t)*Sz( y ) .

Now we fix s > 0 and, for ¢t > s, set G,(t) == S;(t, s)*D(t)S; (¢, s). Using (3.28),
it follows that

G1 = 81(t, s)"(DBB*D)(t)S1(t, s) and Ga = —Sy(t, s)*(DBB*D)(t)Sa(t, ).

Then we obtain (G (t)w, w)H — (G1(s)w, w) g f |(B*D)(r)S; (r, s)w|H dr and

(Ga(t)w, w)g — (Ga2(s)w, w)g = —fs I( B* )( )Sa(r, )w\H dr. Then, from G1(s) =
D(s) = Gao(s), we arrive to

(3.29) (G2(t)w, w)g < (D(s)w, w)g < (G1(t)w, w)g.
Notice that from Lemma 3.10 and (3.27) we have that
|Si(t, to)w|,y < Kie=®¢=t0) |, for all 0 < to < t,
for suitable positive constants K; and a;. Thus from (3.29), it follows
(3.30) —DEK2e7220=9)1y|2, < (D(s)w, w)y < DK2e=201(=5) |2,

with D == Do Ry, £(— 1))~ Letting ¢ go to +oo we obtain (D(s)w, w)g = 0;
hence since w can be taken arbitrary and D(s) is self-adjoint, it follows that 0 =
(D(s)(w' +w?), w' +w?) g = 2(D(s)w!, w?)y for any (w!, w?) € H x H; necessarily
D(s) =0 and D = 0 because s can be taken arbitrary. 0O

We know (cf. Remark 3.7) that Q1(t) = e *Q(t) is self-adjoint and positive
definite for all ¢ > 0. From (3.25) we can also conclude that if, at some T" > 0, we
impose a final condition Q1 (T) = QT with QT self-adjoint and positive definite, then
Q1(t) remains self-adjoint and positive definite for all ¢ € [0, T]. Indeed from

(3.31) Ql =Q1 A + ATQ1 — @1BB* Q1 + vy,

we can see that Q1 can be written as

T
(3.32) Qi(t) = Su(T, )" QT Si(T, t) +/51(8, 1) (BB Q1 — v0:2)(5)S1(s, t) ds
t
and, for u # 0, we have
(333) (Ql(t)u7 U)H = (Q{Sl (T7 t)uv S1 (Tv t)u)H
T
—|—/ IB*Q151 (s, t)uﬁq + v ]9,:81 (s, t)u|§{ ds > 0.
¢
Further, if Qo also solves (3.25) with Q2(T) = QT, then necessarily D(s) =

Q2(s) — Q1(s) =0 for all s € (0, T'), because from (3.29) if D(T') = 0 we can derive
that 0 = (G2(T)w, w)y < (D(s)u, u)g < (G1(T)w, w)g = 0.
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Remark 5.13. Denoting Fy = Q1BB*Qy — v0,, and differentiating (3.32) we find
O1 = 0,Q1 = AL (1) Sy(T, )" QTS| (T, t) + Su(T, £)* QTS (T, t) A (t) — Fi(t)
+ /t TA1 (£)* Sy (s, £)* Fi(5)S1 (5, £) + S1(s, £)* Fy(s)S1 (s, £).A (1) ds
= Q1) A1(t) + Ar(t)"Qu(t) — Fu(t),

that is, we recover (3.31).
Remark 8.14. From (3.32) we see that Q1(t) is obtained from QT = Q1(T). Thus,
the Riccati equations (3.31), (3.23), and (3.25) must be solved backwards in time.

4. The nonlinear system. The next result is a corollary of Theorem 3.6. It
will follow by a fixed point argument.

THEOREM 4.1. Let M be the integer in Theorem 3.6 (i.e., as in either (1.3) or
(1.4)). Then there are positive constants © and € = €(0) depending only on A, |G|,
and v such that for |volg < € the solution v of system (2.4), with ¢ as in (3.22), is
well defined for all t > 0 and satisfies the inequality

(4.1) lv(t)|3, < @e M|vg|4 for t>0.

Notice that the feedback rule is found to globally stabilize to zero the linear
Oseen—Burgers system (3.1). Then, Theorem 4.1 says that the same feedback rule
also locally stabilizes to zero the bilinear system (2.4).

The proof of Theorem 4.1 will be done following the arguments in [7, section 4].
The nonlinear system (2.4) with ¢ as in (3.22) reads

(4.2) v — V0yyv + 00,0 + Oy () + KM =0, w|p =0, v(0) =g

with b v = e’/\thf)DPAC}((XQg Av)|o). Given A > 0, we denote by Z* the space of
functions z € C([0, +00), H) N L*(Rg, V) such that

2 3
= < .
EER ( LQ(]RO,V)> o0

Let us fix a constant © > 0 and a function vy € H, and introduce the following
subset of Z*:

2 Py

e2'z()

ed ()]

L>(Ro, H)

Zé‘) ={z¢€ z> | 2(0) = vy, |Z|ZZ,\ < Olvl%}.

We define a mapping = : Z* — C([0, +00), H) N L2 .(Ry, V) that takes a function
a € Z* to the solution b of the problem

(4.3) Ot — Vb + 0y (iib) + K'b+ adpa =0, blp =0, b(0) = vy.

Recall that |IC.7>\|L°°(R0,L(H—>H)) < Cy and |a0,aly,, < Cylaly |aly, .

LEMMA 4.2. Let M be the integer in Theorem 3.6. Then, there exists © =
O\, |tlw, v) > 0 such that the following property holds: for any v € (0, 1) one can
find a constant € = €g, > 0 such that for any vo € H with |vo|g < € the mapping =
takes the set Zé‘) into itself and satisfies the inequality

(4.4) 1Z(a1) — Z(a2)|zx < vlar — az|z»  for all ay, az € ZJ.
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Proof. Step 1. For suitable © and € = eg, = maps Zg into itself. By the Duhamel
formula, we can write b as

(4.5) b(t) = S(t, 0)b(0) +/0 S(t, s)(adza)(s)ds

where S(t, s)w denotes the solution of the system (4.3), for time ¢ > s with initial
condition b(s) = w, and a = 0. Then, we derive

2

Mm%s2wuxmmmz+2(A|swsxa%mwnHm)

2
At

zﬁs|(a5‘ma)(s)Hds> ,

t
< 203~ A p(0)|2 + 2036~ M A (/ e
0

where = min{«a, A} > 0, and « is as in (3.27). From [(a0;a)(s)|g < Cy |a\%,, it
follows that
(4.6) O o) 3 < Cs (O + lal}s ) -

Now, multiplying (4.3) by b and following standard arguments, we also have that
st 2 2 .12 A2 2
V/ b(7)ly, d7 < [b(s)[}y + Cs (|“|W + |K’ |L°°(Ro,£(H—>H))) ‘b|L2((s78+1),H)
s+1
+C'7/ \a@la(ﬂﬁ/, dr
from which, using (4.6), it follows that
o AT 2 A(s+1) 2 A o AT 2
v e |b(7)|y, dT < e |b(s)|7 + e Cr e |adya(T)]y, dr
P A2 A(s+1) 17,2
+Ce (‘“'W + e |L°°<R0,L<H—>H>)) XL e (s, 510, 1)
s+1
<ePCq (lb(0)|§{ + |a|4ZA) + 09/ e Ja(r)[5 la(r)[} dr.

Thus, since e’ < e 2e? ™ < e7F%e2\ for 7 € (s, s + 1), summing up we obtain

+oo X
S, 7 B(T)[E dr < Cuo (|b(0)|’f;,+ \ar;) 3> ¢, Then from (4.6) we arrive to

b 25 < C1a (|b(0)|%{ + \aéﬂ), which implies that for a € Z3 we have

@ < O (146 ool ) voli

Setting ©® = 2C; and choosing eg > 0 so small that Oeg < 1, we see that if
|volr < €o, then = maps the set Zé\) into itself.

Step 8. Given v € (0, 1), E is a y-contraction for smaller € = g ~. Let us take
two functions aj,as € 2§ and set a = a; — az and b :== Z(a;) — Z(az). Then the
function b satisfies (4.3) with 5(0) = 0 and a10,a1 —a20za9 in the place of adya. From

la10za1 — a203a2| = @100 + adzas|y < Ca(larly, + |azly,) laly

la10za1 — az0zazly,, < Cra(lai]y + lazly) |aly ;
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and proceeding as above we can arrive to
[Ela1) — E(az) 3 < Cis (Jar3n +laal3n ) lalds < 20150 fuoff; lar — a2l

Choosing €g,, > 0 so small that 266’135297,Y < 72, we see that if |vo|ly < €e, -,
then (4.4) holds. Therefore the lemma holds with eg , = min{ee, €0, ,}. O

Proof of Theorem 4.1. If |vg| g < €g, , the contraction mapping principle implies
that there is a unique fixed point v € Zé‘) for Z. It follows from the definition of =
and ZJ that v is a solution of problem (4.2) and satisfies (4.1). We claim that v is
the unique solution of (4.2) in the space C([0, +00), H) N L*(Ry, V). Indeed, if w is
another solution, then the difference z = v — w satisfies

2 — VOpo# + 20,2 + Oy (w2) + 0,(02) + K Az =0, z(0) = 0.

Multiplying this equation by z, in H, and following a standard procedure, we arrive
to L1212 +v]2)% < Cuy (|w|2’v + |a|3v) |2[?, which implies z(t) = 0, for all £t > 0. [
Remark 4.3. Though it would be possible to derive more precise estimates on the

© and € in Theorem 4.1, it would lead to a more cumbersome exposition, and these
estimates are not the main focus of this work.

5. Discretization. To perform the simulations in order to check the stabiliza-
tion of systems (1.1) and (3.1), to a reference trajectory @ and to zero respectively,
we must discretize those systems with the feedback control ¢ as in (3.22).

5.1. Discretization in space. We use a finite-element based approach. We
introduce an uniform mesh
(5.1) Op = (&, 2, ..., Bl
consisting of the interior points of € that are multiples of the space step h = NL, with

2 < N, € N. As basis functions we take the classical hat-functions ¢; € V' defined for
1—i4 ¢, ifxe(@—1)h,ih];
x€Qandeachi e {1,2,..., N, —1} by ¢i(z) == { L+i—3, ifxz€lih, (i+1)h];
0, if & ¢ [(i — 1)h, (i + 1)h].
Next any function u € V' can be approximated by the values it takes on Q. More
precisely, we approximate u by the function 4, defined as

N,—1
U= Z u(ih)o;.
i=1

We define the evaluation vector @ := [u(ih)] " = [u(1h), u(2h), ..., u((N, — 1)h)]" €
M(n,-1)x1, Where AT stands for the transpose matrix of A.

Remark 5.1. Notice that u = zf;{lm@, is a piecewise (affine) linear function
that takes the same values as u at the points of the mesh Qp. Also notice that, since
we are dealing with homogeneous Dirichlet boundary conditions, only the values at
interior points are unknown for the solution of our system

The next step is the weak discretization matrix Lp of a given linear operator

L e L(V = V'). We define Lp by the formula
(5.2) o' Lpu = (Li, d)y, v for all u, v € V.

Of key importance are the identity and Laplace operators. For the identity oper-
ator Ju = u, we find that Ip = [(¢i, ¢;)m] = M is the so-called mass matrix, while
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for the Laplace operator we find (9;)p =

—[(Ox i, Onj)H]

17

=: —S, where S is the

so-called stiffness matrix. Explicitly we have the tridiagonal matrices

4 1 0 0 0 2 -1 0 o 0

14 1 0 0 1 2 -1 o 0
h _ _
Mo 1 4 and S 1] © 12 1
6| : : -

: .o : . 0

0 0 1 4 1 0 0 -1 2 -1

0 0 0 1 4 0 0 0 -1 2

Next, we recall the reference solution @ and discretize the operator v — B(4)v =

9, (i

—(tw, Oyw) g, then we consider the approx1mat10n v = ZN

—(@w, i) = Yoy i

find

v), v € V. We start by noticing that, for an arbitrary w € V, (9,(iw),

j=1
—U;U5W;(¢j, Ox¢i)m, and

w)H =
a4 U;V;¢; of 4v, and we

N T _
(O (), w)g =~ W' BD47,
with
0o 1 0 o0 0 _
-1 0 1 o0 0 @ 0 0 0
1 0 @ O 0
0 -1 0 1 .
B=— and Dz := :
9 . . . . @ : :
; L. o 0 0 dn,—2 _ O
0 0 —1 0 1 0 0 0 UN, —1
0 0 0 -1 0

Notice also that, rewriting vd,v as %B(v)v, we can discretize v9,v as %BDT,@.
Remark 5.2. Notice that above we consider the operator v — 0, (Uv) as a compo-
sition 0, o my, where my denotes the pointwise multiplication by 4, and then we just

take the product of the discretized factors.

Of course, we can also discretize directly

and, after some computations we can find that B(4)p s a tridiagonal matriz Bi:

= uz, ifi=1
B;Li:— Z uk/ ¢k¢z qu)l dl‘—g ub+1—u1 1, ifi € {2, ..., Ny —2} |
ke{i—1,i+1} —UNg -2, ifi= Ny —1
1<k<Ng—1
= 1 2u1+1_uz7 if j=1i+1;
BYi=— > i ¢k¢] Ozi)dz = & Sdioa T, g =io L
if [i —jlr > 2

kefi, j}
1<k<Ng—1

We see that the composition based procedure leads to a simpler result. We have also
performed some simulations with the direct discretization (for the nonlinear system)
and, though we have noticed no substantial difference, we must say that the direct
discretization could lead to better results under suitable data.

To discretize the operators in the feedback control rule in (3.22), we start by
rewriting it, recalling (3.24), as

(5.3) Fv = B B9 Qb M,

u

and we notice that what we essentially need is an approximation Fv of Fv, when we
only know the approximation v of v.
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We will construct Fuv in a few steps. For the multiplication operator v — v
we can of course take Dy = XU as an approximation of xv. For the orthogonal
projection P]\(g we start by noticing that

M M
Py (v Z Vo 8,)L2(0,R)S, Z(U’ ES$,) 150,
n=1 n=1

—T
then we can take the approximation P9 (v|,) ~ M, (]Ef? S Mv) S, from which

we set the discrete approximation

M
P 0~ E§ Py (v]o) with Py = SyM, and Sy == Y Efs, Efs,,

n=1

Finally, the linear operator QZ A is, at this moment, unknown and (an approximation)
has to be found. Note that denoting by Qp = (QZ’)‘)D the discretization of QZ’)‘, we
may take M~ 1Qpv ~ Qf{ *v and discretize the feedback rule (5.3) as follows: first
we take the approximation B, ¢ ~ e_%tPMDYE, then from (5.2) and (Fv, w)y =
(B%*Qg)‘v, B](\O/[*w)H7 for (v, w) € H x H, we find

(Fv, w)g = (Bﬁ*Qg’ Mo, Bﬁ*w>
H

* T * ~t. A\
= B w MBS Q4™
~ e M (PyDyw) ' M (PyDyM™1Qp7)
=T MM e ™ (PyDy) ' M (Py DML Qp7)
=" Me™MRR'QpT
where

(5.4) R = (MCPMDYM—l)T

and M., satisfying M/ M, = M, is the Cholesky factor of M (notice that M is
positive definite). Thus we take Fv = Fv with

(5.5) F=eMRR'Qp

Remark 5.3. Denoting Q = Qtﬁ’)‘, the approzimation M™1'Qpv ~ Qu can be un-
derstood in the following formal sense: we have that WQpT ~ (Qu,w)g =~ w-MQu,
thus we can write MM ~'Qpv ~ W-MQu, that is, (M~'Qp7, W)y ~ (Qu, w) g,
where in the last expression the vector p = (p1, p2, ---, pn,—1) = M71Qpv is to
be seen as an element in Y = span{¢; | i € {1,2, ..., N, —1}} C L%(Q, R), that
is, p is to be understood as Z;V:”"l_l pi®;. Further, notice that in this way the opera-
tor M~tQp is symmetric in Y, because if (v, w) € Y x Y we have (v, w) = (v, W)
and M™'Qpt, w)g = MM ™'Qpt = WtQp7 = 7 Qpw = T"MM'Qpw =
(M_IQDE, U)H.
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5.2. Discretization in time. For discretization in time of system (3.1), con-
sidered in a time interval [0, T'], where T is a positive real number, we introduce an
uniform mesh

. T o N,—DT
(5.6) 0, Tlp = (0, £, 2, ..., BUT )

consisting of the points in [0, T'] that are proportional to the time step k := Nlt, with
N; € Ng. Then, any function u € H'((0, T), V) is approximated by the values it takes
in [0, T]p x Qp, that is, we essentially approximate u = u(t, ) by a matrix [u] €
M(N, —1)x(N,+1) Whose jth column is the vector u(jk,-). That is, [u]; = u(jk, ih),
forie{l,2,..., Ny, —1}and j € {0,1, 2, ..., Ny}

5.3. Computation of the discretized feedback rule. We recall the opera-
tor Q = QZ’)‘ satisfying, for ¢t > 0, the differential Riccati equation (3.23).

5.3.1. Discretization of the differential Riccati equation. To construct
the approximation p for the operator @), we can look for @Qp solving

Qp —QpX —X"Qp —eMQpRR'Qp +eMvS =0, t>0,
with R as in (5.4) and

(5.7) X =X(t) =M (ys + BDW> :

Equivalently, we can look for P = e=*Qp solving
(5.8) P —-PX—-X"P-PRR'"P+uS+AP=0, t>0.

Remark 5.4. Notice that from the relation XU ~ —v0.,v + B(a)v, we have
that (Q(—v0yy + B(1))v,w)y ~ ETQQXW. Similarly ((—v0gzzv + B(4))*Qu,w) g =~
w' X' Qp7v, and (QFv,w)g ~W' QpFu.

5.3.2. Initialization of the differential Riccati equation. Since we need
to solve (3.23) backwards in time (cf. Remark 3.14), we will also solve system (5.8)
backwards in time; thus the question is: how to initialize the system? Roughly
speaking, it seems that we would need to know P(+400), and even if we know this
(limit) value it is not clear how we could use it.

Recall that, our main goal is to approach the desired solution 4(t) as time ¢
increases but, in a real application we also want to have an effective controller that,
for example, guarantees us that after some time ¢ = T' > 0 we are indeed closer than
we were at initial time ¢ = 0, say, e.g., [v(T)|3 < 3|v(0)[3;. Also, in applications it
is reasonable to think of a problem set for a possibly very long time range t € [0, T7,
but never for an infinite time range.

Thus we suppose we are interested in the evolution for time ¢ € [0, T, then we
may suppose that for time ¢ > T our solution is stationary, that is, we may study
the same problem but, now we suppose that 4(t) = 4(T), for all ¢ > T. Notice,
however, that this does not reduce the full problem to the stationary case, because in
the interesting time range ¢ € (0, T') the reference trajectory (t) remains unchanged.

Now we can find Pr solving the algebraic Riccati equation

(5.9) P(-X(T)+31)+ (-X(T)+ 31)"P— PRR"P +vS =0,

and we can see that, Pr will solve the autonomous system (5.8) for ¢ > T' (under the
supposition 4(t) = 4(T) for t > T'), see also [47, sections 1.4 and 4.4].
Then, it remains to solve (5.8) for ¢ € [0, T'] with the final condition P(T") = Pr.
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5.3.3. Solving the Riccati systems.

e General procedure. To solve the algebraic Riccati system (5.9) we use the software
available from [9]; in this way we find Pr.

To solve (backwards in time) the differential system (5.8), for ¢ € [0, T, with
the initial condition P(T) = Pr, we proceed as follows. Recall the mesh [0, T|p of
the interval [0, T, defined in (5.6). We have P™t := P(N;k) = P(T) = Pr; next,
recursively, we construct P’/ = P(jk) from P+l for j € {0,1,..., N; — 1}, as
follows: we start by rewriting (5.8) as

—P=P(-X+45I)+(-X+3I)"P— PRR"P+ 1S = Rp(P)
and, we use the Crank-Nicolson inspired scheme
_%(ij — P7) = Rp(P?) + Rp(P7t1),
from which we obtain Rp(P?) — 2P + Rp(PI*1) + 2Pit! =0, that is,
(510)  PI(-X+4I—+D)+(-X+3I—+)"PI —PIRR"PI + 27t =0

with Z/t! = Rp(PiT1) + 2PiT! + 1S, Hence PJ solves again an algebraic Riccati
equation and we can still use the software in [9].

o Initial guess. The software in [9] (see also [10]) uses a Newton method to solve an
algebraic Riccati equation like (5.9). We have to provide an initial starting guess Yy
such that —X (T) + 31 — RRTY{Y; is stable. This is of course a nontrivial task (see,
e.g., the discussion after (1.4) in [27]) and we look for the initial guess in three steps:
(i) We set M = +oo and x = lg. That is, we impose no constraints neither on
the dimension nor on the support of the controller. In this case we can see that

R= (MCM’l)T and RRT = M~1. Then from (5.7) we can expect that

—X(T)+ 21— MYy = M~} (ys n BDW) AT - MYTY,
will be stable for Yy = BM,, with V28 > o := (v [i(T)[] e (g, 5y + A2
Notice that, proceeding as in the beginning of section 3.1 we see that a weak
solution w for wy = vdy,w — Oy (WT)w) + Sw — B2w, will satisfy the estimate
Sl < —vjosw + v a(T) 2w g gl + Alwldy — 282wf. That is, the
lower bound Sy works for the continuous system. However, when taking ( strictly
bigger than 5y we may expect that the stability is preserved for the discretized
system, if N, and N, are big enough.

1

Hence we set 3 = (v~} |ﬂ(T)\ix(Q’R) + )2 and solve (5.9), i.e.

P(-X(T)+ 31+ (-X(T)+ 3I)"P— PM~'P +vS =0,

providing the initial guess Yy = SM.. Let us denote the solution by P%l I,
(ii) We set M = 400 and the true x. That is, now we include the constraints on the

support of the controller. In this case R = (MCD;M_l)T, see (5.4). In some
cases it may happen that PT[}] is not a “good” initial guess. In some cases (as we
have observed in some simulations) the step from (+00,1q) to (400, x) seems
to be too big, in other words Pq[} I'is too far from the solution corresponding
toR = (MCDYM_I)T. Having this in mind we connect the operators I and Dy
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by the homotopy H, = (1 —7)I +7Dx, 7 € [0,1] and set H, :== (M. H, M~ 1)T
Now let us fix Ny € Ny and set the homotopy step p = NlT and solve

P(-X(T)+ 31)+ (-X(T)+ 41)"P— PH,H] P+ vS =0,

providing the initial guess Yy = PFF I Let us denote the solution by P. [Hp I,
Recursively we solve, for [ € 2, ..., Ny,

P(=X(T)+ 31) + (-X(T)+ 4I)"P - PH,,H,P + S = 0,
providing the initial guess Y° = P[1+(l_1)p] and denote the solution by P%Hlp].

After Ny steps we have found a solution P for
P(-X(T)+31)+ (-X(T)+ 31)"P— PHH{ P+ 1S =0

with H; = (M. DyM~1) "

(iii) We set the true M and the true x. That is, finally we include also the constraints
on the dimension of the controller. In this case R is given by (5.4). Analogously
to step (ii) we consider the homotopy H, = (1 — 7)Dg + TPy Dy, set H, =
(M H-M~HT and, starting with Pj[?] we find, recursively after Ny steps, a
solution P7[§ | for

P(-X(T)+3I)+ (-X(T)+ 31)"P— PHH{ P+ 1S =0

with Hy = (MPyDyM~1) " = R. That is P solves (5.9).

Of course, the number of homotopy steps Ny may be taken different in steps (ii)
and (iii). To get the convergence of the Newton method used to solve the algebraic
Riccati equations at each homotopy step we may need, depending on the situations,
to increase the number of homotopy steps Ny,.

Notice, however that in step (iii) increasing N3; can be sufficient for conver-
gence at each homotopy step only if M is big enough. Indeed we can see that
the algebraic Riccati equation will have a solution up to the homotopy step be-
fore the last, because from the observability inequality (3.14) we can also derive

lq(0 )|H (1—-7)" 20‘(1—T)XQ|L2 (0,T), H) and from

2
I(1— T)XQ|L2((0 T), H)

=|1-n(1- Pi)(xalo) |L2((o ), L2(0,R) T ¢ 7)Pi7(xdlo) ’LQ((O T), L2(O,R))

< |(1=7)(1 = Pi))(xdlo) ’LQ((O 1), 20,my T [Pa1(xlo) |L2((o T), L2(O,R))

= | 1 -7 Xq|(9 (1 - (1 - T)>PM(Xq|O |L2((O,T),L2(O,R)) )

Ez((o,T),H) . Then, from
this observability inequality it will follow that there exists a stabilizing control (for
system (3.1)) of the form ((t) = Fn = (1 — 7)xn(t) + 7XES§ P (n(t)| o), for 7 < 1.
Reasoning as in section 3.4, by the dynamic programing principle it will follow that
the control can be taken in feedback form ((t) = F,F*Q‘v(t), where e’ Q" solves the
Ricatti equation (3.25) with F, in the role of B, which corresponds on the discrete

level to the case we take R = (Mc[(1 — 7)Dx + 7Py DM 1) T in (5.8).

we arrive at [¢(0)[7; < (1—-7)"2C |(1 — 7)xq + TES PG (xdlo)



22 A. KRONER AND S. S. RODRIGUES

For the last homotopy step, that is, for 7 = 1 the observability will hold if M
is big enough (following the arguments in [7]). Also, from Theorem 3.4 a stabilizing
control exists if M is big enough, so we cannot guarantee the existence of a stabilizing
control of the form ((t) = xXE§ PS5 (n(t)|p) for arbitrary (small) M, and then we
cannot guarantee the existence of a solution for the algebraic Riccati equation (3.25).

In step (ii), increasing N4 should be sufficient to get the convergence at each
homotopy step, because reasoning as above we can conclude that there exists a sta-
bilizing control of the form ((t) = (1 — 7)n(t) + 7xn(t), for all 7 € [0, 1].

Therefore, if convergence is not reached at a homotopy step in (ii) or at a homo-
topy step before the last in (iii) we probably need either more homotopy steps or to
refine our mesh; if convergence is not reached only at the last homotopy step in (iii),
then probably the number of controls is not enough.

In the simulations we present here, we have taken no more than Ny = 20 in
the second step and no more than N; = 10 in the third step. Notice however that
increasing the number of homotopy steps does not mean that the computational
time will be much bigger because the Newton method may converge faster at each
homotopy step.

Finally, in the process of solving the differential Riccati equation, to find P7
solving (5.10) we provide the natural initial guess P!, Again, we cannot guarantee
that the solution will always exist. If this process fails at some j-step, we can try to
refine the mesh (in particular, by increasing the number Ny of time steps in (5.6)); if
that does not work it probably means that the number of controls M is not sufficient.

5.4. Solving the discretized Oseen—Burgers system. Once we have con-
structed P we can simulate the evolution of the system (3.1); we look for w(t) == v(t, -)
that solves the system

(5.11) 9 +vM™!ST+ M~ 'BD;5+ R'RP(7) =0, o(0) = Ty,

and expect U to go exponentially to 0 as time increases, with an a priori prescribed
rate 3 > 0 as time goes to infinity (cf. (3.4) and (3.16)); recall that P depends on \
(cf. (5.8)). Notice that from (5.5), (5.4), and P = e~ *Qp, it follows Fv = RTRP7.

Again, we will approximate v(t) ~ [o(jk)], j € {0, 1, ..., N;}, and we apply a
Crank-Nicolson inspired algorithm to solve system (5.11). For simplicity we denote
F = RTRPI, for j € {0, 1, ..., Ny}. Set ©° := v(0k) = Tp; then the idea is to
construct, recursively, 7/ 7! := v((j + 1)k) from ¥’ := v(jk) by the scheme

@t =) = =M 'S(@ + ) = M~ (BD. v + BDoj v’ )
- (?jfﬂ' —|—7j+16j+1) :

2
k

with @ = u(5k), j € {0, 1, ..., N¢}. Then, working a little the above scheme, we
can obtain
(5.12) v = A AW — ALY (BDL W + BDo w0 )

—kAg'M (?j@j +?j+1@j+1> -

with Ag = M + guS and Ag =M — gz/S. Notice that the unknown /1! is still
present on the right hand side of (5.12). In the argument of the feedback operator
we will replace /! by a preliminary guess E]GH7 and approximate BD;+177 1 by
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BDEJ-W + k:(BD?Ej - BIDaj—lﬁj_l) (where we define v ! := 2° = 7). In this way
we arrive at the scheme

(5.13) v = A AW — kAG (1 + £)BDv7 — EBD,; -7 Y)
—kAg'M (?W +Tfj+1@g+1) .
We set Wé“ as the “uncontrolled” output
T = A AT — kA (1 + £)BD., w0 — EBD,; 107 ).

5.5. Solving the discretized Burgers system. Concerning the evolution of
the system (1.1)—(1.2). We look for u(t) := u(t, ) that solves the system

(5.14)  du+vM 'Su+ M 'BDzu+h+RTRP(u—a) =0, u(0)=1up,

and expect 7 to go exponentially to @, with an a priori prescribed rate % > 0, as

time increases (with R as in (5.4)). However this would be meaningful if & were a
solution for the uncontrolled discrete system, which is not true. The solution of the
uncontrolled discrete system

(5.15) Oyiis + VM~ 'Siig + sM'BDg s + h =0, s(0) = dg

will be an approximation ag of @. There is no reason to expect that e2*(w(t) — @(t))
will remain bounded for ¢t € Ry.

Nevertheless there is a way to check the rate of exponential stabilization A\. We
will just have to compute the discrete (fictitious) external force h¢, that makes @ a
solution of the discrete system, that is,

(5.16) O+ vM'Sa+ IM™'BDziu+ hy =0,  4(0) = do.

Before that we present the scheme we apply. Suppose for the moment, that we know
h¢. Then, we follow the idea in section 5.4 and arrive at the scheme

(517) W = A ew — §45T ((1+ §)BDuw — §BDyw )
_ %Ae_alM (ﬁ'lz +E.lz+1 _1_?] (ﬂj _aj) +~T]+1(ﬂé+1 _5]_;'_1)) ’

with the preliminary “uncontrolled” guess ngl given by

L = At Ao — EAZY (1 + 5)BDyw — EBDy; 1w/t
_ -7, 3J+1
— kM (hf + 7 ) .

It remains to explain how we construct the force hy. Actually, from our scheme
we can deduce that we only need to know the terms gAe;lM (EZ +E§+1), for j €
{0, 1, ..., Ny — 1}, that we can easily compute as

_ -7, I+l
sag™ (rp+ )
=@ A AT — kagt (14 5)BDLE - SBD, ),

(where we define o= 50).
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6. Numerical examples: the linear Oseen—Burgers system. We present
some results of the numerical simulations we have performed concerning the sta-
bilization of system (3.1) to zero. Below, v, stands for the solution of the un-
controlled (discretized) system (i.e., ¢ = 0), and v (or vy) stands for the solution
of the (discretized) system under the action of a (discretized) feedback controller
¢ = xn, with n = e"ME§ P (xQY Av)|o) as in (3.22). If nothing is said in contrary
O = (inf{Q N supp(x)}, sup{Q2 Nsupp(x)}).

We follow a “trying and checking” procedure, we fix M and check the results of
the simulations.

6.1. Testing with a family of reference trajectories. We set v = %, A =2,
Q= (07 W)a 0= (%7 %)7 and
(6.1) x(@) = ES (sin((z — 2)m)lo).

That is, x = Egogl (cf. section 2.1). Next we set the family of reference trajectories
(6.2) o = 049 = Cy, (sin(—t) sin(iz) — cos(3t) sin(jz)),

where the constant C); is chosen so that |G|y = 1. In this case we have that M.s =
V120 ~ 10.95 and Meyp =~ 57208.12; so our question is if the number M of needed
controls stay “close” to Myer or to Moy, (cf. section 3.3). We will test with the smaller
number M = 4, and vg(z) = sin(2z). The function x and the four controls are plotted
in figure 1.

0.5r

0.251

(a) The function x. (b) The first four sinus.

F1G. 1. Basis for the control space {xE§n | n € span{s; | i € {1, 2, 3, 4}}}.

In figure 2 we can check that the feedback control is able to stabilize the system
with the desired rate. Then, we change the initial condition to vo(x) = sin(z) —
sin(6x), and test for some other reference trajectories (with higher frequencies) in the
family (6.2); in figure 3 we see that the feedback control is still able to stabilize the
system with the desired rate; of course, the squared norm |v|i1 is to be understood as
the discrete approximation &' Mo (cf. section 5.1).

Remark 6.1. There is no particular reason to test with M far below My.ef; trivially,
if M controls are enough to stabilize the system, then taking more controls we can also
stabilize the system.

Initial data in L2(Q, R)\H'(Q, R). Weset A =4, v = 1= and x as in (6.1). But
now we set vo(z) = 22 and the reference trajectory @ = Chrlpo, z)(sin(—) sin(2x) —
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Fic. 2. Convergence rate is achieved with the feedback control.

M+ log(Jo ()% / lvol3) At + log(|vu(®)[F / |vol3;)

s ren..

2 3 3
time ¢ time ¢

(a) With feedback control. (b) Without control.

Fic. 3. Convergence rate is achieved with the feedback control.

cos(3t) sin(2z)), where

1, ifze]a,l]
(6.3) 1[a,b](x) '_{ 0, ifzeQ\[a,b] ’ a,beR

and Cy; is taken so that |G]yy = 1. We can see in figure 4 that two controls stabilize the
system (3.1) to zero with the desired rate. In figure 5 we see the controls corresponding
to the cases we take either two or three controls. Notice that in this case the initial
condition is in H \ V and the support of the control is disjoint from that of .

6.2. Increasing number of needed controls. We set & = 0, Q2 = (0, 7). In
this example we show that for any given n € Ny we can construct x supported in a
subset w C w C Q, A > 0, and an initial condition vy, such that the first 2n controls
cannot stabilize the system (3.1) to zero with the rate A\. However, by increasing the
number of controls we can obtain the desired stabilization. Notice that here we look
for x # 1g (cf. last paragraph in section 3.3).

Let n € No. Set vo(z) = sin((2n + 5)z), O = (2315, %), and x =
E§v3|,. We claim that the controls xP5»n cannot stabilize the equation with rate
A > 2v(2n + 5)%. Indeed, we can write (vo, XPSan)w = Yooy i [ vas; dO =

2n 3
Zi:l m(é)2 fo §§n+1§i dO and also fo §§n+1§i dO = ifo(l - Q2(2n+1))(§2n+17i -
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(a) The trajectory . (b) Convergence rates of v, and v.

Fic. 4. Two controls stabilize the system to zero with desired rate.

=20

1 2
1
time ¢

z 00 z 00

time ¢

(a) The control ) for M = 2. (b) The control n for M = 3.

Fi1G. 5. The controls.

Cont144) O, with

c;(z) = (2)F cos(TE)) 2 € O, 1:=length(0) = T = 2

(cf. definition of the functions s, in section 2.1). Now, notice that since i < 2n, we
have that 0 < 2n + 144 < 2(2n + 1), thus we can conclude that (vo, XPsan)g = 0.
Therefore since the eigenspace span{vg} is preserved by the Laplacian we can conclude
that the control cannot change the dynamics on this space. Thus, we conclude that
the rate of convergence is at most 2v/(2n + 5)2.

Now we set v = %; from above we know that for n € {1, 2} the rate of convergence
A=20> 85—1 is not achieved with the first 2n controls. Simulations below show that, in
these examples, it is enough to add one more control to achieve the rate. In particular,
we have M =2n+1<5< (%)% =10V2 = Myt < Mexp = el0VZ Ip Figures 6 and 7
we see the results of the simulations for the cases n = 1 and n = 2; we can check the
stabilization rate to zero of the heat system (i.e., system (3.1) with & = 0).

6.3. Instability of the system. Increasing |il,,, and decreasing v brings more
instability to the system, which leads to the necessity to take a bigger number M
of controls. To illustrate the instability of the (uncontrolled) system (3.1), and the
response of the controller, we can just take a stationary reference trajectory. The
main advantage is that we do not need to solve the differential Riccati equation that
is the more expensive numerical step. Notice, however that (as far as we know) an
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(a) The function . (b) Convergence rates of v, and v.

Fic. 6. Case n = 1. The first three controls can stabilize the heat system.
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0 1 2 3T 0 0.2 04 0.6 0.8 1
time ¢

(a) The function . (b) Convergence rates of v, and v.

Fic. 7. Case n = 2. The first five controls can stabilize the heat system.

estimate depending on the norm |i/,,, is not known also in this case; for the Oseen-
Stokes system estimates are known, but depending on @ (cf. the discussion and given
references in section 1). We will set

(6.4) i(t, ) = e 'sin(5x), and wvo(z) = sin(mz)

where € is a constant that we will use to change the norm |l,,, of 4.

6.3.1. Changing the norm of the reference trajectory. Here we take A = 4,
M =4, and v = %. In figure 8 we see that the uncontrolled system becomes more
instable as e decreases, that is, as |ul,, increases. We can also see that the four
controls work up to € = 0.067, but not for ¢ = 0.0665. This could mean that either
the number of controls in not enough anymore or that our discretization is not fine
enough (notice that for smaller € the magnitudes |0,4(t, z)|r become bigger, we will
come back to this issue hereafter in section 7.3). Notice that in all the cases we
have Myer > /44 ~ 6.63 and My, > V™ ~ 759.95. In particular, M%7 ~
149.49 is already big compared to M.

6.3.2. Changing the viscosity. Here we take A\ = 4, M = 4 and a(¢, x) =
2sin(5z). In figure 9 we see that the uncontrolled system becomes more instable as v
decreases. We can also see that the four controls work up to v = 0.001, but not
for v = 0.0005. Again, either the number of controls in not enough anymore or our
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(a) Controlled case. (b) Uncontrolled case.

Fic. 8. Instability increases as € decreases.

discretization is not fine enough (notice that for smaller v the magnitudes |0, 4(t, x)|r
become bigger when compared to v). Notice that in all the cases we have Mey, >
V8~ 1692, MU = 8 ~ 283 < 4 and MY > 22 &~ 469 > 4. In
particular, notice that for v € {0.5, 1} we have M ~ M, and the corresponding plots
in figure 9(a) remain below 0.423 ~ log(1 + e2) which suits (3.4) better than (3.16).

A+ log(lo()[F; / lvoly) log(lu(®)lz / 1voliy)

=== v = 00005 === v =0.0005
— v =0.001 g — v =0.001
oF|— v =001 ks 3|— v =001
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X=1 M=1 =05

o 02 04 06 08 1 0 02 04 . 06 08 !
time ¢ time ¢

(a) Controlled case. (b) Uncontrolled case.

Fic. 9. Instability increases as v decreases.

6.3.3. Changing the desired decreasing rate. Here we take M = 4, u =
1

sin(5z), and v = 1. In figure 10 we see that with the four controls we can get at
least rate of convergence A = 17. We also see that |’u(t)|§{ < ePe M|ug|%,, where Oy,
is the maximum of the corresponding curves. Since in all cases we have A > C) we
see that the controller is effective at time ¢ = 1, that is, the norm has been squeezed
at time t = 1. On the other hand, for example for A\ = 15, up to time ¢t = 0.2 we
can guarantee that |v(t)|3 < e”e™'%|vg|%, in particular [v(0.2)|% < €%|vgl%, that is
we cannot guarantee that the norm has been squeezed, but at time ¢ = 0.8 we find
[0(0.8)|2, < eMe 1515 |vg|2, = e |vg|%, and we see that the norm is already squeezed.

6.3.4. Changing the number of controls. Here we take & = sin(5z), and
v =15, and A = 4. In figure 11 we see that |v(t)|§1 < eCrme M |v0ﬁ{, and |77(t)|§{ <
eCrre= At |v0|?q7 with CY, and C}], decreasing as M increases. Figure 12(a) could
explain the cusp in the control plot in figure 11; we guess that one control is not

enough, because the cost function t — (Q(t)v(t), v(t)) g must be a strictly decreasing
function (Q(s)v(s), v(s))u = (Q()v(t), v(t)u + [1 A (0.v(T)[3; + [n(7)|7;) dr for
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(a) Controlled case. (b) Uncontrolled case.

FiG. 10. Behavior as the desired exponential rate changes.

s <t (cf. section 3.4). In figure 12(b) we can see that two controls can stabilize the
system, and that the cost decreases as M increases.

At + log‘<|’U(L>|?1 / ‘Uuﬁ{) log(\n(t)ﬁ’_l / ‘”u\?.,)
12, - / ‘ | | |
W st
| 15h
s - §
H —_M=2 | [T
i - M=6 0 )

0 0.2 04 0.6 0.8 1 0 0.2 04 0.6 0.8 1
time ¢ time ¢

(a) The solution. (b) The control.

Fic. 11. Behavior as M increases.

log((Q()o(®), v(t))m) _ Jos((Q)o (1), v(t)n)

% 02 04 0.6 08 1 ) 02 04 06 08 1
time ¢ time ¢

(a) One control is not stabilizing the system. (b) Two controls stabilize the system.

F1G. 12. The cost decreases as the number of controls increase.

7. Numerical examples: the Burgers system. It remains to confirm that
the feedback control stabilizes the system (1.1)—(1.2) to a given reference trajectory i,
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provided that |ug — @(0)|% is “small”. We recall that @ solves (1.1) with ¢ = 0 and
4(0) = 1. Below, we denote d :== u—a and d,, := u, — 4, where u, solves system (1.1)—
(1.2) with ¢ = 0, and u solves system (1.1)—(1.2) with the feedback control ¢, as
in (3.22), computed to stabilize the system (3.1) to zero.

7.1. Local nature of the results and nonlinear nature of the equation.
As in section 6.1, we set v = %, x as defined in (6.1), A = 2 and the trajectory
i = Chy (sin(—t) sin(8x) — cos(3t) sin(8z)) from the family (6.2). Again we set M =
4 < Mo = v/120. Next, we consider the family of initial conditions ug = ug = d8+ﬂ0
with dy = dj = 6(sin(z) — sin(6z)), and § € R\ {0}.

In figure 13 we can see that the feedback control is able to stabilize, with the
desired rate, the nonlinear system (1.1)—(1.2) to the trajectory i, provided that dy is
small enough. We can see that, for |0|g > 1, the stabilization rate is not guaranteed,;
while for |§| <1 it holds. For example, for [0|r < 1 we can see that the local maxima
of the plotted curves seem either to converge to a real number or to decrease, while
for |4|gr > 1 those local maxima seem to go to infinity. Notice that the radius 1 here
is suitable for this example, for other settings the stabilization may hold only for
smaller |0|g.

In figure 14 we can see that the uncontrolled systems does not go exponentially
to 4 (at least not with the rate A = 2); here we have plotted the curves corresponding
to some of those values of J in figure 13 (for the other the behavior is similar).

We can also see the nonlinear nature of the equations, because changing the sign
of the initial condition leads to different curves.

Remark 7.1. The results correspond to simulations in which we have taken a
fictitious external force he (i.e., an approximation of h) that makes 4 a solution of
the discrete system (cf. section 5.5).

M+ log([v()[% / [vol2) At +log(lv(8)[ / [vol?)

B =T !

0 1 2 3 4 5 0 1 2 3 4 5
time ¢ time ¢

Fic. 13. Convergence rate to 4 holds locally.

7.2. Real versus fictitious external force behavior. Here we are in the
same setting as in section 7.1. But, now we fix § = 1, and consider @ in the longer
time interval ¢ € [0, 10]. We compare the numerical results in the case when we take
the real external force h = —0;t — 10,0 + V0,1 with those in the case when we take
the fictitious external force h¢ (cf. Remark 7.1). We denote d = 4 —Gand d, = 4, — 1,
where 1, solves (5.14) (that is, with the real external force h), and @ solves (5.14)
with A in the place of h. In figure 15, we confirm the rate of convergence of % to 4 in
the entire time interval, while for d, the rate is confirmed until time ¢ = 6; after time

t = 6 we see that d, remains bounded, this just means that the magnitude of @, — @
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Fic. 14. Uncontrolled case.

has reached that of the discretization error of our solver, and consequently we cannot
expect the magnitude of 4, — % to decrease more.

A=2 M=14

— At +log(ld(t)[F / Idol)

ist| = At log(ld ()7 / [dolz,)
=== log(|d: (1) |3 / |do[7;)

time ¢

Fic. 15. Ficticious versus real external force.

7.3. On the discretization error. Here we are in the same setting as in sec-
tion 7.1 with § = 1. We observe that, following the scheme (5.17), with the exact
external force h (in the place of h¢), the discrete solution ag for (5.15) will be close
to &. Moreover, ug converges to 4 as (k, h) — (0, 0).

The main goal of the presented simulations in the previous sections is to show
that an estimate like (3.3) should hold, in general, instead of (3.15), and it is not our
intention to compare our algorithm/discretization to solve the Burgers and Oseen-
Burgers systems with existing ones. That is why we have not performed a rigorous
numerical analysis concerning the convergence of the scheme. Though, we would
like to say that from numerical experiments we have performed we expect linear
convergence. We present some results that indeed suggest that the error g — u is
proportional to h + k.

Let @ = a7 be as in (6.2), with (i, j) = (8, 8). In figure 17 the error g — @
is proportional to h + k; notice that as we sqllueeze (h, k) by the factor %, the plots

are squeezed by a factor (not bigger than) 5. Also, in the examples in figure 18,

corresponding to @ = 4(»7) as in (6.2) with (i, j) = (1, 4) and (4, j) = (3, 2), the
error is proportional to h + k.

We must however recall that it is well-known that in general, when solving Burgers
equation with small viscosity by finite elements, spurious oscillations may appear in
the numerical solution if the convection part is dominant. They can be reduced
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by a reduction of the mesh size or by stabilization of the numerical scheme (e.g.,
see [11,16,24]). In our simulations the reference trajectory is smooth with moderately
bounded gradient. Thus we can choose moderately small mesh parameters, such that
no spurious oscillations appear. When we apply our scheme to a different example
where the gradient d,u of the exact solution reaches big magnitudes, then we will
observe spurious oscillations on a coarse mesh; the oscillations vanish by decreasing the
mesh parameters, see figure 19. In 19(a) we have taken the same space step and time
step and viscosity as in [1, figure 3(a)]. We see we get the same behavior near (¢, x) =
(1, 1), where the gradient of the exact solution has a big magnitude |9,u(1, 1)|g, see
also [16, section 5.6.5].

For references on numerical methods for feedback control and stabilization of the
Burgers equation we refer the reader to [3,22,31-34,44].
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1 2 y 1 )
1 - 1
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(a) The reference trajectory . (b) The discretization error.

FIG. 16. The difference between the discrete tis and exact 4 solutions. (h, k) = (157 2.
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FIG. 17. The discretization error. &= a(8® (cf. (6.2)), (ho, ko) = (i L.

8. Final remarks. We have presented some estimates on the number of internal
controls M we need to exponentially stabilize the Burgers system to a given reference
trajectory @ = (¢, x). In the case we take x = lgq, in particular there is no constraint
on the support of the control, we can derive a better estimate comparing with the
general case (cf. sections 3.1 and 3.2), and we have presented the results of some
numerical simulations that suggest that an estimate like that obtained in the case
X = lgo might hold also in the general case.
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FiG. 19. Spurious oscillations occur on coarser meshes.

Throughout the paper we consider controls given in the form Ef\il ni(H)XES s;(z).
Usually, the controls at our disposal depend on each specific application, of course we
can always consider another family of controls ¥ = {¢; | i € Ny}, and perform the
simulations for controls like Zl 1 Ki(t)i(x), and perhaps also derive the correspond-
ing estimates on M following the procedure in sections 3.1 and 3.2.

We have focused on the viscous 1D Burgers system. However, we are convinced
that the challenge to find an estimate for M, trough a condition like (3.8) (preferable
to a condition like (3.19)), will present analogous difficulties for the cases of 2D and 3D
Burgers and Navier—Stokes systems, and also for a wide class of parabolic systems.

Our results do not apply to the case of nonviscous Burgers equation (i.e., to the
case we take v = 0 in (1.1)), that is a completely different problem. We do not even
know if a finite number M of controls is enough to stabilize the system (in a general
situation the number M of needed controls will go to +oco0 as v goes to 0).

The existence of a finite-dimensional feedback control supported on a small subset
of the boundary and stabilizing the system to reference nonstationary solution, is work
still going on (see [40,41] for some work on this direction). Also in this case, it will
be interesting to have an estimate on the dimension of the controller.

The value v = %0 we use in most of the simulations is (perhaps) too big for
many applications. Of course we can take smaller v but, in that case we may need
to take also a finer mesh in order to guarantee that the stabilization observed for
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the discretized system in the numerical simulations, will also hold for the continuous
system. Notice that, when the numerical solution for system (1.1) goes to @ as time
increases, we can extrapolate that also the evaluations w(t, ih), i € {1,2, ..., N, —
1}, of the continuous solution at the spatial mesh points will go to (¢, ih) as time
increases. Recall that if |u(t) — a(t)| g goes to 0 as t increases, then also |u(t) — 4(t)|v
does (provided that @ € {v € W | sup,>¢ 028l p2((r, 741, r2(0,r)) < +00}, due to
the smoothing property of the system (3.1), see [7, Lemma 2.1]). However, the fact
that |u(t, ih) — 4(t, ih)|g goes to 0, for all ¢ € {1, 2, ..., N, —1}, as time increases, is
in general not enough to conclude that u goes to 4. Indeed, from [25, Theorem 4.2] (for
the case of the Navier—Stokes system in a two-dimensional Torus) we can derive that

to conclude that u goes to 4, the space step h should be taken proportional to #‘;M

(for small v); and supposing that a similar estimate holds for the 1D Burgers system,
it would follow that the number N, of space points (determining nodes) should be
proportional to M. Notice that the computational effort and computational
time will increase with N,. We refer also to [26] and [19, chapter III, section 2], and
references therein, concerning the estimates on the number of determining nodes.

The mathematical theory concerning stabilization to time-dependent trajectories
(cf. [7]) is not so developed as for stabilization to a stationary state (cf. [2,4-6, 8,
38,39]). However, since these problems arise in applications, methods to solve these
problems numerically have already been developed (see, e.g., [20,28,29] and references
therein), notice that in this setting “trajectory” will often mean a suitable evolutionary
discrete process ug € Z, u;y1 = S(u;) € Z, i € N, where Z is a Hilbert space.
Other approaches can be found, for example, in [30] (in particular, see section 4
concerning trajectory tracking) and in [21] (in particular, see section 7.1 concerning
linear feedback control of Navier—Stokes flows).

Acknowledgments. The authors would like to thank Karl Kunisch for fruitful dis-
cussions on the subject, and the anonymous referees for their remarks that lead to an
improvement of the paper.
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