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

AXEL KRONER' AND SERGIO S. RODRIGUES?

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) Opu + udyu — vdppu+h + ¢ =0, ulp =0.

Here, u stands for the unknown velocity of the fluid, v > 0 is the viscosity, h is a fixed
function, I' = 9 stands for the boundary {0, L} of , 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 €.

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

(1.2) u(0,z) = up(x)

is defined on [0, +00) and satisfies the relation |u(t) — 4(t) 12(0,R) < Ce M|u(0) —
@(0)[72 (0, ry» Provided [u(0) — @(0)|2(0,r) < € for small enough e. Here, M, C,
and e can be taken depending only on (||, , A), and Py is the orthogonal projection
in L?(Q, R) onto the subspace L%,(€, R) := span{sin(Z£) | i € N, 1 <i < M}. That
is, the internal control {( = x Py stabilizes exponentially, with rate %, the Burgers
system to the reference trajectory .
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Notice that the support of the control ¢ is necessarily contained in that of x and
that the control is finite-dimensional. Furthermore, we also know that the control can
be taken in feedback form, ((t) = e’”xPMfol’)‘(u(t) — (t)), for a suitable family
of linear continuous operators Q% A L2(Q, R) — L2(, R), t > 0 (cf. [7, section 3.2]).

We can see that the dimension M of the range of the controller depends on
the norm |a|yy of & but, up to now no precise estimate has been 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 u. 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 the existence of an M-dimensional stabilizing control uses a
contradition 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,
it we take x(z) = 1 for all = € €2, we obtain that is it enough to take

(1.3) M > L3z w2af}, +v='N)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 > €0 (T VRN T il b2l )
where C; and Cs 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 is much less reasonable, if we think about an application.
The reason for the gap is that the idea used to derive (1.3) cannot be (at least not
straightforwardly) used for general y(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 plausi-
ble. We focus on the one-dimensional (1D) Burgers equations because the simulations
are much simpler to perform in this setting. However, we believe that the difficul-
ties to find an estimate for M will be analogous for the two-dimensional (2D) and
three-dimensional (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
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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 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, +00), for r € R, and Ny := N\ {0}. We
denote by 2 C R a bounded interval. Given a vector function u: (¢, z) — u(t,z) € R,
defined in an open subset of R x (), its partial time derivative % will be denoted
by Oiu. The partial spatial derivative g—z will be denoted by 0,u, and a%a% by Ozz.

Given a Banach space X and an open subset O C R™, let us denote by LP(O, X),
with either p € [1, 4+00) or p = oo, the Bochner space of measurable functions
f: O — X, and such that |f|% is integrable over O for p € [1, +00), 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 order
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*(0O, R) stands for the
dual space of H§(O, R) = closure of {f € C*(O, R) | supp f € 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€L*I, X)|0.f € L*(1, Y)}, where the derivative 9, f is taken in
the sense of distributions. This space is endowed with the natural norm | f|w (s, x,v) =
(B2, x) + 100 f 32, y))? - Tn 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 W (I, X, Y) is also. The
space of continuous linear mappings from X into Y will be denoted by £(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|q (7 x) = max,c7 | f ()] x.

6[%.“7%] 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(0,,) == VN H?*Q, R), and V' := H-(Q, R). The space H is
supposed to be endowed with the usual L?(€, R)-scalar product, and the space V
with the scalar product (u, v)y = (0zu, Ozv)m. The space H is taken as the
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)D(8,,) = (Onzly Opa¥)H.

Let us denote

(2.1) W = L*(Ry, L>(Q, R))
and, for given Banach spaces X and Y,
Lie(Ro, X) = {f | flio.m € L*((0, T), X) for all T > 0},

VVIOC(ROa Xa Y) = {f | f|(O,T) € W((07 T)v Xa Y) for all ' > 0}
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Fix a function h € L (R, V') and suppose that & € WN Wiec(Ro, V, V') solves
the Burgers system (1.1) with ¢ = 0 and initial condition 4 = @(0) € H.

Let us be given a Lipschitz continuous function y € W1 °°(2, R) with nonempty
support, an open interval O = (Iy, l3) such that supp(y) € O C Q, a constant A > 0,
and another function wg such that |ug — @(0)|g is small enough.

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

(2.2) lu(t) — a(t)|% < Ce Mug —tiol% for t > 0.

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

L3,(O, R) :=span{s, | n € Ny, n < M},

where E§ : L2(O, R) — H is the extension by zero outside O, defined by

if
- {9 255

Recall that it is well known that the complete system of (normalized) Dirichlet eigen-
functions {s, | n € No} C D(0;,) and the corresponding system of eigenvalues
{an, | n € Ny} are given explicitly by

(23) §n($) = (%)% sin (w) y Qnp = (%)27127 _arwﬁn = 0pS,, TE& 0,

where [ =[5 — [; stands for the length of O.
Let us notice that, seeking the control n and considering the corresponding solu-
tion u, we find that v = u — @ will solve the Oseen—Burgers system

(2.4) 0pv — V02 + 000 + Oy () + ¢ = 0, vlp =0, v(0) = v,

with ¢ = xE§ Py} (n|p) and vy = 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|p 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 @ € W, ¢ € L?((0, T), V'), and vy € H, there erists 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 (vo, 1):

(2.5) [l 0. 1), v. v < OrT, jaiw] (|U0|%1 +1¢1Z2 (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

|3m(wv)|%// < C|w|2Lm(Q,R)|”|2L2(Q,R) < Cl|w|%11(Q,R)|U|%2(Q7]R) < C2|w|%/|v|%1'
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DEFINITION 2.2. We say that v € Wisc(Ro, V, V') is a global weak solution for
system (2.4) in Ro x Q 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.

COROLLARY 2.3. Given & € W, ¢ € L _(Ro, V'), and vy € H, there ezists a
weak solution v € Wiee(Rg, 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 4 = 0),
and 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?(Ro, H) that stabilizes
exponentially the linearized Oseen—Burgers system

(3.1) 0tV — V00 + Oy (Uw) + ¢ =0, v|p =0, v(0) = v,

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 |vy|, 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

(32) _atq - I/arwq - ﬁ/arq + f = 07 q|F = 07 q(T) = q1,

for ¢ € 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 x = 1n. We consider the case O = Q and xy = 1g
with 1o(z) =1 for all z € Q. In particular, there is no constraint in the support of
the controller.

THEOREM 3.2. For given i € W and A > 0, set

1 1
(3.3) M= 2 (5)* (laliy + 32) %,
where e is the Napier’s constant. Then for any given vg € H, there is a control

N4V (vg) € L?(Ro, H) such that the corresponding solution v of system (3.1) with
¢ = xES PS) (nA’ﬁ”’|O) satisfies the inequality

(3.4) )} < (L+e?)e ™ Muol3, 0.

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

A a,v 2 el 7 A\
TS | (% al?, + )\) o3, for 0< A< A

Proof. Let w solve

(3.5) Ow = V0w — Op(tw) + 3w, w|p =0, w(0)= .
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By standard arguments, we can find
d o 2 . 2
E|w|H < =200, wf + 2|0 L (o, ) |w]H|Oxw]H + Nwl|f
1
< 5|U|2Lm(Q,R)|w|%1 + AwlF,
from which we can derive that

(3.6) < (Bl ANT 2

|w|2Loo((o,T),H) =
Now let ¢(t) =1 — L € C'([0,T], R), and set § := pw. Notice that & solves
S = V0400 — 0,(46) + 56 + (Opp)w,  6|p =0, 8(0) = vy,

with 6(7) = 0. Now let M € Ny be a positive integer and consider the solution dps
for the system

Bydnr = V0padrr — 0p(Wbar) + 30ar + (Dep)PRw,  darlp =0, Sar(0) = vo.
The difference d := § — d; solves
Od = v0ypd — Oy (0d) + 3d + (9yp)(1 — Pi)w, d|p =0, d(0)=0,

from which we can also derive

3 1512
— + AT 2
1413 (0. 7, 11y < e(zululw ) (|d(0)|§, + 2 [(9ep)(1 — Pﬁ)whz((o’ T)’V,))

3 1512
-2 (3, u +)\ T —1 2
< 7-2e(5lihy ) o [Wlago, 1), m)

and, from [w[72 o 7y iy < Tw[7 e (0, 7, iy 20d (3.6), we can arrive at

- “Hally )T - 2
A2 e (0.7, 11y < T 7120 IRANT 8 ot 2,

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 7} is defined by T, ! := 2(v~!|d[3,, + \); then, setting T = T, we have that

EETIR - 2
(3.7) |d|%°°((0,T*)7H) <2(v 1|U|12/v + )\)614370‘1\41 vol7 -

Now, from ap = (42)? (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) o > (vl + A3

and 63 ()| < [ (0)]7-
2 2
Further, from (3.6) and (3.7), we find [0ar|7e((0, 7.y, 1) = 16 — Al (0, 70y, 1) <
C3, 100(0)[3, with

ol = ey + )T 4 2 al}y, + Ne' Zay)

e? + 2(v a3y + Ae' Zay,) < ez +1=1T;.

IN
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Now, notice that we can consider system (3.5) in (T, +00) x Q with w(T%)
dn (T,) and repeat the arguments. Recursively, we conclude that in each interval J? :
(iT., (i +1)T.), i € No, we have [y ((i + 1)T2)[3 < |0ar(iT0)| % and [0arl oo (i)

Ts |5M(iT*)|§{. Hence, we conclude that |5M|i°°(]R0,H) <7Ts |v0|i1.

IA

Next, we notice that v := e~ 23, solves (3.1), in Ry x £, with the concatenated
control ¢ = yP&(e™ 24 (~T Yw) = —T; 'e 2ty P w, where w|,, = w; solves (3.5),
in J! x Q with w;(iTy) = w(iTy) = 6y (iTs); from (3.6) and from the boundedness
of {|6m(iT%)|m | i € N}, we can conclude that the family {|w|2ci 5 | i € N} is
bounded, so we have that e%tC € L%(Ry, H) for all A< A Finally, we observe that
l(t)]?, < e |5M|i°°(]Rg,H) < Yse M |ug|3, and that for ph @ == e 2H(— T Mw,

At Naw _ (A=X)sp—2 2
ez = e T “|w(s ds
P = o =2 u(s)[
11712 * _ ~ L
< AiXT*_Qe(m/Mw"‘A)T |UO|§{ < Aij\ 2 1|u|$,v + /\))Qeé |U0|§{'
A v 31, 2
That is, |e2tnh®¥ 2L2(R0,H) < %(V Halfy + ) Jvolg- 0

3.2. The general case. Let w solve the system
(3.9) Ow = V0w — Oy (iw) + Jw+ x7, w|p =0, w(0) = vo.
To simplify the exposition, we rescale time as ¢ = Z. Then w(7) = w(Z) solves
(3.10) Ortl = Dyptl — Oy (WD) + 50 + X1, Wl =0, w(0) = vy,
with (1, A, %) = v=1(4, A, 7). Next, consider the adjoint system

(3-11) —0rq = 8ﬂcmq + ﬁaﬂcq + %LL LI|F =0, q(T) =dqr

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 7' > 0, the weak solution ¢ for (3.11) satisfies
2 Coo (14 2 +T34+X3 +(147) 1|2 2

(312) g <ot D) o2 0.1, -

PROPOSITION 3.3. For every vo € H, we can find a control 17 = 7j(vg) €
L2((0,T),H), driving system (3.10) to w(T) = 0 at time t = T > 0. Moreover,
the mapping ): vo + 7(vo) is linear and continuous: i € L(H — L*((0, T), H)) and
there is a constant Cy o such that

2
3

Cro (142 +TA+X5 + (14Tl )

(3.13) |77(U0)|2L2((o7 T, H) S € |UO|§{ :

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 247X+ X3 +(14T)|u)2 2
(3.14) GO < ot D) 1y gl 0.9, 10
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for the solution ¢ of system (3.11) (cf. [7, equation (A.8)]). Then we can prove the null
controllability considering the following minimization problem (cf. [7, Problem 3.3])

1
J(0,7) = |22 + =|w0(T)|% — min  with (i,7) solving (3.10).
€
Next, we can consider the minimization problem
Joo(0,7) = |ii|2s — min  with (w,7) solving (3.10) and % (T) = 0

whose unique minimizer (@, 77)(vo) depends linearly on vg (cf. [7, Problem 3.4]). O
Considering the null controllability of linear parabolic equations, we also refer
to [23, section 2] and [46, section 5.2.2] and references therein.
THEOREM 3.4. For given & € W and X\ > 0, set

(3.15) M> Lo L F O (1D + il + lal)
where C%Q = (2—!—2(%)2)% X[y, s (q,R): | 18 the length of O, andAC'X,Q is the constant
from (3.13). Then for any given vy € H, there is a control n»%" (vy) € L*(Ro, H)

such that, taking ¢ = XES P} (n»™"|,), the corresponding solution v of system (3.1)
satisfies, for t > 0, the inequality

(3.16) ()5 < Ky.ae vl

with Ky = (1 +eCHaluln? | (0%19)2e3(cx,9+1)(1+(%)%+(%)%+%\ﬁ|w+,%2|ﬁ\$/v))'

Moreover, the mapping vo + n™ %" (vo) is well defined, is linear, and satisfies for
0 < A < A the inequality
JeCxa (1132 +(1) 343t laly+ bl )

A a 2
|e2tn 7A(v0)}L2(R0,H) S

2
R Vo -
1 — e(A=N@wA+al3)) "2 [vol

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

Brinr = Duwitionr — Oy (iidar) + 3 + XES PG (1(v0)lo)s @arlp = 0, war(0) = vo.
Then, the difference d := w — s solves
Ord = Orpd — 0, (ud) + 3d + XES (1 — P)(i1(v0)|o),  dlp =0, d(0) =0,
and taking the scalar product with d, in H, we can arrive at
(3.17) Sl < 2000l 2l oy Il 190l + Nl
+2(xEG (1 — Py)(71(v0) | o), v, v-
For the last term, we find

(XES (1 = Pi))(1(v0)| o), dvr, v = (XES (1 — P (0(vo) o), &)
< |77(U0)|0|L2(0,R) ‘(1 - PI\(?I)(Xd|o)|Lz(O7R) )
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and from
2 _ 2 2
|(1 - P]\(?[)(Xd|(’))‘L2(O)R) < aM ‘ PM Xd|o)| < 20‘1\41 |X|WL°°(Q,]R) |d|Hg(Q,R)

(which makes sense for a.e. t € (0, T'), since from 2(xES (1 — P))(7i(v0)| ), d)v/,v <
2|XEO(1 — P)(1(v0)| o)l |d| 5 and (3.17), by standard arguments it follows that d €

2
L*>((0,T), HYNn L*((0, T), V)) and |3zd|L2(Q7R) > m |d|Hé(Q7R), where of® = T3,
we find

1 _
<XE0 (1- PM)( (vo)lo), dvi,v < apf Dy o |aﬂcd|L2(Q,]R) |77(U0)|0|L2(0,R)

with D, o = (2““1) IXw e ) = 2+2(2)2)2 [Xlr, (. my- Then, from (3.17),

d 2 o2 2 <2 _ _ 2
ar |d|H < |u|L°0(Q7]R) |d|H +A |d|H =+ O‘MlDi,Q |77(U0)|(9|L2((97R)

and, using (3.13), we obtain

2 ¥ o
(318) |d|i°°((O,T)7H) SOCX;D;QGCXYQ( +A3+ \u|w)ec>1<9( +2()\+|u\%/v)T) |UO|§1

with O} o = max{1, Oy a}. Now the function E(T) = eCroa(FH2A+EF)T) takes its
minimum when 7' = T, with T, defined by 77 = 2(A + |u|W) Then, choosing T = T,
and recalling that wy (T) = —d(T) and wps(0) = vg, we arrive at

v2

3

3 o 1
|1I)M(T*)|§{ < O[]T/IID)QOQGCX,Q( +A3+ \u|w)6220;9()\+\u\€v)2 |1I)M(0) ?{

Thus, choosing M € Ny satisfying (3.15) and recalling that ay; = (%)2, we have

10 e 3 D2 G D (3 3 1)
: = Px
and |1DM( )|i1 < | (0 )ﬁq Moreover, we can deduce from (3.13) and (3.18) that

|wM|L°° (0,T.), H) — = | — d|L°° 0,7, H) = Cfy [ar (0 )|H with

Oy = eSHIBIT: 4 (o714 o) D2 goOxn (HATHIRY) (Lol 42641 )T:)
< e(s\-i-‘ﬁﬁ/\/)% + ale;Qeg(cx,ﬂ*‘l) (1+5\

Recursively, repeating the argument in the time interval (T, +o00) with w(iT}) =
war(iT%) in (3.10), we can conclude that the solution wpys will remain bounded for all
time 7 > 0. That is, |wM|im(RO,H) <7y |U0|i1.

Next, we notice that v(t) := e~ 2% (vt) solves (3.1) in Rg x € with the con-
catenated control ¢ = YES PG (ve™ 2 ij(wn (iT.)) (vt)| ), where ij(wa (iT%)), i € N,
is the control given in Proposition 3.3 when we consider system (3.10) in J! x Q with
Ji = (T, (i+1)Ty), i € No, and w(iT%) = wy (iT%); in particular, f(was (iT%))(vt) is
defined for t € (iv—1T\, (i+1)r~'T,). We can also conclude from (3.13) and from the
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boundedness of {|wns (iT%)|y | i € N} that the family {[7(was (iT%))|2(yi 5y | € N}
is bounded, so e2?¢ € L%(Ry, H) for all A < \. Finally, we observe that ()3 <
e M iy (vt)[7; < Tae ™ |vglf;, and for p™@v(t) = ve™ tq(a (iT.)) (vt), t € JL, it
follows that

) j (i4+1)Tx
S s . = .
et L2(Ro, H) jEELOZ g OOV MG (L)) )y ds
0 =07 o
J S i (i4+1)Tx 5
< tim vy eV [ g (L) ()l dr
i=0 2y
c 1+ A 4T X H X3 4 (14T )2
< 1 G wa i+t Tl ) ool »
e Z

from which, using the equality 7% = (2(\ + |ﬁ|$,v))_%, we can arrive at the estimate
2
3+3

1
Cyo(143(2)2+(2) Lialyy+-L a3
< ve ’ v

2t N0,0|2
|e2 n |L2(R0,H) - 176(1—”(2("”"1‘%”—%
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.

volz;. O

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 is proportional to (5 |a[3), + %/\)%, while the
latter depends exponentially on both 1|,y 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 = Myeeq that we need to
stabilize the system (3.1) to zero with the following reference real numbers

(3.20) Mot == £(v2 |ﬂ|$,v +UIN)2; Moy = LMt

The value M,.s is motivated by (3.3), and the value My, by (3.15). Notice that %eM*'ef
is a lower bound for the right-hand side of (3.15); we take % instead of % in front
of eM=t in order to avoid giving the wrong idea that (3.15) goes to 0 with [ (cf. Re-
mark 3.5).

Notice that in the case @ = 0, we can see that the unstable modes of system (3.5)
are those defined by the inequality rvo; < %, that is, 7 < %l/*%(%)% =272 Myt <
M,er. Thus, in this case and with xy = 1lg, it is enough (and necessary) to take the
M = |27 2 M, | controls in {(%)% sin(“Z%) |i € {1, 2, ..., M}} (taking the family 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, 5)
Minimize J*%(v

~{wn

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 MYES PG((xQ5 ) )

for a suitable family of operators QZ’)‘: H — H, t > 0, with |Q2’A|£(H%H) <
U[A, a, ;]e”. Furthermore, the family {Q% M|t > 0} is continuous in the weak operator

NN eM (v |V +[n(t)[3,)dt on the space X

e t(v 7]) € W(Rs, V, V') x L?(R,, H) and, for t € Ry,

(v, €) solves (3.1) with v(s) = w € H and ¢ = xXES P (1)
[0,

[N

topology, and @ = ij)‘ satisfies the differential Riccati equation

(823) Q= Q(—Dus + B(i) — (~v0us + B()"Q. ~QBH B Q — Mvdyy = 0
where B(t)v == d,(tw), and BS;: H — H and its adjoint BS, : H — H given by

A * A
(3.24) B§n=e 2\ESPG(nly), B¢ =e 2EQPH((xE)|o),

and (Q3*08(s), 02(s))m = T*(v?
of problem (3.21,0). Further, (QZ’)‘w, w)g = J*5(v2, n2), where (v2, 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 =
%Q. A solution for (3.23) is understood in the sense that

(Qu', W) g = (QAwy, w?) i + (A*Quy, w?)y
+ QBB Qui, w?) i + (Mvdppwi, w?)n

holds for all (w!, w?) € D(9sz) X D(0ps) with A = A(t) = —v0,, + B(a(t)). See,
for example, [15, section 5.4], [35, Chapter 1, Theorem 1.4.6.4 and Corollary 1.5.3.3].
Observe also that (Q% w, w)y = J5(vs, n2) > 0 for all w # 0, that is, Q3™ is
definite positive.

Remark 3.8. Notice that (0pz)* = Oz and B(4)* = —u8 Notice also that from
Theorems 3.2 and 3.4 (taking, e.g., (2A, A) in place of (), \)), 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 := Qv? solves the sys-
tem (3.2) with f = —eMv9,,00 and ¢(T) = QT A0(T), where (09, n0) = (02, 19)(w)
is the minimizer of problem (3.21,0).

We already know that @ satisfies (3.23), and we can also show that it is unique
in the class of operators eMC with

Olg.), where (v2, n?) is the unique minimizer

R ﬁ(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

LEmMMA 3.10. If R satisfies (3.23) and R=eMRec C, then the feedback control
¢ = e MYES Py ((xRv)| o) = BS; B Ru

exponentially stabilizes system (3.1) to zero with rate %
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Proof. We find that
d .
a(Rv, v)g = (Rv, v)g + (RO, v) g + (Rv, Ow)
= ((RA + A*R+ RB$;BS," R+ e i, )v, v)y
+ (—R(A + BYBY; R)v, v)m + (Rv, —(A + By Bf; R)v)u

= —eMW|vf2 + e 2'BY " Rul%).

Notice that xES PG ((xe 2*BS,"Rv)|,,) = B, BS,” Rv. Thus, we have that (Rv, v)g
is decreasing and, after integration, that J°(v, e’%th\%*Rv) = (R(s)v(s), v(s)u —
lima, oo (RIT)O(T), oD < (R(8)0(s), 005Dt < |Rlpow (oo, i sy [0(3)] -
This inequality, together with 8;(e3'v) = 3e3'v + e** (VD0 — 9, (tww) + B, B, " Rv)
and [, |e2'BGBS Rul3 dt < Co [, |BS Rof3 dt < CoJ*(v, e"%'BS)" R), imply
that 9 (e?'v) is in L2(Rs, V') with [9y(e3"0)|r2(r, vr) < Ce* [u(s)|y. Hence, it fol-
lows that |e%tv|c([s)+oo))H) < Che?s |v(s)|, for suitable positive constants Cy, C,
and C;. That is, the feedback control ¢ = BY) 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"Q1 — Q1BB* Q1 — v0se + AQ1 =0

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

(3.26) 01z — VOyyz + 05 (002) — %z + BB*Q12 = 0, zlp =0, z(0) = 2o,

is stable, that is, there is a constant C' > 0 independent of zy such that |z(t)|, <
C'|zo|y for allt € 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(t)] < Ke™®t=t0) 2(t)], for all 0 < o < 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 analogues to Theorems 3.2 and 3.4, re-
placing the initial time ¢ = 0 by ¢t = to. This means that if we denote by S(¢, to)w
the solution of system (3.26) for ¢ € Ry, with initial condition z(ty) = z,, we will
have that |S(¢, tO)w|2L2(R0,H) < Oz, |3, where C is given in Theorems 3.2 and 3.4
and can be taken independent of ty. The uniform exponential stability follows then
by [14, Theorem 1J; see also [47, Chapter 3, Theorem 3.1].

Remark 3.11. The operator (or family of operators) S(t, to) is sometimes called
an “evolutionary process” as in [14, 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*Q1 — 31 and Ay = A + BB*Qy — 31, where [
is the identity operator, the difference D = QQ2 — 1 solves

(3.28a) D =DA, + A;D + DBB*D,
(3.28b) D= DAy + AsD — DBB*D.
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Let w € H and let S;(¢, s)w stand for the solution of system (3.26) in the interval
of time t € R, with z(s) = w and with @; in the place of Q1, i € {1, 2}. Then
we have that 0,;S;(t, s)w = —A;(t)Si(t, s)w, and we find 9,S;(t, s) = —A;(t)S;(¢, s)
and 0:S;(t, s)* = =Si(t, s)* Ai(t)*. For t € (s, T), we also have 0 = 0:S;(T, s)w =
0:(Si (T, t)S;(t, s)w), which gives us 0 = (0:S;(T, t))Si(t, s) + Si(T, 1)0:Si(t, s), that
is, 0:Si (T, t) = Si(T, t)A;(t) and 0,S;(T, t)* = A (t)*Si(T, t)*.

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

G1 = Si(t, s)*(DBB*D)(t)S1(t, s) and Gy = —Ss(t, s)"(DBB*D)(t)S,(t, ).

Then we obtain (G (t)w, w)H - (Gl( w) g ft| B*D)(r)Sy (r, s)w|3; dr and
(Ga(t)w, w)g — (G2(s)w, w)g = —f I( IB%*D )(r)Sa(r, )w|H dr. Then, from G1(s) =
D(s) = Ga(s), we arrive to

(3.29) (Go(H)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™® @) |, for all 0 <ty <t
for suitable positive constants K; and «;. Thus, from (3.29) it follows that
(3.30) —DKZe202(=9) ||, < (D(s)w, w)g < DEK2e=201(=9) |2,

with D = IDl oo (ro, c(rr—1ry)- Letting t go to 400, 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?), wr+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. O

We know (cf. Remark 3.7) that Qi(t) = e MQ(t) is self-adjoint and positive
definite for all ¢ > 0. From (3.25) we can also conclude that if, at some 7" > 0, we
impose a final condition Q1 (7T") = Q¥ with Q¥ self-adjoint and positive definite, and
then Q1 (t) remains self-adjoint and positive definite for all ¢ € [0, T']. Indeed, from

(3.31) Q1= Q1A + A;Q1 — QBB Qq + 10,y

we can see that Q1 can be written as
T
(332) Ql(t) = Sl(T, t)*Q{Sl(T, t) + / 81 (S, t)*(QﬂBB*Ql — I/arm)(S)Sl (S, t) ds
t
and, for u #£ 0, we have

(3:33) (@1()u, wm = (QTS1(T, t)u, Si(T, t)u)
T
—|—/ IB*Q1S1 (s, t)ul3; + v [0:S81(s, thul3; ds > 0.
t
Further, if Qo also solves (3.25) with Q2(7) = 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)g < (D(s)u, u)g < (G1(T)w, w)g = 0.
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Remark 3.13. Denoting F} = Q1BB*Q; — v0,, and differentiating (3.32), we
find

Q1= 0Q1 = L) SI(T, )" QT ST, t) + Si(T, )" QT S\(T, t)Ai(t) — Fi(t)
T
+ / AL ()81 (s, )" F1(5)S1(s, 1) + Su(s, 1) Fi(s)S1 (s, 1AL (t) ds
= Q1(t)A1(t) + A1 (t)"Qu(t) — F1(2),

that is, we recover (3.31).

Remark 3.14. From (3.32), we see that Qi(¢) is obtained from QT = Q(T).
Thus, the Riccati equations (3.31), (3.23), and (3.25) must be solved backward 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 |vo|lg < €, 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) lu(t)|3, < Oe Mvol%  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) OV — Vg0 + V050 + Oy (Tv) + Kt o =0, vlp =0, v(0)=1vo

with Kb = e MYES PO ((xQ% ) lo)- Given A > 0, we denote by Z* the space of
functions z € C([0, +00), H) N L?(Rg, V) such that
1
2 2
) < 0o
L2(Ro, V)

jelzs = (

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

A

ed2()

edz()

L= (Ro, H)

25 = {2 € 2*| 2(0) = vo, |2[%x < Olvolf}-

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

(4.3) Ot — V0yb + Oy (0b) + K'b + adpa =0, blp =0, b(0) = vp.

Recall that |’C7A‘L°°(RO,L(H—>H)) < Cy and |a0zaly, < Cylaly |aly, .

LEMMA 4.2. Let M be the integer in Theorem 3.6. Then, there exists © =
O(A, |alw, 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|m < € the mapping =
takes the set Zg into itself and satisfies the inequality

(4.4) 1Z(a1) — Z(a2)|z» <vlar — az|zx  for all a1, ax € Z3.
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Proof. Step 1. For suitable © and € = eg, = maps Zé) into itself. By the Duhamel
formula, we can write b as

(4.5) b(t) = S(t, 0)b(0) —l—/o 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

t
IMW%S2B@JWMME+2</Lﬂt@@%@@ﬂH®)
0
to 2
<za¢<MﬂMMm@+QCw<M6ﬂ</e??ﬂmm@@nHm),
0

where 8 = min{a, A} > 0, and « is as in (3.27). From |(ad.a)(s)|y < Cy4 |a|%,, it
follows that

(4.6) O () < Cs ((0) 3 + [al}s )

Now, multiplying (4.3) by b and following standard arguments, we also have that

s+1
2 2 ~12 . 2 2
I// |b(T)|V dr < |b(s)|H + CG (|U|W + |’C )A‘Lm(Ro,ﬁ(H—}H))) |b|L2((s,s+1),H)
s+1
+ / lada(T)3,, dr,
from which, using (4.6), it follows that
s+1 s+1
v / ()2 dr < A [b(s)% + eXCy / & Jadsa(r)|Z, dr

.12 A2 A(s+1) 17,12
+ Ce (|u|w + VC |L°°(]RD7£(HAH))) et |b|L°°((s,s+1),H)

s+1
< e Cy (1b(O)[ + fal}n ) + Cg/ e Ja(r) [ la(7)fy, dr.

Thus, since e*” < e Me*A™ < e7F%e®\T for 7 € (s, s + 1), summing up we obtain
Jz, e b(T)|% dr < Cro(|b(0)[% + laly) Zj:(xf e #J. Then, from (4.6) we arrive at
b zx < C11(]b(0)[3; + |al%.), which implies that for a € Z3, we have

@)% < Cur (1+©2[uul}; ) ool

Setting ® = 2C%; and choosing eg > 0 so small that Oeg < 1, we see that if
lvo|ir < €o, then = maps the set ZJ into itself.

Step 2. Given v € (0, 1), = is a y-contraction for smaller € = eg, . Let us take
two functions ai,as € Z@\) and set a := a3 — ag and b := E(a1) — E(az). Then the
function b satisfies (4.3) with 5(0) = 0 and a10,a1 —a20,a2 in the place of adya. From

la10,a1 — az0zaz|y = la10za 4 adyaz|y < Cullaily + |azly) laly ;

la10,a1 — 20302y, < Cra(lar| gy + laz| ) |aly ;
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and proceeding as above we can arrive at
Z(a1) — E(a2)| % < Cis (|a1|2zx + |a2|2zx) lal%n < 2C130 [vol3 a1 — az|%x

Choosing €g,4 > 0 so small that 2@01369 < ~%, we see that if |vo|p < €o, -,
then (4.4) holds. Therefore, the lemma holds with €0,y = min{eg, €o,~}. O

Proof of Theorem 4.1. If |vo|g < €o,~, the contraction mapping principle implies
that there is a unique fixed point v € Z3 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 — VOppz + 20,2 + Op(wz) + 0 (012) + Kb 22 =0,  2(0) = 0.

Multiplying this equation by z, in H, and following a standard procedure, we arrive
at L2124+ [z} < Cra(|w]} + |u|W)|z|H, which implies z(¢) = 0 for all ¢ > 0. O

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 a uniform mesh

(L 2L (N.—1)L
(5.1) Op i= (&, %, ..., LelL)

consisting of the interior points of €2 that are multiples of the space step h = NLI with

2 < N, € N. As basis functions, we take the classical hat-functions ¢; € V defined
1—i+Z  if z€[(i—1)h, ih];
for x € Q and each i € {1, 2, ..., N, — 1} by ¢;(z) = {1+i% if w€fih, (i+1)h];
0 if 2¢[(i—1)h, (i+1)h] .
Next, any function uw € V can be approximated by the values it takes on Qp.

More precisely, we approximate u by the function @, defined as

N;—1

Zzh

We define the evaluation vector @ := [u(ih)] " = [u(1h), uw(2h), ..., u((Ny — 1)R)] "
M(N,-1)x1, Where AT stands for the transpose matrix of A.
Remark 5.1. Notice that © = Z?’;_l u;¢; 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) 7' Lpt = (L, 0y, 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, ¢;)r] = M is the so-called mass matrix, while
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for the Laplace operator we find that (0.)p = —[(0x¢i, 0x¢;)u] = —S, where S is
the so-called stiffness matrix. Explicitly, we have the tridiagonal matrices

4 1 0 0 0 2 -1 0 0 0
1 4 1 0 0 -1 2 -1 0 0
h U 1 _ _
M= = 0 1 4 1 . . and S = — 0 1 2 1
. 0 . . 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 4 and discretize the operator v — B(a)v =
0. (tw), v € V. We start by noticing that, for an arbitrary w € V, (9, (uv), w)y

~ . . . ~ Ngy—1=% _ A
—(tw, Oyw)p, and then we consider the approximation v = Zj:ﬂ U;v¢; of tv,

and we find that —(av, ,®)g = Yoy | Sy~ T;Wi(¢;, Oupi)n and

(0 (), w)g ~ W' BD;T

with
0o 1 0 0 0 _
-1 0 1 0 0 @ 0 0 0

1 0 U2 0 0

0o -1 0 1

B=— and Dz =
: . -0 0 ... 0 dan,-=2 0
0 0 -1 0 1 0 0 0 AN, -1
0 0 0 -1 0

Notice also that, rewriting vd,v as %B(v)v, we can discretize v0,v as %BD;?.

Remark 5.2. Notice that above we consider the operator v — J,(4w) as a compo-
sition d, o mg, where my denotes the pointwise multiplication by @, 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 is a tridiagonal matrix B%:

_ _ 1 Ez B ifi=1,

B =— E U / (Pr¢i0xpi)dr = g Hr- o e, No -2},
ke{i—1,i+1} Q TUNg -2 ifi =Nz —1
1<k<Ng—1

— _ 1 251’4_1—51’ ifj =441,
a § : ~ = = e

Bij = — Uk (d)k(bj@z(bz)dx = 6 —21 1 + U5 ?f J=i- 1,
ke{i, s} Q 0 if |4 — jlg > 2.
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) Fu = BB Q4 v,
and we notice that what we essentially need is an approximation Fv of Fv when we
only know the approximation v of v.

We will construct Fv in a few steps. For the multiplication operator v +— v,
we can of course take Dyv = XU as an approximation of yv. For the orthogonal
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projection P}, we start by noticing that

M M
Py (wle) = Y (o, sa)rzo,msn = Y (v, B s, )ms,,

n=1 n=1

— T
and then we can take the approximation P9 (v|,) ~ S22 (E9s, Mu)s,,, from which
we set the discrete approximation

M
— T
P = ES Pf](v],) with Py == SyM, and Sy = ZEggnEggn .

n=1

Finally, the linear operator Q;’ A is, at this moment, unknown and (an approximation)
has to be found. Note that denoting by Qp = (QZ)‘) p the discretization of Qg’)‘,
we may take M~1Qpv ~ Qg’kv and discretize the feedback rule (5.3) as follows:
first we take the approximation BS,"¢ ~ e 2'P Dy, and then from (5.2) and
(Fu, w)y = (B, Q% A, B, “w), for (v, w) € H x H we find

(Fu, w)pr ~ (Bﬁ*@i;%, Bﬁ%*w)
H

— BO* T O * Nt A
=By, w MBY, Qv
~ e M (PyDyw) M (PyDyM™1Qp7)
=T MM e ™ (P Dy) " M (PyDyM™'Qp7)
=wMe MRR'Qp7,
where
(5.4) R:= (MP,DsM ')’

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=e¢MRR'Qp.

Remark 5.3. Denoting @) = Qg’)‘, the approximation M~'QpT ~ Qu can be un-
derstood in the following formal sense: we have that TQpT ~ (Qu,w)y ~ W-MQu,
and thus we can write - MM ™'QpT ~ W MQu, that is, (M ~'Qpv, 0) i ~ (Qu, w) &,

where in the last expression the vector p = (p1, p2, ..., pn,—1) = M~1Qp7 is to be
seen as an element in Y = span{¢; | i € {1,2,..., N, —1}} C L%(Q, R), that is,
N,—1

p is to be understood as ). p;j¢;. Further, notice that in this way the operator
M~1Qp is symmetric in Y, because if (v, w) € Y x YV, we have (v, w) = (v, w)
and (M~'QpT, w)g = T-"MM~'QpT = T Qpv = 7 Qpw = T-MM~'Qpw =
M~ 'Qpw, v)g.

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 a
uniform mesh

(5.6) [0, T]p = (0, 3=, 35, -, BgHE T)
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consisting of the points in [0, 7] that are proportional to the time step k := Nlt with
N; € Ny. 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{1,2, ..., N, —1}and j € {0,1,2, ..., N;}

5.3. Computation of the discretized feedback rule. We recall the opera-
tor Q = QY * satisfying, for ¢ > 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 @ p solving

0Qp —QpX —X"Qp—e™MQpRR'Qp +eMvS =0, >0,
with R as in (5.4) and

(5.7) X =X(t) =M (us + BDW) .

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

Remark 5.4. Notice that from the relation X7 ~ —vd,,v + B(4)v, we have
that (Q(—v0zy + B(0))v,w) g =~ @TQ_DXﬁ. Similarly, ((—v0zgv + B(1))*Qu,w) g ~
W' XTQpv and (QFv,w)y ~ W' QpFu.

5.3.2. Initialization of the differential Riccati equation. Since we need
to solve (3.23) backward in time (cf. Remark 3.14), we will also solve system (5.8)
backward in time; thus, the question is how to initialize the system. Roughly speaking,
it seems that we would need to know P(+00), 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 @(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 = 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 ¢ € [0, T
but never for an infinite time range.

Thus, we suppose that we are interested in the evolution for time ¢ € [0, T, and
then we may suppose that for time ¢t > T', our solution is stationary, that is, we may
study the same problem but now we suppose that a(t) = @(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 4 (t) remains unchanged.

Now, we can find Pr solving the algebraic Riccati equation

(5.9) P(-X(T)+3I)+ (-X(T)+ 3I)"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) = a(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 (backward in time) the differential system (5.8) for ¢ € [0, 7] 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 PNt := P(N;k) =
P(T) = Pr; next, recursively, we construct P/ = P(jk) from P/*! for
j€{0,1,..., N, — 1} as follows: we start by rewriting (5.8) as

—P=P(-X+30)+(-X+31)"P— PRR"P +1S = Rp(P)
and we use the Crank—Nicolson inspired scheme
_%(PjJrl _pj) — RF(Pj) +RF(Pj+1),
from which we obtain Rp(P?) — 2P/ + Rp(PIt) + 2PiT! =0, that is,
(5.10) P/(-X + 31— +1)+ (- X+ 31— +1)"PI — PIRRTPJ + Z7*1 =0

with Z9T! = Rp(Pi1) + 2Pl + 1S, Hence, P solves again an algebraic
Riccati equation and we can still use the software in [9].

e 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(7) + 37 — RRTY{Yy 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:

(a) We set M = +o00 and x = 1g. That is, we impose no constraints either
on the dimension or on the support of the controller. In this case, we
can see that R = (MCM_l)T and RRT = M~L. Then, from (5.7) we
can expect that
SX(T) 4 3T = M YIYy = —M-! (us n BDW) + AT - MY
will be stable for Yy = M, with v/23 > By := (v~} |ﬁ(T)|ioo(Q)R)+)\)%.
Notice that, proceeding as in the beginning of section 3.1, we see that a
weak solution w for wy = vdpew — 0, (W(T)w) + Sw — B2w will satisfy
the estimate & |w|?, < —v|d,w[3; + V’1|ﬁ(T)|2Lm(Q)R)|w|%I + Nwl|%, —
263%|w|%. That is, the lower bound 3y works for the continuous system.
However, when taking [ strictly bigger than Sy, we may expect that
the stability is preserved for the discretized system if N, and N; are big
enough.

1
Hence, we set 8 = (v 1 |ﬂ(T)|im(Q7R) + A)z and solve (5.9), i.e.,
P(=X(T)+3I) + (-X(T)+ 3I)"P - PM~'P + 1S =0,
providing the initial guess Yy = SM.. Let us denote the solution by P:Ll].

(b) We set M = +o0 and the true x. That is, now we include the constraints

on the support of the controller. In this case, R = (MDyM™1)T;

see (5.4). In some cases, it may happen that P:[Fl] is not a “good” initial
guess. In some cases (as we have observed in some simulations), the step
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from (400, 1q) to (+00,x) seems to be too big, in other words, Pj[ﬂl] is
too far from the solution corresponding to R = (MCDYM“)T. Having
this in mind, we connect the operators I and Dy, by the homotopy H: =
(1—=7)I+ 7Dy, 7 € [0,1] and set H, (M H, M1 T, Now let us fix
Ny € Ny and set the homotopy step p = — and solve

P(=X(T)+ 31) + (=X(T) + gf)TP — PH,H] P+ 1S =0,

providing the initial guess Yy = P:[Fl]. Let us denote the solution by P:[FHP I,

Recursively, we solve, for [ € 2, ..., Ny,

P(=X(T)+ 3I)+ (—X(T)+ 3I)"P— PH;,H P+ 1S = 0,

providing the initial guess Y° , and denote the solution

by P:[Flﬂp I After N4 steps, we have found a solution P:[F2] for

_ =D

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

with Hy = (M. DyM 1) "

(¢) 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 (2), we consider the homotopy H, =
(1—7)Dx + 7P M Dy, set Hy == (MH,M~1) T, and, starting with P:LZ],

we find, recursively after Ny steps, a solution P:[F?’] for
P(=X(T)+31)+ (-X(T)+ 31)"P— PHH{P+1S =0

with Hy = (McPyDxM~1)T = R. That is, P} solves (5.9).

Of course, the number of homotopy steps Ny may be taken different in Steps 2
and 3. 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 situation,
to increase the number of homotopy steps Ny.

Notice, however, that in Step 3 increasing Ny can be sufficient for convergence
at each homotopy step only if M is big enough. Indeed, we can see that the al-
gebraic Riccati equation will have a solution up to the homotopy step before the
last, because from the observability inequality (3.14) we can also derive |q(0)|i1 <

(1 - 7—)_20 |(]- - T)Xq@/z((& T), H)* and from

|(1—7')XQ|L2( T), H)

= | 1 -7 ( )(Xq|0 ‘L2 (0,T), L2(O,R)) + ‘ 1 - T)PM(XL”O ‘L2((0 T), L2(O,R))
S (1 )(Xq|(’) ‘L2 (0,T7), L2(O,R)) + ‘PM XQ|(’) ‘L2 (0,T), L2(O,R))
= | ]' -7 (qu(’) (1 - (]‘ _T))PM(qu(’) |L2((O,T)7L2(O7]R))’

we arrive at |q(0)[3; < (1—7)72C|(1 = 7)xq + 7EF P37 (x4lo)|72 (0, 1), )~ Then, from
this observability inequality it will follow that there exists a stabilizing control (for
system (3.1)) of the form ((t) = F,n = (1 — 7)xn(t) + ™XES P (n(t)|p) for 7 < 1.
Reasoning as in section 3.4, by the dynamic programing principle it will follow that
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the control can be taken in feedback form ((t) = F,F:Qtv(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 in we take R = (M.[(1 — 7)Dx + 7Py DM~ T in (5.8).

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) = XE§ P (n(t)|,) for arbitrary (small) M, and then we
cannot guarantee the existence of a solution for the algebraic Riccati equation (3.25).

In Step 2, increasing Ny should be sufficient to get the convergence at each homo-
topy step, because reasoning as above we can conclude that there exists a stabilizing
control of the form ((¢t) = (1 — 7)n(t) + xn(t) for all 7 € [0, 1].

Therefore, if convergence is not reached at a homotopy step in (2) or at a homo-
topy step before the last in Step 3, we probably need either more homotopy steps or to
refine our mesh; if convergence is not reached only at the last homotopy step in (3),
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 P?
solving (5.10) we provide the natural initial guess P/*1. 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 N; 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 o(t) :=
v(t, ) that solves the system

(5.11) 8,7+ vM™IST+ M~ 'BD:5 + R'RP(T) =0, 7(0) =y,

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 A (cf. (5.8)). Notice that from (5.5), (5.4), and P = e MQp, it follows that
Fv=RTRPv.

Again, we will approximate () ~ [0(jk)], 7 € {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,..., N;}. Set o° := v(0k) = Tg; then, the idea is to
construct, recursively, 2/ 7! := v((j + 1)k) from v/ := v(jk) by the scheme

2@t —vl) = =M TIS(@W + 07T — M (BD5 v 4 BD-a 07
- (?jﬁj +7?j“6j+1)

with & = a(jk), 7 € {0, 1, ..., N¢}. Then, working the above scheme a little, we
can obtain
(5.12) v = A AW — EAL (BD v + BD w0 )

- bAgM (Fw 4+ F )
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with Ag = M + 418 and Ag == M — £uS. Notice that the unknown v+ is still
present on the right-hand side of (5.12). In the argument of the feedback operator,

we will replace 7/*! by a preliminary guess W;l and approximate BDEjH@j +1 by

BDZJ-W + k(BDZjW - BDZj_@j’l) (where we define 71 := 7% = 7). In this way,
we arrive at the scheme

(5.13) v = AT A — kAZ (14 £)BD, w7 — £BD_ ;-7 1)
—kAS'M (?jw' +?j“ag1) .
We set ngl as the “uncontrolled” output
oL = AN AT — kAG (1+ £)BD,, v — EBD,, w971

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)  gu+vM 'Su+ M 'BDu+h+RTRP(T—4) =0, u(0)=uy,

and expect T 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~'Siis + M 'BDg_is + h =0, s(0) = o,

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

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'Si+ IM™'BDziu+ by =0,  @(0) = o.

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

(5.17) W = A AW — EAL (1 + £)BDy@ — EBDgw )
~EagM(F R A F @ @)+ F @ 7))
with the preliminary “uncontrolled” guess Ugl given by
= AN AT - EAST (14 5)BDL W — EBDg - w )
—hag™M (R T
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 %AélM(Eg + 7Y for j €
{0, 1, ..., Ny — 1} that we can easily compute as

bag'™ (R + 5
=T A AT - kag)! ((1 + 5B - ngaHaH)

(where we define = EO).
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F1a. 1. Basis for the control space {xE§n | n € span{s; | i € {1, 2, 3, 4}}}.

6. Numerical examples: The linear Oseen—Burgers system. We present
some results of the numerical simulations we have performed concerning the stabi-
lization of system (3.1) to zero. Below, v, stands for the solution of the uncon-
trolled (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 7 = e MES PG ((xQ% ™) |p) as in (3.22). If nothing is said to the 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. Weset v = 1\ =2,

10°
Q=(0,7),0=(2, %), and

(6.1) x(@) = ES (sin((z — $)m)|,).
That is, x = ESs; (cf. section 2.1). Next, we set the family of reference trajectories
(6.2) @ =4 = Cy, (sin(—t) sin(iz) — cos(3t) sin(jz))

where the constant C,, is chosen so that |i[yy = 1. In this case, we have that
M,er = /120 ~ 10.95 and Meyp = 57208.12, so our question is whether the number M
of needed controls stays “close” to Myer or to My, (cf. section 3.3). We will test with
the smaller number M = 4, and vg(z) = sin(2x). The function x and the four controls
are plotted in Figure 1.

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 vy(xz) = 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|§{ is to be understood as
the discrete approximation 7' M@ (cf. section 5.1).

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

Initial data in L?(Q, R) \ H*(2, R). Weset A =4, v = -, and x as in (6.1).

But now we set vo(x) = 22 and the reference trajectory i = Crrlpo, z)(sin(—t) sin(2z)—
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F1c. 2. Convergence rate is achieved with the feedback control.
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Fia. 3. Convergence rate is achieved with the feedback control.

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

1

(6.3) .

Lig,p) (%) = {

if x € [a, b],
if x € Q\ [a, b],

a, beR,

and CY, is taken so that |@i|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 corre-
sponding 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 1.

6.2. Increasing number of needed controls. We set & = 0, 2 = (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 2, 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 # 1 (cf. the last paragraph in section 3.3).
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FiG. 4. Two controls stabilize the system to zero with desired rate.

0

x

time ¢ time ¢

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

Fi1G. 5. The controls.

Let n € No. Set vo(z) = sin((2n + 5)z), O = (525, (22";;?’5)”), and y =

E§v3|,. We claim that the controls xP5n cannot stabilize the equation with rate
A > 2v(2n + 5)%. Indeed, we can write (vo, XPon)um = Yooy i [ vis; dO =

2n 3
21':1 771'(%)2 fo §%n+1§1’ dO and also fo §%n+1§i do = ifo(l - Q2(2n+1))(92n+1—¢ -
Cont144) dO with

1

cj(x) = (%)* cos (M) , €0, [:=Ilength(O)= (227:;15)”, = 525

(cf. definition of the functions s,, in section 2.1). Now, notice that since i < 2n, we
have that 0 < 2n+141i < 2(2n+1), and thus we can conclude that (vg, xPso 1)z = 0.
Therefore, since the eigenspace span{vg} is preserved by the Laplacian, we can con-
clude 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 conver-
gence A = 20 > % 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 < Meyp = el0V2 1
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
i =0).
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(a) The function x. (b) Convergence rates of v, and v.

Fi1G. 6. Case n = 1. The first three controls can stabilize the heat system.

— At +log(|v(t)[7; / o)
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0 T > T 0 0.2 04 0.6 03 1
r 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.

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

(6.4) a(t, ) = ¢ 'sin(5x) and wp(z) = sin(mz),

where € is a constant that we will use to change the norm ||y 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 ||, 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
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(a) Controlled case. (b) Uncontrolled case.

Fic. 8. Instability increases as € decreases.
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(a) Controlled case. (b) Uncontrolled case.

Fic. 9. Instability increases as v decreases.

not fine enough. (Notice that for smaller e, the magnitudes [0,4(t, )|z become
bigger; we will come back to this issue hereafter in section 7.3.) Notice that in all

the cases, we have Myer > V44 =~ 6.63 and Mey, > eV ~ 759.95. In particular,
MO0 149 49 is already big compared to M.

ref
6.3.2. Changing the viscosity. Here, we take A = 4, M = 4, and a(t, z) =
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 discretization is not fine enough. (Notice that for smaller v, the magnitudes
|0, 0(t, )|r become bigger when compared to v.) Notice that in all the cases, we have

Mep > V8 % 16,92, MYV = VB~ 2.83 < 4, and M=% > /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 4 e?), which suits (3.4) better than (3.16).

6.3.3. Changing the desired decreasing rate. Here, we take M = 4, 1 =
sin(5z), and v = %. In Figure 10 we see that with the four controls, we can get at

least a rate of convergence A = 17. We also see that |v(t)|3, < e“e > |vg|3;, where C)
is the maximum of the corresponding curves. Since in all cases we have A > C), we
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F1G. 10. Behavior as the desired exponential rate changes.
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(a) The solution. (b) The control.

Fic. 11. Behavior as M increases.

see that the controller is effective at time ¢t = 1, that is, the norm has been squeezed
at time ¢ = 1. On the other hand, for example, for A\ = 15, up to time t = 0.2 we can
guarantee that |[v(t)|% < e%e™15|vg|%, in particular |v(0.2)|3, < €®|vp|%, that is we
cannot guarantee that the norm has been squeezed, but at time ¢ = 0.8 we find that
10(0.8)[% < eMle 1510 |ug|% = e vo|%, and we see that the norm is already squeezed.

6.3.4. Changing the number of controls. Here, we take 4 = sin(bz), v =
L. and A = 4. In Figure 11 we see that [v(t)|3; < e“ire |uyl7; and |n(t)[3; <
eClie M Jyg |3, with CY, and CJ, 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 ¢ — (Q(t)v(t), v(t)) g must be a strictly decreasing function
(Qs)v(s), () = (Q)w(t). v(D)ar + [J & (1a0(r) 3y + [n(r)]7p) dr for s < ¢ (ct.
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.

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 ,
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(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.
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time ¢ time ¢

F1c. 13. Convergence rate to u holds locally.

provided that |ug — @(0)[% is “small.” We recall that @ solves (1.1) with ¢ = 0 and
4(0) = 1g. Below, we denote d :== u—a and d,, == u, — 4, where u, solves system (1.1)—
(1.2) with ¢ = 0, and w 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 = %0’ X as defined in (6.1), A = 2, and the trajectory
@ = Ch, (sin(—t) sin(8x) — cos(3t) sin(8z)) from the family (6.2). Again, we set M =
4 < Mot = v/120. Next, we consider the family of initial conditions ug = ug = d8+120
with dy = dj = d(sin(x) — sin(6x)) 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 |§|g > 1, the stabilization rate is not guaranteed;
while for |§] < 1 it holds. For example, for |§|g < 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 [0|r > 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 |d|g.
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Fia. 15. Ficticious versus real external force.

In Figure 14 we can see that the uncontrolled systems do 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  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 hs (i.e., an approximation of h) that makes @ a solution of the
discrete system (cf. section 5.5).

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 4 in the longer time
interval ¢ € [0, 10]. We compare the numerical results in the case when we take the
real external force h = —0ytt — 10,1 + vO,,. 1 with those in the case when we take the
fictitious external force h¢ (cf. Remark 7.1). We denote d = 4 — @ and d, = @, — 1,
where 1, solves (5.14) (that is, with the real external force h) and u solves (5.14)
with h¢ in the place of h. In Figure 15, we confirm the rate of convergence of % to
in the entire time interval, while for d, the rate is confirmed until time ¢t = 6. After
time ¢ = 6, we see that d, remains bounded; this just means that the magnitude of
@, — @ has reached that of the discretization error of our solver, and consequently we

cannot expect the magnitude of u, — 4 to decrease more.
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N, =121 N;=500 Ny =121 N;=500

(a) The reference trajectory 4. (b) The discretization error.

FIG. 16. The difference between the discrete G and ezact 4 solutions. (h, k) = (=, =2=).

2
time ¢ time ¢

FI1Gc. 17. The discretization error. 4 = 488 (cf. (6.2)), (ho, ko) = (%, ﬁ)

7.3. On the discretization error. Here, we are in the same setting as in
section 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 ug for (5.15) will be close
to 4. Moreover, g 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 that we have performed, we expect linear
convergence. We present some results that indeed suggest that the error ug — u is
proportional to h + k.

Let & = a7 be as in (6.2), with (i, j) = (8, 8). In Figure 16 we can see the
shape of the exact solution 4 and that of the difference g — @ to the discrete solution
ug given by the solver. In Figure 17 the error 4g — @ is proportional to h + k; notice

that as we squeeze (h, k) by the factor %, the plots are squeezed by a factor (not

bigger than) . Also, in the examples in Figure 18, corresponding to @ = a(%7) as

n (6.2) with (¢, 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 the
Burgers equation with small viscosity by finite elements, spurious oscillations may
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Fic. 19. Spurious oscillations occur on coarser meshes.

appear in the numerical solution if the convection part is dominant. They can be
reduced 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 param-
eters, 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 magni-
tudes, we will observe spurious oscillations on a coarse mesh; the oscillations vanish
by decreasing the mesh parameters, see Figure 19. In Figure 19(a) we have taken the
same space step and time step and viscosity as in [1, Figure 3(a)]. We see that we get
the same behavior near (¢, ) = (1, 1), where the gradient of the exact solution has a
big magnitude |0, u(1, 1)|r; 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, 32, 33, 34, 44].

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 4 = 4(t, x). In the case that we take y = lgq, in particular, there is no
constraint on the support of the control, we can derive a better estimate comparing
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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 = lg might hold also in the general case.

Throughout the paper, we consider controls given in the form Zf\il ni () XES s, (2).
Usually, the controls at our disposal depend on each specific application; of course we
can always consider another family of controls ¥ = {4; | i € Ny}, perform the sim-
ulations for controls like Ei\il ki(t);(x), and perhaps also derive the corresponding
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 of finding an estimate for M, through a condition like (3.8) (prefer-
able 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 the nonviscous Burgers equation (i.e., to
the case in which 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 +oo as v goes
to 0.)

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

The value v = {5 that 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 also take a finer mesh in order to guarantee that the stabilization observed for
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 the evaluations u(t, ih), i € {1,2, ..., N, — 1}
of the continuous solution at the spatial mesh points will also go to (t, ih) as time
increases. Recall that if |u(t) — a(t)| g goes to 0 as ¢ increases, then |u(t) — 4(t)|y also
does (provided that @ € {v € W | sup, ¢ |0:U[L2((r, r+1), L2(0, r)) < +00}, due to the
smoothing property of the system (3.1); see [7, Lemma 2.1]). However, the fact that
lu(t, ih) — a(t, ih)|r 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 #jg(u)

(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 %. 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 as developed as for stabilization to a stationary state (cf. [2, 4, 5, 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, w41 = 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
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concerning trajectory tracking) and in [21] (in particular, see section 7.1 concerning
linear feedback control of Navier—Stokes flows).
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