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Abstract
Instantaneous control is applied to the control of the instationary Navier-Stokes system.
This control technique is closely related to receding horizon control and allows for an inter-
pretation as suboptimal closed loop controller, whose parameters may be adjusted so as to
stabilize the nonlinear equation under consideration. Besides stability analysis for the dis-
tributed control case numerical examples for the continuous and discrete-in-time control laws
are presented.
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1 Introduction

This research is devoted to the study of instantaneous control applied to the instationary Navier-
Stokes system. It thereby builds upon, and extends results of [14] for the Burgers equation, where
also a comprehensive discussion of the method can be found.

In primal variables the Navier-Stokes system can be written in the form

ye —vAy+ (yV)y + Vp = Bu in Q,
—divy =0 in @,

(D) y=0 on (0,T) x99,
y(0)=¢ in Q.

Here v := 1/Re denotes the viscosity parameter, with Re denoting the Reynolds number. Fur-
thermore, @ = (0,7) x Q with Q C R? denoting an open bounded domain, and 7 > 0 the time
horizon. The control target is to match the given desired state z in the L?(Q)-sense by adjusting
the body force Bu in an appropriate manner. Above, B denotes an abstract control extension
operator which maps controls of an abstract Hilbert space U to admissible right-hand sides of
the Navier-Stokes system (D). In this context the method of instantaneous control serves a dual
purpose — to construct a closed loop feedback control law which steers the system state y to z for
t tending to oo, and to compute open loop control policies which (hopefully) approximate optimal
open loop control strategies, i.e solutions of

P) min J(y,u) = %Of
s.t. (D).

T
J ly — z|? dxdt + %Of lul?, dt

Optimal control problems for the Navier-Stokes system of the form of (P) are mathematically and
numerically well understood [1, 2, 9, 13]. For (P) Instantaneous control may be regarded as a
suboptimal control approach which provides control policies on the time horizon (0,7"). However,
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as is shown in [14], instantaneous control may be regarded as as nonlinear feedback control policy
and it is the the main aim of this work to extend the stability analysis presented there to the
Navier-Stokes system.

Instantaneous control works as follows. The uncontrolled Navier-Stokes equations are dis-
cretized with respect to time. Then, at selected time slices an instantaneous version of the cost
functional is approximately minimized w.r.t. a stationary quasi-Navier-Stokes system, whose struc-
ture depends on the chosen time-discretization method. The control obtained is used to steer the
system to the next time slice, where the procedure is repeated.

Instantaneous control therefore is closely related to receding horizon control (rhc) or model
predictive control (mpc) with finite time horizon [7, 21, 22]. It was applied to control the Burgers
equation with stochastic forcing in [5] and also successfully to compute suboptimal controls for a
great variety of fluid mechanical control problems [3, 4, 10, 12, 19, 20], and in the recent past also
as real-time control approach to the cooling of steel [25]. Linear body force feedback control for
the Navier-Stokes system is investigated in [8, 17, 18].

As far as the author knows there are only few stability investigations for the application of the
method to the control of infinite-dimensional systems [14, 16].

In the present work the results obtained in [14] are extended to the instationary Navier-Stokes
system in two spatial dimensions. While for the continuous control policies developed in [14] similar
stability properties can be proved as in the case of the Burgers equation, for the discrete controllers
developed there only conditional stability can be shown for the Navier-Stokes system (Theorems
6,7). This motivates the construction of a slightly modified control policy, for which unconditional
stability is proved in Theorem 8. The main results of the present work can be summarized as
follows.

Main results:

1. Given a sufficiently smooth desired state z, instantaneous control of the instationary Navier-
Stokes system can be regarded as time discretization of a closed loop feedback policy K which
steers the system exponentially fast to z, i.e. with S denoting the Stokes operator and b(y) the
nonlinearity of the Navier-Stokes equations

yt +vSy +b(y) = K(y),

the solution of this system satisfying |y(t) — z(¢)| g1 < ¢ exp(—~t) with some positive constants ¢
and v (Theorems 4,5).

2. Instantaneous control may be regarded as a discrete-in-time feedback policy which steers the
dynamical system exponentially fast to the desired state z, provided that either z(0) is sufficiently
close to the initial value ¢, or that the viscosity parameter v is sufficiently large (Theorems 6,7).
3. Instantaneous control gives rise to a discrete-in-time feedback policy which steers the dynamical
system exponentially fast to the desired state z (Theorem 8).

The paper is organized as follows. In Section 2 an appropriate functional analytic framework is
introduced and preliminary results are collected. In Section 3 the derivation of the instantaneous
control approach, the formulation of the algorithm and its interpretation as nonlinear continuous
and discrete-in-time feedback control policy is sketched. The results in this part of the work are
similar to those in [14] and are stated for the convenience of the reader. In Section 4 both expo-
nential stability of the continuous and conditonal exponential stability of the discrete controllers
are shown. To obtain these results in consequence of the nonlinearity in the Navier-Stokes system
a more subtle analysis is necessary than for the Burgers equation in [14]. Moreover, a slightly
modified discrete controller is proposed for which unconditional exponential stability is proved.
Finally, in Section 5 numerical examples are presented, which illustrate the theoretical results, and
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also compare the feedback policy on a time horizon [0, T] to the corresponding optimal open-loop
control strategy for (P).

Throughout this work ¢ and C' denote global generic constants whose dependencies are men-
tioned when necessary.

2 Preliminaries

Set V = {v € H{(Q)?, dive = 0}, H = closp2gp{v € C5°(Q)?, divv = 0} and identify the
Hilbert space H with its dual H’. On H the common inner product is used, and V is endowed
with the inner product

(0, )y = (Vo, V) for p,4p € V.

Moreover, with Z denoting a Hilbert space, LP(Z) (1 < p < o0) denotes the space of measurable
abstract functions ¢ : (0,T) — Z, which are p-integrable (1 < p < 00), or essentially bounded on
(0,T) (p = o), respectively.

As control space L?(U) is taken, where U denotes the Hilbert space of abstract controls. The
space U also is identified with its dual. Furthermore,

(1) B:U—V

denotes the control extension operator which is assumed to be bounded. In order to formulate
the weak form of the instationary Navier-Stokes equations let W := W (V) = {p € L?(V) : ¢; €
L?(V")} supplied with the common inner product. Further, introduce

b(u, v, w) = /(u-V)vwd:z:.

Q
Then from [24],
bl Yuvwev
©  swow < 4 HHTR Al Vue Vo eV Q2w e n
B [ul g |vly |w] F | Aw| F Vue HyveV,weVnH*Q)?
1 1
lul g |Aulfy |v]v|wla Yue VNH?(Q)%veV,weH,

with a positive constant C', which for the uppermost estimate can be chosen as C' = /2 [23,
Chap.II1,(3.55)]. Moreover, for y € L?(V) the function b(y) defined by

3) <b(y)7v>vuv = —b(y,y,v) forallveV

is an element of V' for almost all t € (0,7) and b(y) € L'(V). Now let P : L?*(Q)? — H denote
the Leray projector [6, Remark 1.10]. Then, the Stokes operator S is given by

S:D(S)Cc H— H, S:=-PA, D(S)=H*(Q)?*NV.

Further define
A = vS

and denote by B the solution operator of

(4) v+hAdv=fin V',
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where f € V' is given. The operator B is linear, bounded and self-adjoint and there holds B~! =
I+ hA.
In this setting the Navier-Stokes system (D) may be rewritten as Burgers equation in the space
v,
Yyt + Ay = b(y) + Bu,

y(0) = ¢,

where the nonlinearity b(y) is defined in (3). The derivation and also the interpretation of instan-
taneous control for the Navier-Stokes system in the following therefore is abutted to the exposition
in [14].

Let X =W x L?*(U) and Y = L*(V') x H. Introducing the operator e : X — Y by

e(y,u) = (er(y,u), e2(y,u)) = (yr — vAy — b(y) — Bu,y(0) — ¢)

the Navier-Stokes system (D) can be expressed in the form e(y,u) = 0 in Y, and the optimal
control problem (P) can be regarded as minimization problem with equality constraints:

minimize J(y,u) s.t. e(y,u)=0.

Among other things, it is shown in [13] that this problem admits a solution (y*,u*) € X, and that
both J and e are infinitely continuously Fréchet-differentiable.
Young’s inequality

1
(5) ab§5a2+4—6b2 Ya,b>0,6 >0,
and the following Lemmata are frequently used in the proofs of the main theorems.
Lemma 1. For y € V let w := By. Then w € VN H3(Q)? and Sw € V. Moreover,
(6) lwlf; > |yl — 2vhlyly.

Further, let z := B((yV)y) = Bb(y). Then z € V and

1
7 2 - 2 1412,
(7) 2|7 < —2Vh|y|H|y|V

Proof. By the definition of the operator B the regularity claim for w follows from [23, Chap. I,
Prop. 2.3]. Thus, Sw € H*(Q)? [6, Remark 1.10] and, since y € V, Sw € V. Therefore, Sw can
be utilized as test function in the equation

w + hAw = y.
This gives
lw| 4+ vh|Sw|y; = /Vwadx = |wl} +2vh|Sw|} < |y}
Q

Furthermore, using y as test function the latter estimate leads to

1 1 1 1
lylh = / yw + vhVyVwde < Slylf + Slwly + bvlylvivlv < Slylh + 5leli + hvlyly,
Q

which gives the first claim.
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To prove the second claim take z as test function in the equation
z+ hAz = b(y).

This gives, using the first estimate of (2) and Young’ inequality (5) with § = vh,

1
|23 +vhlel} < b))l lzly < V2lylalylvizly < 57 Wl + vhlzly,

which completes the proof of the lemma. (I
Lemma 2. Let y € V, k := By and let 7 := Bx. Then

/ByBSydx = lyly — yh/ (Sk 4+ ST) Sydz

Q Q

and
1
(5) Seli 18wl < =l

Proof. The definition of x and 7 implies K € H3(Q2)2NV, 7 € H5(2)?2 N V. Moreover, Sk and
ST are elements of V. Integration by parts gives the first part of the claim. To obtain the second
claim, test the equation for x with Sk. This gives

11,12 2

2 2 3lyly + |kl5
kl|y + vh|Sk|y < rly <

| |V | |H > |y|v| |V > { %Iyl% %|H|‘2/,

where for the upper estimate Young’s inequality (5) with § = 1, and for the lower estimate with
0= %, was used. Since the same estimate holds with s replaced by 7 and y replaced by &, and
|k|v < |y|v by the lower estimate, the lemma is proved. O

3 Instantaneous control strategy

For m € N an equidistant discretization of the time interval (0,T) is defined by h = % and t, = kh,
k=0,1,...,m. Instantaneous versions of the cost functional J in (P) are given by

1 2«
JF .V xU - R, (y7u)»—>§ |y—zk|H+§ ul?,,

t+ 2
/ z(s,-)ds
tkfg

and z(t,-) = 0 for t > T. Finally, for £k = 1,...,m and ¢ = 1,2 introduce the operators e
V xU — V' by

where

©) =

SIS

k.

i -

et(y,u) = (I +hA)y — hb(y* ") —y*~' — Bu,

and for later purposes also
e5(y,u) = (I +hA)y — hb(y) —y"~"' — Bu,

where y*~1 denotes the state at the previous time slice.
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The instantaneous optimal control problem for the semi-implicit time integration is given by

(Pk) minimize J*(y, u) subject to e} (y,u) = 0in V’,
where 30 = ¢. The initial value ¢ now is required to be an element of the space V. For given y*~!
a pair (y*,u") satisfies the subsidiary condition e¥(y,u) = 0 in V" if and only if

(10) vh (y*, 0)y + W, 0) i = W1 0) g + (BuF + hb(y* 1), 0))viy Ve e V.

Since ¢ € V holds, the right-hand side in this linear equation defines a bounded linear functional
on V. Thus, for every u* € U Eq. (10) admits a unique solution y* € V which satisfies the a-priori
estimate

C ke _
1l < — (W + Rl P+ ) -

Since J* is quadratic and e} is linear, every problem (P*), k = 1,...,m, admits a unique solution
(y*,u¥) € V x U which in fact defines a minimum for (P*). Furthermore, the unique Lagrange
multiplier \¥ € V together with the solution (y*,u*) satisfies the first-order necessary optimality
conditions (note that A is selfadjoint)

(11a) (I+hAy = Bu+y" ' +nby* 1),
(11b) (I4+hAX = —(y—2"),
(11c) au—B*A = 0.

The optimal control problem (PF¥) is equivalent to the unconstrained minimization of the func-

tional R
TEw) = T (y(u),u)

over U, where for a control u € U the state y(u) € V is given as the unique solution to (10). The

gradient of JE at u is given by R
VJ*(u) = au — B*),

where for given u the function X is obtained by first solving the linear quasi-Stokes problem (11a)
for the state y, and then solving (11b) for A.

Remark 1. If one would use implicit time integration in problem (PF¥), i.e. in the subsidiary
condition the operator e is replaced by e}, the adjoint equation (11b) alters to

(12) (I +hAN =V (y)*\ = —(y — 2F).

Into this equation the state y enters in two different fashions; firstly as observation —(y — z*), and
secondly as coefficient in the nonlinearity b’(y)*. Since the gradient v.Jk (u) at a control u depends
on \ it in the present case depends on the observation y* — z*, and also on the whole state y*
in terms of the derivative of b. This structure retains also in the case of boundary observation,
where the observation enters as boundary condition into the adjoint equation, but the whole state
y* again as a coefficient function. As a consequence, computation of gradient information for Jk
in the present case can not be based on observations alone.

On the other hand the adjoint equation (11b) only depends on the observation y* — z*. There-
fore, gradient information for the functional J¥ is available utilizing the observations only. In the
particular case of boundary observation no information of the state in the whole computational
domain is needed at all.
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3.1 The algorithm

Instead of solving (P*) exactly the instantaneous control strategy only provides approximate so-
lutions to this problem through applying one step of the steepest descent method with stepsize
p > 0. The control obtained in this way is used to steer the system to the next time slice. With
the gradient of the functional J¥ available this procedure in algorithmical form can be formulated
as follows.

Algorithm 1 (Instantaneous control).
1.) Set y° = ¢, k=0 and t° = 0.
2.) Given an initial control uf, solve
(I+hA)y = y*+hby*) + Bug,
(I+hA)N = —(y—2F).
3.) Set V.J(uk) = auk — B*\.
4.) Given p > 0, set ub 1 = ub — pV.J(uf).

5.) Solve
(I +hA)y* = y* + hb(y") + BuF .

6.) Set tyy1 =t +h, k=k+ 1. If ty, < T goto 2.

Here, J = J*. The choice of the stepsize p in step 4.) of the algorithm is crucial. Since (P*¥)
is quadratic with linear constraints, the optimal choice p* can be computed exactly and in the
present situation is given by

) - ny s oty i1
(13) p == 2 2 - 2 2 =
ly(d) + o |dly, ly( )| + o ldly, — @
where d = —V.J (u). The computation of p* requires only the computation of the auxiliary function
y(d).

It is shown in [11, 14] that Algorithm 1 allows the interpretation as a non-linear discrete-in-
time suboptimal closed loop control method, which turns out to be the stable time discretization
of some continuous closed loop controller. For the convenience of the reader these results for the
Navier-Stokes system are summarized in the following subsection. To simplify the exposition from
now onwards U = V' and thus, B = I is assumed. This choice is justified by the fact that in
many applications of distributed control applied to systems governed by parabolic equations, the
operator B defined in (1) plays the role of an extension operator.

3.2 Feedback control laws

It is shown in [11, Theorem 5.4.1], [14, Theorem 3] that Algorithm 1 allows the following interpre-
tation.

Theorem 3.

i. For uf = 0 Algorithm 1 is equivalent to the semi-implicit time discretization with discretiza-
tion step size h

(14) (I +hA)y" =y + hb(y*) — pBB(y* — 2¥) — hpBB(b(y*) — AZF), 4" = ¢,
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of the dynamical system

(15) y+ Ay —bly) =K(y) inL*(V')and y(0) =9,
where
(16) K(y) = ~2BB(y - 2) ~ pBB(b(y) — A2).
ii. Choosing the initial control & in Algorithm 1 as solution of
1
(I 7 —ppaBB) ul = T (zk"'l — 28 A2 b(2%) + pBB(b(2F) — Azk))

the algorithm is equivalent to
(17) (I +hA)w' ™ =w’ +h (b(y’) — b(z7)) — pBBw’
— phBB (b(y?) — b(z7)), w” = ¢ — 2(0),

where w := y — z. The related continuous system is given by

(18) ye+ Ay —b(y) = K(y) in L*(V') and  y(0) = ¢,
where
(19) K(y) = —2BB(y - 2) = pBB(by) — b(=) + 2 + Az — b(z).

It is now clear that the nonlinear operators K defined in (16) and (19), respectively can be
interpreted as non-linear closed-loop control policies for the Navier-Stokes equations. In this con-
text it is important to note that the discretization step-size h and the descent parameter p in the
gradient step of Algorithm 1 in the continuous case may now be regarded as parameters defining
the controller.

The discrete counterpart to (19) will frequently be used in the sequel. It is given by

JH i

(200 KP(y) = -SBB(y - 27) - pBB(b(y) — b(=') + —

h
Unless otherwise stipulated, from now onwards

Assumption 3.1. 0 # ¢ € V and z € H>!(Q).

Note that this assumption on the desired state z in particular implies that z(0) is meaningful.
Moreover, z(0) € V.

+ A0 —p(2).

4 Existence, uniqueness and stability of solutions

In this section existence, uniqueness, stability and regularity of a solution to (18). The boundary
0f) is assumed to be as smooth as required by the existence and regularity results for the Stokes
and quasi-Stokes problems considered in the proofs of the Theorems below, see [23, Chap. I, Prop.
2.3]. It follows from the a-priori estimates to be derived that the stabilized system (18) admits a
unique solution. Moreover, the H and V norms of difference w = y — z decay exponentially with

rate —#. To achieve these results the range of p has to be adapted to the size of \z\%w(H). For

this purpose set dy = 2|¢ — 2(0)|%, and let the range of p be implicitly defined by

1/2

(21) 0 < p <p1:=min | po,
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Theorem 4. Let 0 < p < p; with p; from (21) and h > 0 be fixed. Further, let ¢ € H and z € W.
Then (18) for every T > 0 admits a unique solution y € W and the difference w = y — z satisfies

i <O lw) e B forallze 07,
|w|%2(\/) < C( 7|Z|W) and
|wt|L2 V/ SC( 7|Z|W) {1+h}

where C (v, |z|w) is a positive constant independent of p and h.

Proof. Existence of a solution can be proved using a Galerkin Ansatz in combination with the
estimates derived below, compare [11, 14]. Uniqueness also follows from these estimates. To prove
(22) use w as test function in the variational formulation of (18). This leads to

d
Sl + viwlt + 2| Bull =

/ (wV)w + (2V)w + (wV)z) wdz
Q

— p/ (B(wV)w + (2V)w + (wV)z)) Bwdz = (i) + - + (vi).
o)

Since (i) = (i4) = 0, it remains to estimate the terms (¢i7), (iv), (v) and (vi) in order to derive a
differential inequality for y — z. To begin with, estimate, using Young’s inequality and (7),

v 2
(i) < 3} + =l lwli,

: p p p
() < phlB(VY0)E + L1Buly < Ziwllufl + L Bul},

(v) + @) < ph{|B((wV)2)[} + |B<<zv>w>\i1} + L |Bulj

P
< 2 iBully + L (lufp el + bl
and apply estimate (6). This leads to
1d, o 1 P P2 d+p
saptoli + (v (5-0) = 2 (ol + ofhim) ) ll? + Zolulhy < 51wl
Since p satisfies (21), v (3 — p) — (exp (4_J;E|Z|%2(v)) di + |Z|2L°°(H)) > 0. For p in this range

standard arguments yield
) il Z_p) £
@) gl (v(5-0) - o (o (

Since the right-hand-side in (23) is integrable a further Gronwall argument gives the desired result.
Note that the estimate for w; is a direct consequence of the second and third estimate in (22). O

p p
|z|iz<v>) di + |z|ix<H>)) ol + L,

4+p
< LRl
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A similar result holds for the decay w.r.t. the V-norm of w. Let now the range of p implicitly
defined by the relation

1 V2

2912 4+ 3exp (4+p|z 12 V)) dg + 3|z|%oc(H)

(24) 0 < p < po:=min | pg,=

Theorem 5. Let p satisfy (24) and let y be the unique solution of (18). Then y € H?!(Q) and
w = y — z satisfies

P
|w|3, <C (v |2lmeag) e —it for all ¢ € [0, T,

|w|%oo(\/)
v, |Z|H211(Q) and

o )
C (v lzlu21(0)
|w|2L2(H2(Q)2ﬂV) < C( )
|wt|2L2(H) C( |2 |H“(Q)) {1+ h}
where C (V, |z|H2,1(Q)) is a positive constant independent of p and h.

Proof. Use Sw as test function in (18). This leads to

1d
33 ol +v1sull+ [ (9= (:9)2) Swde =
)
- %/ BwBSwdx — p/ B(yV)y — (¢V)z)BSw dz.
) )
Relation (24) implies 1 — p — (exp (4—‘:3|z|QLQ(V)) dy + |z|%w(H)) > 1. Restricting p to this

range, similar to the derivation of (23) after several applications of (2), (8), Lemma 2, and Young’s
inequality one ends up with

1d, 3p 44 p
@) goglolt + Sisul + 2 (1= 22 (e (LLpbaryy ) i + bl ) )

< Gy {lwlflwly + |2lulSzlu + |25 + 2]y} w5

Since the right-hand-side in (25) is integrable a Gronwall argument gives the desired result. U

4.1 Stability of discrete controllers

Here, firstly the stability properties of the instantaneous control procedure (17) are investigated.
As will be shown stability for a certain parameter range of h and p can only be ensured by requiring
additionally either largeness of the viscosity parameter v or smallness of ¢ — 2(0). As is shown
in [14] these restrictions do not apply when the procedure is applied to the instationary Burgers
equation. Secondly, a slightly modified version of the controller (20) is applied to the fully implicit
Euler-discretization of the Navier-Stokes system. It turns out that the resulting discrete-in-time
system for w = y — z is unconditional stable. Note, that fully implicit discretization of the state is
a realistic situation, since the discrete controller is applied to stabilize a physical system which is
described by the Navier-Stokes equations. Therfore, the choice of the discretization procedure for
the uncontrolled state need not be linked to the discrete controller.
Throughout this section it is assumed that



4 EXISTENCE, UNIQUENESS AND STABILITY OF SOLUTIONS 11

Assumption 4.1. In addition to Assumption 3.1 let z € C([0, T]; H2>°(Q)2 N V).
In a preparatory step an inequality relating the H-norms of w = y/+! — 29+! and v = 7 — 27
is derived, and z := 27, j € N. To begin with test (17) with w. This gives
1 1 1
(26)  Shwlly — ol + hw — vl + vhlufy =
h/ (vV)v + (27 V) + (vV)27 ) w dx — p/ BvBwdx
Q Q

- ph/ B((vV)v + (7 V)v + (vV)z?) Budz = (i) + - - - + (vii).
!

Estimation, using (2),
1
B((wV)o)lfr < 5=lol ol

from Lemma 1, and Young’s inequality, yields

i) < gl + 2Rk,

2
h
Vhilg|2, 4 Bl 2,

@

~.
=
IN

2 h
Blwf, + Bl

~ o~ o~ o~
. A
S0
N
=
IN

W) = —pf|Bulds —pf Bo—w)Bu < 8- 1)Bufy + - wl,
Q Q
0= o[ BV Buds < K Wil + (-0 |Bulh,
and finally
(vi) + (vii) = —ph/ B ((vV)z? + (2’ V)v) Bwdx

Q

3ph?|z]7 3ph|z[3 s p(1=p)
, 00 o) B 2 )
{ 17p + 4(1*p)l/ |U|H+ 6 | w|H

Now introduce

1 p h
h)y = —+=(1-p) — =
calp,h) == 5+ 7(1-p) = 5,
and
< L (2 3hp 2B 2k | 30h%R | Bph|ef?
C] h = = 2 ;00 o0 , 00 0 .
2(p b 2) 2+[V+2V(1p)]|U|V+l 2 * v * 1—p +(1—p)41/

=:é2(h,p,z)
With this notation the estimates above and Lemma 1 together with (26) give
2 j 2 vh 2 2
(27) calp, ) Jwly = calph2) olg + — (A =p+p7)fuly < 0.

Theorem 6. (Conditional H-norm stability of instantaneous control)
Let w? := g7 — 27, where 3/ denotes the iterates obtained by (17).

. 412 j 02
Ve 0,1)3n* (), 0<rn<1¥jeN: W < &y,
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provided 0 < h < h*(p) and

4—/) |w02
2(1=p)(1—p+p?)

crit =

is sufficiently small.

Proof. Fix p € (0,1), define
N 1 L
éo(p,h,z) = 5 + crit + éa(p, h, 2)

and argue by induction as follows.

1. Set j =0, choose hgo = ho(p) and crit so small that for all 0 < h < hg

(8) é2(p.h,2) < 1and B(p,h,2) < L,

(b 70205/(’;)";5) — k1 <1 and
0
2 (p7 ha Z) —

© o —re<]

12

holds. This is possible, since the for p € (0,1) the term g(l — p) in the definition of ¢1(p, h)

is positive. Define k := max(x1, £2). Then (27) implies

w7 < Klw®f

and 9 9
w'[} < m| VG = (0 —p+ )
2. Now assume that for j € N
(a) |w[f < w7[u’|% and
) [l < Sy w0

holds true.

3. Then conclude from (27)

' 3h, ; -
a(p,h,z) =35+ [% + —P—Ml_p)} (w3 + a(p, h, 2)
3h - ~
= % + {% + 2V(1fp)} uh(1—2p+p2) K 1|w0|%{ + é2(p, h, 2)
< 5 +crit+ é(p, b, 2) = é2(p, h, 2).

Thus, a further application of (27) implies

|wj+1|2 < cé(pvhaz)|wj|2 < 62(p7haz)
= oaleh) U T alph) -
and
2 2

W < Hph2)w'ff <

w'lf < w7

vh(1 —p+p?) ~ vh(1—p+p?)
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which completes the proof of Theorem 6. (]
The last estimate of the previous proof also yields stability with respect to the V norm.

Theorem 7. (Conditional V-norm stability of instantaneous control)

* ; * 1 J e — PP
Ype0)In(p), 0<n<1VjeN, 0<h<h i Wl s Sram st utla,
provided
4 —
erit = p |w® %

(1 =p)(1—p+p?)

is sufficiently small.

Remark 2. The smallness of crit in Theorems 6 and 7 is a condition either on the smallness of
the initial difference between state and desired state or on the smallness on the Reynolds number
of the fluid. It has to be required since there are no better estimates available for the term (7) in
(26). The term (v) in (26) could be estimated in a slightly different way to obtain a p? in front of
|v]3,, see the proof of the next Theorem, and therefore could be reduced by decreasing p. However,
for (7) in (26) there is no further knob to fix its size. For the Burgers equation the situation is
much more comfortable at this stage. Due to the continuous embedding H' < L° and the well
known L2-H! interpolation estimate for L functions in one spatial dimension one has

h
h/ vw'wdr < %|w|‘2/ + P2 w3, 4+ iR
)

1
m|w|‘2/|w|%, for all a € (0,1).

Following the lines of the proof of Theorem 6 one can now conclude that the smallness requirement
on crit may be dropped provided p is sufficiently small, since the power of h in the last addend on
the right-hand-side of this estimate is larger than one. For more details see [14].

Finally, a discrete-in-time control policy for the Navier-Stokes system is considered which is
unconditional stable. Let

(8)  KP() = ~LBBy— )~ pBB() — b)) + T4 A (),
and consider the following discretization of (18);

v -y +1 j+1 D, j ; 0
(29) T+ij 7b(y] ) =K (y])v J :0717"' and Yy :(b

There holds

Theorem 8. (H- and V-norm stability of (28))
Let w? := y7 — 27. There exists some p* € (0,1) such that for every 0 < p < p* there exists a

h*(p) > 0 and a positive x < 1 such that for all j € N

IN

wl|? kI |wl|?,  and
[ |3 H

IN

|w |3, mﬁjﬂ [w®|%,

provided 0 < h < h*(p).
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Proof. During the proof again let v =y — 27, w = /Tt — 2771 and test (29) with w. This leads
to

1 1 1
(30) 3l — Slol + 5lw— vl + hoful} =

h/ (wV)w + (2 V)w + (wV)z? ) w dz — p/ BvBw dzx
Q Q
- ph/ B ((vV)v+ (2/V)v + (vV)2?) Budz = (i)' + (i) + (i)' + (iv) + (v)' + (vi) + (vid),
Q

where (iv), (vi) and (vii) are defined in (26). There holds (¢)" = (4¢)" = 0 and (i%¢)" can be estimated

as

vh h
i) < Slluld + Z12f ful

Utilizing the estimate |BBwl|y < |w|y one obtains

vh 3p%h
() < Sl + S=lol ol

The remaining addenda can be estimated as above. Now introduce

1 p 2h h
el hz) = 5420 p) = e, o

w

and
3 2

; 1 3ph 3ph?|z13 o 3ph|z|A
a(p,h,z) = 5t 7|U|%/ +

1—p 4(1 — p)v

—ia(hup,2)

With this notation and the estimates above one concludes from (30)

; vh 2 2
(31) Cﬂmhwﬂw@>—Cﬂmhwﬂﬂi*-§%1—§p+§fﬂw@ < 0.

Now define
302

v2(1=3p+30%)

R 1 -
éa(pyh,z) = 3 + |w® % + Ea(p, h, 2)

and proceed as follows.
1. Choose p* € (0,1) such that

3p
v2(1—3p+30%)

—_

(32) WO} < <(1—p) forall pe (0,p].

6

2. Fix p € (0, p*] and choose h* = h*(p) > 0 such that

(a) EQ(hapaz) < i
2
(b) 25w’ < §
(c) 2+ %|z|ix(v) + Ea(h, p,2) < £(1 —p)
S(p,h,z
(d) 2228 < gy <
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holds for all h in the interval (0, h*]. Let h € (0, h*].
3. Now conclude from (32) and p € (0,1) that

2

3p 02 P 1
w < =(1- < —,
which together with (c) implies that
. Ea(p, h, 2)
Jhoz) <1 d —/————= < < 1.
Glohz) <1 ad SER <P

Furthermore, (a) and (b) give ¢3(p, h, 2) < 1, so that with (31)

2
vh(l = 3p+3p%)

2¢5(p, h, 2)
'}, < 2o 'l <
vh(1 = 5p+ 50?)

KO JwP|?.

4. Now assume that for j € N

a) |wil?, < kIw®|?, and
(a) w3 H

b) lwil2 < 2 i =102
) 1w < oy o el

holds true, where k :=max(r1, k2) < 1.

5. Then conclude from (b)

C;(p, h, Z) = % + 3]21—£|w]|\2/ + 52(p, h, Z)

14 3hp? 2
2 2v vh(1—32p+2p?)

< 62(p, h,Z)

IN

kI wl|3; + é2(p, h, 2)

Thus, utilizing (31) one more time gives

- oh2), o _ ealphz) -
ijrl 2 < C\p, 1, w’ 2 < [ e) w’ 2 < Kj+1 wO 2
| |H = cl(p,h,z)| |H = cl(p,h,z)| |H = | |H
and
W < Al < e [,
vh(l = 5p + 3p%) vh(l—3p+ 3p
which completes the proof of Theorem 8. (]

Remark 3. 1. In the discrete scheme (29) all local quantities are discretized implicitly, non-local
quantities explicitely.

2. The proof of Theorem 8 is constructive. Estimates of p* and h*(p) therefore can be deduced
from (32) and 2. (a)-(d), respectively.

3. Note further, that the conditions on p in (21), (24) are satisfied for the stepsize of (13), provided
the parameter « is chosen sufficiently large.
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5 Numerical validation

Here the results obtained in the previous sections are numerically validated. In order to value the
performance of the feedback operators (19) and (20) the numerical example is taken from [16].
As is demonstrated below the instantaneous controller presented here steers the H-norm and the
V-norm of the difference y — z to zero with exponential decay. This seems to be a more stable
performance than that reported by Hou and Yan in [16] for their (1,1)-receding horizon controller
(i.e. control horizon length coincides with time step size). The instantaneous controls are compared
to the optimal control and it turns out that instantaneous controls give a much better reduction
of the control gain, but at significant higher overall costs.

The control problem considered here is of tracking type and is given by (P) with cost functional

1
J(y,u) = 5/ |y—z|2dmdt+%/ |u|? dxdt
Q Q

and control space U := L*(Q)?, with B denoting the injection from U into V’. The initial value of
the uncontrolled flow is chosen as

y(z,0) = 6[

(cos2may — 1) sin 2wy
—(cos2mxe — 1) sin 27y

with e denoting the Euler number, and the desired state is time dependent and given by

_ (Pm(tvxlax2)
2t w) = { — @, (tx1,22) |’

where ¢ is defined through the stream function
o(t, 1, x2) = 0(t, 21)0(t, 72)

with
0(t,y) = (1 —y)*(1 — cos 2kmt), y € [0,1].

For the results presented @ = 1.e — 2, k = 1 and the time interval is chosen as [0,2], i.e. T = 2.
For the discretization in time an equidistant grid with width dt = 0.01 is used, for the spatial
discretization the Taylor-Hood finite element [15] is used on a grid containing 1024 triangles with
2113 velocity and 545 pressure nodes. The number of unknowns in the discretized control problem
therefore has the magnitude 1.65x 109, including the primal, adjoint and control variables.

In Fig. 1 the desired flow at T' = 2 is shown. It forms four cells with opposite flow directions
near the cell boarders.

In Fig. 2 the evolution of the optimally controlled flow computed with Newton’s method (see
[11, 13] for computational details) and the instantaneously controlled flow is illustrated at selected
time instances. The costs are compared in Fig. 3. For the instantaneous control strategy they
become larger with increasing time. This is due to the increasing dynamics of the desired state. As
is expected the optimal control strategy equi-distributes the costs over the time horizon, whereas
instantaneous control at every time instance intends to match the desired state. This is also
illustrated by the evolution in Fig. 2.

For v = 1/Re = 1/10 and v = l.e — 2 the numerical computation of the optimal control
takes about 45 minutes cpu-time on a DEC-ALPHAT station 500. The instantaneous feedback
controller takes about 2 minutes to compute a control function on the time horizon [0, 2].

In Fig. 4 the evolution of the L2-cost for the instantaneous control law is shown for p = 0.1
and different values of h. In Fig. 5 h = 0.1 is fix and the evolution of the control gain in the L2-
and the H'-norm for different values of p are shown. Exponential decay is observed and thus, the
theoretical results of Theorems 4, 5, 6 and 7 are confirmed.
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Figure 1: Desired flow at T' = 2
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