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A reduced-order model based on Proper Orthogonal Decomposition (POD) is presented
which is suitable for active control in fluid dynamical systems. The POD basis is based on
snapshots (Finite Element discretizations of the Navier-Stokes equations) of the uncontrolled
state and impulse response snapshots. Error estimates for this setting are proved. The reduced
set of basis functions is used for active control of fluid flows governed by the Navier-Stokes
equations. In particular, we consider the cancellation of Tollmien-Schlichting waves in the
boundary layer of a flat plate. The control is a body force induced by a plasma actuator. The
optimization of the control parameters is performed within the reduced system with a Model
Predictive Control (MPC) approach. The effectiveness of the approach is shown in numerical
experiments.
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1. Introduction

Control methods of fluid dynamical systems have received an increasing amount
of attention in the last years. In particular for real-time applications, instead of
solving a high-dimensional system, a low-order model description is used to per-
form the optimization. The design of the reduced-order controller depends on the
construction of a reduced order description of the flow model and the optimization
of the control parameters is performed within the reduced system.

Currently, a widely used and successful model reduction technique is Proper
Orthogonal Decomposition (POD). It has served in many cases as a promising
model reduction tool for simulation purposes, see e.g. [1, 12, 17, 21, 35].

The required POD basis is based on snapshots, which are solutions of Finite
Element discretizations of the Navier-Stokes equations. The quality of the approach
highly depends on the chosen snapshot set. The POD may be sufficient to reproduce
the dynamics of the flow for a fixed system, but may suffer when the system is
under the action of a control. There is no guarantee that the reduced order control
problem will converge to the optimal control of the original (large) system.
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The POD method has been applied to flow control, e.g. in [1, 2, 28, 29, 32].
There are techniques introduced to enlarge the computational database in order
to accurately capture the system behavior for various control trajectories during
optimization. In most of these techniques an adaptive procedure is used to gen-
erate new snapshots, which is costly. We propose a combined snapshot ensemble
of the uncontrolled state and impulse response snapshots, which can be generated
beforehand and is applicable to optimal control problems. Thus, the problem of
unmodelled dynamics in the POD approach can be avoided.

Based on POD approximations in space with this special snapshot ensemble and a
semi-implicit Euler discretization in time, we extend the techniques used in [22, 23]
to obtain an a-priori error estimate. Due to the choice of the snapshot ensemble we
can quantify the approximation properties of POD based schemes under control.

The presented paper explores the possibility of developing POD-based reduced-
order models for active control of fluid flows governed by the Navier-Stokes equa-
tions. In particular, we consider the cancellation of Tollmien-Schlichting waves in
the boundary layer of a flat plate. Plasma actuators are considered for flow control.
These actuators induce a body force, that leads to a fluid acceleration, such that
the velocity profile is changed next to the surface. By optimal control of the plasma
actuator parameters it is possible to reduce or even cancel the Tollmien-Schlichting
waves, see e.g. [13, 20].

We perform the optimization of the control parameters within the reduced system
with a Model Predictive Control (MPC) approach. The efficiency of the reduced-
order controller is demonstrated for the damping of Tollmien-Schlichting waves by
plasma actuators.

The structure of the paper is as follows. In section 2 the optimal control problem
is introduced and the underlying analysis is given in section 3. The Finite Element
method is reviewed in section 4. In section 5 we present POD and its properties.
We apply POD to the optimal control problem to derive a reduced-order optimal
control problem. Additionally, we discuss approaches to adapt the POD reduced-
order model to control and we introduce our approach to choose the snapshot
ensemble, so that we can finally develop an error estimate in section 6. We review
the MPC approach in section 7 and describe our numerical procedure to solve
the optimal control problem. In section 8 we present computational results for the
optimal control problem and we conclude the paper with section 9.

2. The optimal control problem

In this section we describe the optimal control problem of the cancellation of
Tollmien-Schlichting waves by plasma actuators which serves as a model prob-
lem. The results presented in this paper are applicable to more general control
problems.

2.1. Configuration

We consider a specific simulation configuration which was set up to closely re-
semble an actual experimental configuration employed in several experimental and
numerical studies targeting active flow control, e.g. [11, 13|, which also includes
the cancellation of Tollmien-Schlichting waves. A schematic of the configuration is
given in (Figure 1). A planar solid body, a plate, is installed parallel to the flow in
the wind tunnel.

The Tollmien-Schlichting waves are seeded into the boundary layer by a plasma
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Figure 1. Schematic of the configuration.

actuator operated in pulsed mode, which will result in continuous, mono-frequency
waves. This establishes a controlled transition, which is necessary for the experi-
ments as well as for the numerical simulations.

The body force induced by a second plasma actuator is used to manipulate the
transition process in the boundary layer. The actuator accelerates the fluid in the
lower parts of the boundary layer close to the surface, which leads to a modified
boundary-layer profile.

A plasma actuator consists of two electrodes separated by an insulating layer.
An AC voltage is applied to the electrodes. As a result an electric field is generated
and the air above the actuator is ionized, i.e. the neutral air molecules are broken
down into their loaded components: electrons and positive ions. This gaseous state,
where free charge carriers are present, is known as plasma. The charged particles are
accelerated and a body force is generated above the actuator. For a better insight
into the physical background and the working principle of a plasma actuator, see
[20].

The result of the excitation and attenuation is recorded 50 mm downstream
of the actuator, where a sensor measures the flow velocity above the plate. This
position was chosen to allow enough time for a complete interaction of the control
force with the Tollmien-Schlichting waves.

2.2. Control Problem

In this section we will describe the flow system in detail. We consider a two-
dimensional viscous incompressible flow in the domain depicted in (Figure 2).

0.0156

in out

excitation  control
) ; sensor
domain Q, domain Q.

l—| l—| I;| domain Q

-0.2 0 0.225 0.345 0.395

Figure 2. Computational domain

The governing equations are the two-dimensional Navier-Stokes equations.
The flow in the bounded domain Q C R?, is characterized by the velocity field
y: Q x[0,T] — R? and by the pressure p : Q x [0,7] — R. The time-dependent
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Navier-Stokes equations are given by

y—VvAy+(y-V)y+Vp=f in Q x (0,7

. (1)
V-y=0 in Q x (0,7].
The viscosity of the fluid is given by a parameter v > 0, the kinetic viscosity.
The artificial excitation of the Tollmien-Schlichting waves is obtained by a plasma
actuator operated in pulsed mode. The frequency is fre = 110 Hz with a duty cycle
of DC' = 50 %. This results in a body force

. 1 1
falant) = fa(z) if mod(.t, 7e) S DC - 42
0 otherwise

with a given fixed body force f,(x) that describes a typical body force distribution
of a plasma actuator on ).

The control action is affected by the plasma actuator acting on €)., a small region
above the actuator. Let f.: [0, 7] x Q@ — R? be the body force acting on the fluid.
The force has the form

fe(usz,t) = u(t) - g(z), supp(g) = Q& (2)

with a time-dependent amplitude u : [0,7] — R and a location-dependent field g,
describing the spatial distribution of the body force on (2.
At t = 0 the initial condition

y(-,0) = o in (3)

is imposed, where yg :  — R? is a given velocity.

Next we describe the boundary conditions. At the inflow boundary I';, and the
boundary part I'p, referring to the top and the region right before the plate, we
prescribe the Dirichlet condition

y(‘, t) = UYp on I';, UTY. (4)
At the outflow boundary a do-nothing boundary condition

vOyy = pn on Lyyt (5)

is imposed. Here 1 denotes the unit normal to 02 in the outward direction.

At the wall of the flat plate I',, the no-slip condition (y = 0) is imposed.

The control objective consists in the cancellation of the Tollmien-Schlichting
waves.

Tollmien-Schlichting waves induce unsteady fluctuations in the flow velocity.
Therefore the velocity values in a fixed spatial point describe a wave over time.
The velocity can be measured by a sensor as described in the experimental setup.
The signal of the velocity sensor is used to analyze the downstream amplitude of
the Tollmien-Schlichting wave. The sensor signal y;(z,t) describes the velocity in
flow direction at time t at position zx.

As cost function J we choose the following function

Jr(y, ) :/OT (i /Q yl(x,t)dx>2dt+Z/OTm(t)\?dt. (6)
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The first part is a measure for the variation of the velocity in the sensor area Q.
The second summand weights the costs for the control.
Combining (1) and (3)-(6), we can state the optimal control problem

min  Jr(y,u)
subject to
Yo —vAYy + (y - V)y + Vp = fo + fe(u) in O x (0,7
V-y=0 in Q x (0,7 (7)
y(0) = o in €2
Y =1up on I';, UTy x (0,7
vOpu—pn =0 on Iy x (0,77.

3. Analysis of the optimal control problem

For simplicity, we consider for the analysis of the optimal control problem (7) only
the case of Dirichlet conditions, i.e., I'pyr = (). We assume that Q C R? is a bounded
domain with Lipschitz boundary and introduce the Hilbert spaces

V=l )p{p € C2(Q2)*: V- ¢ =0},

H = clpaayed € CX(Q% V-6 =0}, (u,0)gs = / Vu- Vo dx
Q

as well as
W) :={yecL*(L;V):y, € L*(I;V)}, I:=][0,T].

We obtain the Gelfand triple V < H = H' < V' with dense embeddings. It is well
known that the embedding W (I) — C(I; H) is continuous. We make the following
assumption:

(A1) © C R? is a bounded domain with Lipschitz boundary. Assume that the
Dirichlet data y, admits an extension ¥ € H'(Q2) with V-7 = 0, let yo €
7+ H, and let the actuator forces satisfy f, € L?(I;L?(Q2)), g € L*(),
u € L*(I).

This implies in particular that f.(u) € L*(I; L*(Q)).
We introduce the trilinear form

b: H'(Q)? x HY(Q)? x HY(Q)? = R,  b(v,w, ) := (v V)w,d)zry -

It is well known that b(v, w, ¢) = —b(v, ¢, w) for all v,w € H(Q), ¢ € HE(Q) with
V - v = 0. Moreover,

1/2 1/2 1/2 1/2
b(v,w, )] < 22 |ll 2ol lwllm 6 216l 5:  Vo,w, ¢ € HY(Q)? (8)

and using H(Q) — L*(Q) we have for all v, w, ¢ € H}(Q)?

_ _ 1/2 1/2 1/2 1/2
b + 0,7+ w, 0)| < 220l [0l w1015 6] 3

_ _ 1/2 1/2
+ ol (171 g + Nollmg + ol )61 6] -
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In the case 'y, = ) a weak solution y of the constraints in (7) is defined as follows.
Find y € y + W () such that for all ¢ € V, a.e. on [

(yt, O)v' v +0(y,y,8) + v(Vy, Vo) 12 () = (fa + fe(u), d) 12

0.9 = . Y
This defines with the spaces
Y :=W(I), U:=1L*I), Z:=L*L,V)xH
the operator
E:YxUw Z,
Ely—7.) = (yt +b(y,y,°) +y1/(iV01)/,_V;0L2 —fa- fc(u)> fory _7cY. (10)

We collect several properties of the operator E(y,u).

PROPOSITION 3.1 Let assumption (A1) hold. Then the following holds for the
Navier-Stokes operator E in (10).

1) E:Y x U w— Z is infinitely many times Fréchet differentiable.

2) For all (v,u) € Y x U the derivative E,(v,u) € L(Y,Z) has a bounded
muerse.

3) For all w € U the state equation E(v,u) = 0 has a unique solution v =
v(u) € Y and u € U — v(u) € Y is bounded as well as infinitely many
times Fréchet differentiable.

Proof For 1) and 3) see, e.g., [16, 18, 34] and for 2) [33] in the case y, = 0, i.e.,
7 = 0. The extension to the case 7 € H!, V-7 = 0 is straightforward by the above
estimate for b. ]

The objective functional (6) requires a more regular state space. The following
assumption ensures an appropriate setting.

(A2) © C R? is a bounded domain with C2-boundary or a convex polygon.
Assume that the Dirichlet data y, admits an extension y € H?(Q) with
V-5 =0, let yo € y+V, and let the actuator forces satisfy f, € L?(I; L*(Q)),
g€ L*(Q), u € L*(I).

Define the spaces
Yi={ve LA(LVNH(Q)?), v € LA H)}, Zi:=L*(L;H') x V.

Then the imbedding Y7 — C(I; V) is continuous and the trilinear form satisfies
(33, Lem. I11.3.8]

b(v,w,0) < exllvllmlwllf ol 6ln ¥ v,we HY(Q), ¢ € H.

Hence, we obtain for all v,w € Y7 and ¢ € L?(I; H)

1/2 1/2
(v, w, )|y < exllvll e vy w5 Il ot s |6 iy

< allolly; lwlivill@ll Lz
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and thus, we have b(v,w,-) € L?(I; H') as well as —Av € L?(I; H'). Hence, we can
define the operator

E:Yi xUw 74,

N vAy— fa . - 11
E(y—y,u)=(yﬁb(y’y’y)("o)_yyof f(“)) for y =7 € Y1. 1)

We have the following variant of Proposition 3.1.

THEOREM 3.2 Let assumption (A2) hold. Then the following holds for the Navier-
Stokes operator E in (11).

1) E:Yy x U w— Zy is infinitely many times Fréchet differentiable.

2) For all (v,u) € Y1 x U the derivative E,(v,u) € L(Y1,Z1) has a bounded
mverse.

3) For all w € U the state equation E(v,u) = 0 has a unique solution v =
v(u) € Y1 and u € U — v(u) € Y7 is bounded as well as infinitely many
times Fréchet differentiable.

Proof 1) follows easily from the definition of Y7, Z; and the fact that b: Y] x Y7 X
L*(I; H) — R is a continuous trilinear form. For 2) see, e.g., [16] in the case of C?
boundary. The case of a convex polygon can be obtained by the same proof using
the H? regularity of the Stokes operator, see e.g. [15].

ad 3): For y, = 0 the existence of a unique solution v(u) € Y is shown in [33] for
the case of C? boundary, see [15] for the case of a convex polygon. The modification
for the case § € H?(Q)?, V -y = 0 is straightforward. By 1) and 2) the implicit
function theorem can be applied and yields that u € U + v(u) € Y7 is infinitely
many times Fréchet differentiable. [ |

We obtain immediately the following result.

LEMMA 3.3 Let assumption (A2) hold. Then the reduced objective functional u €
U Jr(y(u),u) in (6), where y(u) =y + v(u) is the unique weak solution of (9),
is infinitely many times Fréchet differentiable.

Proof By the definition of Y; it is obvious that (v,u) € Y1 x U — Jr(y + v,u) is
infinitely many times Fréchet differentiable. Hence the result follows from Theorem
3.2, 3). [ ]

We show next that the optimal control problem (7) has an optimal solution.

LEMMA 3.4 Let T'pyy = 0 and assumption (A2) hold. If o > 0 in (6), then the
optimal control problem (7) has an optimal solution (y*,u*) € Y1 x U.

Proof Let (y*,u*) be a minimizing sequence with Jp(y*,u*) ~\, J%, where J% is
the infimum of (7). Then y* = y(u*) =7 + v(u*) € Y7 is the unique weak solution
of (9). Since @ > 0 and both terms of Jr are non-negative, we have alju”||?, <
Jr(y°,u®) < oo. Hence (u¥) is uniformly bounded in U and by the boundedness
of u € U + y(u) € Y7 the sequence (y*,u*) is uniformly bounded in the Hilbert
space Y1 x U. Hence, we have possibly after choosing a subsequence (yk,uk) —
(y*,u*) weakly in Y7 x U. Since (y,u) € Y1 x U — Jp(y,u) is continuous and
convex, it is sequentially weakly lower semicontinuous and therefore Jp(y*,u*) <
lim infy_yo00 Jr(y*,u¥) = J%. It remains to show that y* = y(u*). To this end we
have only to consider the nonlinear term b(y*,y*, #) in (9). Using the fact that
Y} = Y and that the embedding Y <+ L?(I; H) is compact, we deduce that
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y* — y* € L2(I; L?). Now we have for all w € L>®(I;V)

b(y*, v w) — b(y*, vt w) = by® — v,y w) + byt yF — v w)

=b(y" — y*,yF,w) — b(y*, w,y" —y*)

and hence by (8)

T
/O by (1), 5" (8), ) = b(y* (1), y* (£), w)| dt <

o ownl/2 k_,x1/2 k

< 22—y a9 = 7 G (B ey + W )l vy
%111/2

< const.|[y* —y HL{“(I;H) — 0.

Since L (I; V) is dense in L?(I; V'), this shows that y* is the unique weak solution
y(u*) of (9). [ |

4. Finite Element approximation

In order to apply nonlinear model predictive control techniques for the approximate
solution of (7), we will derive a reduced order model of the PDE constraint. It will
be based on a Finite Element approximation of (9). For simplicity we consider
again the case I'py; = () and assume that Q is a polyhedral domain.

Let T, = {K} be a regular triangulation of Q into closed triangles K, such that
each K € 7T}, contains a circle of radius k1h and is contained in a circle of radius
koh, where 0 < k1 < kg are independent of h. We approximate the velocity space
H&(Q)2 and the pressure space L? by the P, — P; Taylor-Hood elements, i.e.,

H, = {v" € CQ)?: v"|x € (K VYK €T}, Hppo:= H, 0 H(Q)?,

Ly={p" € C@): p'lx € PK) VK € Ta}, Lno:={p" € Ly : / PP dz = 0},
Q

where P;j(K) is the space of polynomials with degree < j. The solenoidal space V
is now approximated by

Vi={v" € Huo: (¢",V-0")12i0) =0 V" € Ly}

It is well known that Hj, g and Ly, o satisfy uniformly in A a discrete inf-sup condition
[5, 15] and that the following approximation property holds.

PROPOSITION 4.1 There exists a constant cy independent of h such that for all
v eV NH*N)?

Jnf o= V2@ + RV = ") 2 @) < evh? [0l ).

Proof See, e.g., [3, 15]. ]
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4.1. Semaidiscretization in space

We consider now the following semidiscretization of (9). Let

7€ Hy, (" V- 7")12@) =0 Yd" € Lo, 17"lm) < cgllFllm@

be an approximation of ¥ and set

~ 1

b(w",w", ") = S (0", w", ¢") — b(", ¢, w")). (12)
Find y" € 5" + H'(I;V},) such that

Wl ") 120 +h(y" gt o) + (VY V") 2y = (fa + fe(u), ") 120

(13)
(yh(oa ") = o, ¢h)L2(Q) =0

for all ¢" € Vj,, a.e. on I.
We obtain the following a priori error estimate.

LEMMA 4.2 Let (A2) hold. Then there exists a constant c(||ullzz) =
¢ (Ifa + fe(u)ll 2z.c2 ) 190l a2 @), 19l 0 (@)) independent of h such that

o= oy + = oy < ellulles) (1ot it Jg =5 - ).

Proof For a proof in the case y, = 0 see [3, 15]. The extension to the case y € H?(12)
is elementary but technical. We omit the details. [ |

4.2. Discretization in time

To obtain a fully discrete problem, we apply a semi-implicit Euler method in time.
For m € N we introduce the equidistant time grid

O=m<n<...<7p=T1, dr=7—-—7_1 forj=1,....,m.

We now determine yZ ey +V,, k=0,...,m, by the following scheme

(W — 90,0™) 12 =0
@y, 6" 12 () + D(yp_1. yl o7
+u(Vyr, Vo) 12) = (fa + felur), ") 12(0)
Veon Vi k=1,....m.

(14)

Here, we have set
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We write this scheme briefly as: Find y’,g € " + Vj, with

(v — Y0, 0" 12(0) =0

(MM lvhn) o), = ot Felid, ") (15)

Vol e Vs, k=1,....m.

This scheme will form the basis for the construction of a reduced order model based
on POD. An a priori error analysis for (14) and for the reduced order model will
be carried out in section 6.1.

To abbreviate notation, we introduce the discrete norms

H(yZ)HLv(I;X) :

m 1/p
<Z5T Hyﬁl’%> , D € [1,00),
k=1

h o h
H(yk)HLw(I;X) = @%XmukaX’

(16)

where usually X = L?(Q) or X = H'(Q). This corresponds to the identification of
(yR)i, with a function that has the value y? on (7_1, 7x].

5. Reduced Order Model

The disretization of the optimal control problem (7) based on scheme (14) leads
to a very large-scale nonlinear optimization problem. Model reduction can help to
reduce the dimension of the problem significantly. The obtained low-dimensional
model should guarantee a reasonable performance while being computationally
tractable.

We consider a Reduced Order Model (ROM) approach that approximates the
nonlinear dynamics by a Galerkin technique. Instead of the Finite Element space
Vi in (14), it utilizes a low-dimensional space spanned by basis functions that
contain characteristics of the expected controlled flow. Various ROM techniques
differ in the choice of the basis functions. We focus on POD for the low-order
description of the flow model and the optimization will be performed with the
resulting reduced system.

5.1. Proper Orthogonal Decomposition

The POD Galerkin projection method has already successfully been applied when
dealing with the Navier-Stokes equations, see [1, 12, 17, 21, 27, 35] for example.

Here we briefly outline the snapshot variant of POD introduced by Sirovich in [31]
to obtain a low-dimensional approximation of the Navier-Stokes equations. In this
variant the construction of the POD basis is based on the information contained
in snapshots, which provide the state solution of the dynamical system at pre-
specified time instances. While other methods, like the Finite Element method,
use basis functions that have little connection to the problem or to the underlying
partial differential equations, POD uses basis functions that are generated from
numerical solutions of the system or from experimental measurements.

For given n € N let

O=ti<to<to<...<t,=T
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denote an equidistant grid in the interval [0,7] with mesh size 6t = t; — t;_1,
j=2,...,n. We assume that t is a multiple of 7, i.e., dt = 007 with an integer o.
Then tj = Tl40j-

Let {y; }?:1 C 5" +V}, be the snapshots of the discretized Navier-Stokes equations
at given times {t;}7_;, for example y; = yr +»; With the solutions of the scheme
(14). Let

Vs =span{vi,...,vn}, vi=y -7,

have dimension d < n.

One of the central issues of POD is the reduction of data expressing their essential
information by means of a few basis vectors. To this end, let W be a Hilbert space
with Vy C W, for example W = L2(Q)% or W = H}(Q)? and let {¢;}%; denote an
orthonormal basis of V with respect to (-, -)y. Then each member of the snapshot
ensemble can be expressed as

d
:y Z v]a¢l W¢Za j: 17"7”'

The task of POD is to find an orthonormal basis of size [ <« n such that the mean
square error between the snapshots {yj _, and their representation in the reduced
space is minimized on average: For Welghts a; > 0 consider

min [eZA1K% (0 ,¢i W¢z 2
in Z jlloy = Z Jw ity -

subject to (¢i, qu)W = 0jj for 1 <4,5 <lL.

The solution {gbi}lizl is called POD basis of rank [. The subspace spanned by the
first [ POD basis functions is denoted by V].

To compute the POD basis, we introduce the correlation matrix
K = (K;j) € R™" corresponding to the snapshots {v;}7_; by

Kij = aj(vj, vi)w

The matrix K is positive semi-definite and has rank d.

The solution of (17) can be obtained by solving the symmetric n x n eigenvalue
problem

Kx,;:)\ixi forizl,...,l

and setting

1 n
_72053‘(331‘)]'1}]‘, ’izl,...,l.
VA o

We have the following error formula

d
;|| V5 — Vi, Qi ) WPi|\lw = 9
Z | Z Swilliy = Y A (18)

i=1 i=l+1



12 Jane Ghiglieri and Stefan Ulbrich

see [35] for a proof and for more details on the POD basis.

For the application of POD to concrete problems the choice of [ is important.

The larger the corresponding eigenvalue \;, the more important is the POD basis
function ¢; for the approximation of the data. In order to obtain a low-dimensional
basis for the Galerkin ansatz, modes corresponding to small eigenvalues are ne-
glected.

The minimal number [ < n of POD basis elements to capture a fraction of % of
the energy in the snapshot set can be determined by selecting the minimal [ such
that

l
i=1"\1

In fact, as seen in (18), this ratio is the percentage of the total energy captured in
the first I POD basis functions and therefore is an index to measure how closely
the [-dimensional subspace V; approximates the snapshot set.

The construction of the reduced order model based on the POD basis elements
is discussed in the following section.

5.2. POD Galerkin approximation

The idea of POD Galerkin projection is to apply the Galerkin scheme (13) with
a low dimensional subspace V; spanned by POD basis functions instead of Vj,
where V; should approximate the solution trajectory y(t) — ¥y sufficiently well. The
velocity field in the physical domain €2 is thus approximated by [ spatial modes ¢;
and corresponding time-dependent coefficients ;.

In the POD Galerkin projection, we thus represent the dynamics of y(z,t) in a
given orthonormal basis {¢; 3:1 C W by the approximation

l

y' (@, 1) =g(x) + ) Bi(t)d;(x). (19)

=1

Since ¢; is an orthonormal basis in W we can recover the time-dependent coeffi-
cients by

B](t) = (yl(7t) -y, (bj)Wv .7 = 17" . 7l'

In our approach, the basis functions {¢; é’:1 will be computed by the POD method
applied to a well selected set of snapshots {y; — y};;l, where we choose

1 n
?Zﬁzyj'

j=1

Since the snapshots y; are divergence free and satisfy the same Dirichlet data y;,
we have y; —y €V, Vi=1,...,n

The reduced dynamical system is now obtained by inserting (19) into the weak
form (9) of the Navier-Stokes system and using V; = span{¢1, ..., ¢;} as test space.
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This results in

(yl — Yo, ¢j)L2 = 07

(W $5)120) + by y' 65) + (VY Voi)iaq) = (fa+ fe(u), dj) 12y, (20)
Vi=1,....1,

which may be rewritten as

MB+n(B3,B) +vAB = F(u) +r
B(0) = ((yo — T, dj)w)'—y

M = ((¢s, ¢j)L2(Q)),lL~7j:1 denotes the POD mass matrix, A = ((Véi, V)20 )” 1
the POD stiffness matrix, n(3, ) the convection term, F'(u) = ((fc(u), ¢J)LZ(Q))j:1
and r results from the contribution of the mean § and f,.

Remark 1 Pressure neglection. In view of our application to the Navier-Stokes
equations let us note that the POD basis elements inherit the boundary and incom-
pressibility conditions of the snapshots. The Galerkin projection on divergence-free
modes and subsequent integration by parts reduces the pressure term to a boundary
integral that vanishes.

Remark 2 Efficient evaluation of the nonlinarity.

The convection term leads to the nonlinearity b(y a ¢;). A common problem in
the standard POD-Galerkin technique is that the complexity for the evaluation of
the nonlinear term remains that of the original problem. There are new approaches
using Discrete Empirical Interpolation (DEIM) to overcome the deficiencies of POD
with respect to nonlinearties, see e.g. [8, 9].

Due to the bilinearity of the nonlinear convection term of the Navier-Stokes
equations, the term can be splitted as follows. Let ® = [¢1,...,¢;] and denote
by g(yl, Y, <I>) the column vector (/l; (yl,yl, gZ)i))ﬁ:l and by g(yl, D, <I>) the matrix

(/b\ (yla ¢]7 ¢Z) )li,jzl . Then

3 (.9) =3 (0 09) + 2 (0 008) 5

Z(yl,y,cﬁ) +Z(yl,<1>,<1>),3

l
b(7, P, D)+ Y Bib (4, @, P)|

i=1

!
b(7,7,.9)+ Y Bib(¢:,7, D) +
=1

=:n(B, B).

The vectors 3(@, 7, ®) ,3(@,@, ®) and the matrices B@,@,@) ,3(@, O, D) for i =
1,...,1 can be calculated offline for the POD basis elements. Online these terms
can be combined by linear combination with the coefficients 8 = (B1,...,3)%.
Thus, the calculation of the nonlinearity can be executed in the reduced dimension
and the performance for calculating the nonlinear convection term can significantly
be increased.

The reduced optimization problem corresponding to (7) is obtained by insert-
ing (19) into the cost functional and utilizing the reduced dynamical system as
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constraint in the optimization process:

min  Jr(B,u)
subject to ' (21)
MB+vAB+n(B,B) =F(u)+r

B8(0) = fo-

5.3. Snapshot Generation

The important question in constructing a POD basis for a specific problem is the
choice of the snapshot ensemble. The effectiveness of the POD basis resides in the
generation of a good snapshot basis, which is capable of capturing the dynamics
of the flow.

In model reduction for simulation purposes, the basis functions are obtained for
a given configuration or parameter regime. The complete flow information is then
already contained in the snapshot ensemble and so the reduced model yields a
good approximation of the original solution. Moreover, in this case, the POD basis
needs a small number of basis elements and can still obtain a satisfactory level of
accuracy.

Model reduction for control is more challenging. The basis functions might be
sufficient to reproduce the dynamics of the flow for a fixed system, but not suitable
for other simulations. That is exactly the case when a control is acting on the flow.

In literature there are different approaches how to choose the snapshots for a
ROM under control:

One approach is to enlarge the computational database in order to include the
effect of controls. In [32] the flow is simulated under the action of a random control
to enrich the snapshot ensemble. We have applied a version of this approach to
our setting, combining snapshots of the uncontrolled flow and of the flow under
the action of one control parameter setting. Unfortunately, this did not lead to any
cancellation results. Adding more snapshots for more control settings would have
increased the POD basis so much that the reduced dimension would have been far
too large.

In [28] and [1] adaptive procedures are developed that improve the ROM by
successively updating the ensemble of data. It is tested on a recirculation control
problem in channel flow [28] and the wake flow around a cylinder [1] and works
quite effectively. In each iteration of this adaptive procedure the optimized control
is used to compute new snapshots, which are used to create a new POD subspace.
The reduced-order control system is solved with the new subspace to find a new
optimal control. After each optimization step a Finite Element simulation has to
be carried out to obtain the new snapshots. This procedure is not applicable in our
setting, where we aim for real-time control and cannot execute a time-consuming
Finite Element simulation.

Diwoky and Volkwein obtain an efficient reduced-order method for a boundary
control problem of the heat equation by including information of the state as well
as of the adjoint into the POD basis, see [12]. In order to generate these adjoint
snapshots, this approach requires an adjoint solver of the dynamical system, which
might be not available for every simulation. Considering the generation of snapshots
by experimental measurements, the generation of adjoint snapshots is not possible,
so that the snapshot ensemble should work without the additional information.

An idea to characterize the input-output behavior of the actuation in a better
way and to enrich the snapshots with this information are impulse response snap-
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shots. In [24] impulse response snapshots are used to describe the actuation effect.
Snapshot-based balanced truncation, also known as BPOD, takes into account con-
trollability and observability [30]. The most controllable modes are found with data
from the response of the state of the system to an impulse input.

5.8.1.  Impulse Response Snapshots

In order to characterize the input-output behavior of the actuation, snapshots
have to be found that allow to infer how the system will respond to inputs which
have not been measured. By taking into account linear systems, it is possible to
use the responses to a small set of inputs to predict the response to any possi-
ble input. This can save an enormous amount of work, and enables the complete
characterization of the system.

We write the Navier-Stokes equation E(y — y,u) = 0 according to (10) in the
form

C(y) = fa+ fc(u)> y(O) = Yo (22)

and linearize the Navier-Stokes system around the steady state solution ys

C(ys) =0, ys(o) =Ys-

By the differentiability of the Navier-Stokes operator (10) the linearized Navier-
Stokes equation satisfies

C(y) = Cy(ys>(y_ys) +O(Hy_ysH%/)ﬂ (23)

and hence y satisfies, up to an error of O(||y — ys||% ), the linearized equation

Cy(ys)(g_ys) = fa+fc(u)’ (24)
y

(0) —yo = 0.

Now let y, be the unique solution of

Cy(yS)(ya - ys) = fa, ya(o) = Yo,

then the linearized equation (24) can be rewritten as

Cy(Ys)(F — ya) = fe(u), (25)
Yy

(0) — a(0) = 0.
We recall that f.(u;xz,t) = u(t)g(x). Therefore, the solution of (25) can be rep-

resented by means of the impulse response w corresponding to g. To this end we
formulate the impulse response equation by

Cy(ys)w = O)

26
(w(0) = g, B) iy =0 Ve V. (26)

Using convolution, the output of the system (24) can be constructed for any input
signal u, if the impulse response w is known:

4(t) = ya(t) -l-/o u(s)w(t —s) ds .
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This shows that §(t) € y,(t)+span{w(s) : s € [0,¢]} and y() satisfies the inclusion
up to an error of order O(|ly — ys||3-). This motivates to build a POD basis based
on snapshots of y, and w. By iterating the process (simplified Newton method), a
subspace V; can be identified such that the order of the error can be increased.

An analogous approach can be applied to the scheme (14) instead of the PDE
(10), where the convolution formula has to be replaced by a discrete analogue. We
will discuss and analyze this approach in detail in 6.3.

In order to avoid the usage of the linearized equation, e.g. if the snapshots shall be
generated by experimental measurements of flow fields, we can also work with the
nonlinear PDE (22). Another advantage is that the nonlinear snapshots contain
more specific information of the underlying dynamical system. More precise, we
choose y, as the solution of (22) for u = 0 and the impulse response system (26)
equals approximately

Clew +y,) =0,

which can be seen by choosing y = ew + ys in (23). Note that € has to be chosen
appropriately, such that eg is a sufficiently small variation of ;.

6. A-Priori Error Estimates

We want to give an error estimate for the error

!
(v — (%) ||L2(I HY) Z(STHyk Tk‘)HHl

between the reduced order model and the exact solution of the Navier-Stokes equa-
tions.
We can split this in three terms:

1k = 9D Zeqr,mz) < 3l = ) oz, 1)
+ 30k = ¥" )12z, + 31" () = YD) | r, - (27)
Let y(1i) € g+ W (I) be the solution of the Navier-Stokes system (9) and
y' () ="+ " () €Y + Vi,

be the solution of the semi-discrete FE system (13) at the time instances ¢ = 7,
k =1,...,m. The solution of the discretized FE system (14) and the discretized
ROM system (20) is denoted by

h
k

W=7+l ey +Vj,

l
Z (TR)¢j(2) =" + v}, € ¥ + Vi,

respectively.
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For simplicity, we assume in this section, that the two time increments coincide,
ie,m=t;fori=1,...,m and n = m.
An estimate for the first term is given in the next section 6.1.

6.1. Error between ROM and Finite Element method

Our next goal is to derive an error estimate for the error
m
l hy|12 l h|2
(s — ’yk)HLz([,Hg) = Z 07 ||y — vk ”H(}
k=1

between the reduced order model and the discrete Finite Element solution.

We will adapt and extend the arguments by Kunisch and Volkwein in [23] for
backward Euler time discretization. In [22] one can find an error estimate for the
Crank-Nicolson time discretization.

We are using the same decomposition as [23]

l h l h l ! h ! h h
Y — Y =V, — v, = v, — P'op + Ploy — vy .

with the projection PV, > V.
The estimate for 1 — the error between the reduced order model and the projec-
tion of the discrete Finite Element solution — can be found in the next section 6.2.
An estimate for g — the error between the projection of the discrete Finite Ele-
ment solution and the discretized Finite Element solution — is derived in section 6.3.

6.2. Error between ROM and Finite Element projection

We obtain the following error estimate for 9.

LEMMA 6.1 There exists a constant Cy > 0 independent of h and of the grids

{tj}?:o and {Tj}}nzo such that

1@y < Co (0022 + 87w 190l
B B (28)
1 @rl = B Pyl 31,y + 2 (0031,

Proof The proof follows the one of Lemma 4.5 in [23] except of the following
changes due to the different time discretization and we obtain directly an estimate
in L2(I, HY).

We introduce the bilinear operator B satisfying

<B(vh’wh)7¢h> ::’g(vh’wh7¢h)

H-1 H}

for all v, wh, ¢ € V.
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yi satisfying (20) and y,’g satisfying (14), we obtain

(00, ") 12 + v(VOy, VoI
= (a0 + (Bloy, o) = Bloho o) o),
H(BE" ol =) + Bl k700 (29)
for all ¢" € V}, where

Zp = 5702 — ETPZU,ZL.

Choosing ¢ = ¥, € Vj, we infer that

10k172 = 1911172 + 9k — OnallZ2 + 207v[| 0k 7

< 26T <|Zk”L2”19k|L2 + ‘<B (v,};_l,vfj) - B (vfc 1,vk) 19k>H_1 .

> . (30)

(B ok = b+ Bk o0

H-1,H}
The nonlinear terms on the right-hand side of (30) can be splitted into
h h l l l h h
B(vg_y,vg) = B(vg_1,v3) = = B(vp_y — vp_1,v5)
l h l h
— By — vi_1, v}, — %)
h

h !
— B(vp_1, v — V).

The terms can be estimated as follows:

(B (drtk—ok) ),
El 0

<

14
TOWkaHg +er|[Oxl7e + eallorll iy

(8 (e = obrnd) ),
1 L0

14
< 1 ll0nllz + esllOelze + eallonllzy + cslldnllze + 2H29k—1\|§101, (31)

(B (ki ok) ),
1%
T)HﬁkHHl + col[Okll72 + erllonlF + esllFn-all7e + 2”79#1”%{(}

and similarly

(5ot h) o), | <

v
Tol0llZ + collnllZz + croll ekl 7
10



Optimal Flow Control based on POD and MPC 19

(B (k) o),

14
T)llﬁ‘klhq1 +enl|[9kll7z + crzllon—1llF + ersllOh-1ll7= + 2H19k—1\|12r{01-

Combining the estimates, we obtain
v
[0k][72 + 0wkl Fn <(1+ drera) |95 )17 + 5T§||19k,1||%,01
5 2 2 2 2
+ 07 (exsl0al13s + laxl3a + xslloeldy + errllon il )

where ¢4y = ¢5 +¢cg + 13, c15 = 1 + ¢1 + ¢3 + ¢cg + c9 + c11, 16 = 2 + ¢7 + cio,
C17 = C4 + C12. 1
2 .
By adding on each side the sum ;= d7%|J;]| 7z we obtain

k
14 12
194132 + 072 19xl3 + D 672 19512,

j=1
e
v e S
2 2 2
< (W dresd) | sl + 075 10na g + 3 o750
]:

Wk —1

k
v v
+07 [ exs | 196]7: + 0m5 19kl3y + > o7 1195117,
j=1

Vv
Wk

+ 07 (2sll3 + crsllonldy + errllorly) - (32)

Suppose that

With (33) holding, we have 1 — c1567 > 3 and

1+ cla67 _ (614 + 615)57'

= <142 oT. 34
1— 1507 1—ci507 — * <Cl4 * 015) T ( )

From (32) and (34) we find that

wi < (1 4+ 2(c14 + ¢15)07)

(wner +07 (sli2s + exsllonly +errlloe11%,))
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holds. By summation over k£ we obtain

wy, < (1 | Heutes)o Cl5)57k57>k

ot k
k
wo+ o7 (||zj\|%2 + caollojll7 + 017”93'*1”?4(%)
j=1
k
<e 7 {w+ 3 o7 (15132 + crsllo Iy + errllosll3, ) (%)
j=1

where ¢15 = 2(c14 + c15).
There exist a constant C such that

N0ty < C (19013 + 87110003y + 1)y + 200 22(1,11)

the claim follows. [ ]

Now, we have to estimate H(Qk)H%Q(LHUI) and ||(zk)H%2(LH01).

6.3. Error estimate for impulse response snapshots

We estimate

o)1z a3y = (P 0 = v F2 1y

for the particular reduced order model proposed in this paper.

As outlined in 5.3.1 we generate snapshots of the impulse response w given by
(26). We consider the case, where the impulse response is generated by the semi-
implicit Euler Galerkin scheme (14). Using the notations of (14) and (15) we have

<Ch’k(ylfcl) yl}cL—l)ﬂ ¢h> = (gTy;clv (bh)LQ(Q) + /g(ylfcl—lv ylZ? ¢h) + V(vyl}cl7 V(;sh)LQ(Q)

V}: ’ Vh,

and the semi-implicit Euler Galerkin scheme (14) reads: Find y} € 3" + V}, with

<Ch’k(yllzvyl’<:l—1) - fa - fc(uk)a¢h> , =0 qu)h € Vh, k= 1, cee,Mmy,
ViV (36)

(y5 — vo, ¢h)L2(Q) =0 Vo' eV,

Let y? € 5" + Vj, be the discrete steady state, i.e.,

<Ch’k(y?,y?),¢h>v,v —0 Vo' eVy, k=1,....m.
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Then the discrete version of the linearized state equation (24) is

h,k(, h , h\(~h h h,k h ,h\(~h h
<Cy;€ (ys’ys)(ykz - ys) + Cyk_l(ysays)(yk:—l - ys)

—fa = Jolw) @) =0 VO EVh k=1,..,m, (37)

@ — 90, 0" 20y =0 V" € V.

Here, we have used that f.(u) in (2) depends linearly on w.
We now proceed as outlined in 5.3.1. Let y”, be a solution of (37) for uj = 0.
The discrete approximation of the impulse response problem (26) is given by

(ChM byl + COF hytwly o) =0 Ve eVh, k=1....m,
hiVh

@ — 9.¢") 12 =0 V" € V.

For k > 1 this coincides with the solution for initial data w(’} = (0 and right hand
side fc(61x/07) with the Kronecker symbol ¢;;. Therefore, it is easy to see that the
solution of (37) can be obtained by the discrete convolution formula

k—1
T =yhr+ Y oTuiwp . (38)
=0
Hence, all solutions of (37) satisfy
i e ygk + span{w!, ..., wp}.

6.3.1. Snapshot selection and POD basis
We consider the following construction of the POD basis. For

h h h . h .
S = Yayi — Ys> 1=0,...,n, Sm+4i — Wi 1=1,...,n,

we choose the snapshot set
W, = h h
h — Span{507 tee 782n+1} (39)

with dimension d < 2n + 1 and denote by {¢1,...,¢4} the corresponding POD
basis with respect to the H{ scalar product for the weights a; = 07 in (17).

Moreover, set V; := span{é1,...,é;,y" — 3"}, 1 < d, let P : H} — V; be the
orthogonal projection in H{. Finally, let \; be the eigenvalues of the correlation
matrix K = (57’(5?, s;-‘)Hé)gi,ngnH-

6.3.2.  Approximation property

We have the following approximation result.
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LEMMA 6.2 Let Wy, Vi, Pt and \; be as in section 6.3.1. Then for any solution of
(87) one has

|57 — v, — P'(05 — yg,k)”%{é < H(UJ')H%Z(I;]R)Hw? - Pl(w?)HQLQ(I;Hg)

d
< )2 (1w Z i

i=l+1
d
Iyl — 5" — Pyl — ?h))H%z(I;Hg) < Z Ai-
i=l+1
Proof (38) and (18) yield
k—1 2
198 = o, — PGk — vl = || D oruja(wiy — Pluj_j)
=0

Hy

m m d
2 h 1, 2 2
< Z5T\Uj| Z&-ij — Plwj ”H(} < H(uj)||L2(];R) Z i

j=1 j=1 i=l+1
Since y? — 7" € Vi, we have y", — " — P'(y", — ") = o) — P — Pty — ob).
The estimate for ||y, —y — Pl(y", — y;‘)H%Q(I,Hl) follows directly from (18) and

El I’ bl 0

the fact that yg P y? is contained in the snapshot set W}, [ |

We now estimate the error

1)l 22,y = 10k = Proi)ll oy = Ik = 9" = P'(yk = 7))

for solutions of the nonlinear scheme (36).

LEMMA 6.3 Let as above U{C’ = y,@ —g". Then we have the estimate

Iwf = POy < © (k= ¥ hacrmg) + 10y = ¥y )
d

+2(T ||(Uk:)||%2(1;R) +1) Z A
i=l+1

Proof We have ||(vyy — Poi))llz2r;mp) = 1wk = 7" = Py = 7D lee ()
Let y,if and QZ be the solutions of (36) and (37), respectively. Since P! is the
projection in H{ onto Vj, we have

lyk = 7" = Pk = "My < Myt = 7" = @k =7y + 19 = 7" = P&~ 7"l
= Nl = Gillay + 19 = 9" = PG = 7"l
By Lemma 6.2 the second term can be estimated by

d

1@k = 9" = Pk =Dy < (T )lFem 1) D N
i=l+1
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Now set
h._ ,h ~h h._ ,h h
€ ‘=Y —Yrr Tk =Yr —Ys-

Since (37) is the linearization of (36) and the nonlinearity in (36) is quadratic, the

error eZ = y,’; — gjl’; satisfies for all " € Vj,, k=1,...,m,
Rk (, b, hy h Rk (o h . hy R R,k h _
<Cyk (ys’ys)6k+cyk 1(ys7ys)ek—1+ 2Cyk 1yk(y87y8)[rk,‘ lvrk] ¢ >V’V =0
hVh

(603 ¢h)L2 Q) - 0
which corresponds to the scheme

(@Orel, ") +v(Vel, Vo") + ((Blef_r,uh) + Bllsel),0) = = (Blri_y.rh),6").

Now we use the stability of the linearized scheme. Choosing ¢" = eZ yields, similar
to (30) and by using (B(y”, efl),ell) =0,

h h h h h
ekl = llekillF + llek — ey 72 + 20mvllef 7,
< 207 [(Blef1,v2) + BOriy i) eh)| . (40)

By (8) and (12) the first term on the right hand side can be estimated similarly to
(31) by

|((Blehr )€l )| < Tllebliy + 5 Iekoilidy + eIyt li) (lekoale + lefl?:)
and the second by
(Bl ), el )] < Dbl + e (WdoalE20rka g )
We conclude that
el + llek = ekyliF + drvliekilfyy < (1 + cadm)llefy 32+ 0m ekl
+ o7 (callef - + C4H7“Z—1||§{5H7“2H?13>
and an application of Gronwall’s lemma yields as for (30)

1%
1NN 12y + 5”@2)”%2(1;1{5) + (e = b7 (122 ()

< C NN Laeramy + 1RO T rm)-

6.4. FError between ROM and Navier-Stokes equations

Finally, we obtain the following theorem.
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THEOREM 6.4 There ezist constants C1,Ca and c(||u||r2) independent of h and the
grid, such that

1k — 9D ) < Cn [nvé — Pl ()3 + Srlleh — Pt (o) 3

1

(5 + 1) (18 =¥l eqrmg) + 1wk = ¥ sy
1 d

sz + DTN ) By + 1) D )\i]

i=l4+1

CodT |y ll7 2 (s p 2) (h+ inf [[g—7"—¢"|).
+ Co2077 1yl 21,3y + cCllullz) +¢i2Vth gy ="

Proof We can combine now the estimates for each term in (27). The first term is
estimated by Lemma 6.1, Lemma 6.3 and

3 3 1
1@rvk =0 Py a1,y < 55C (108 = 0 acrny) + 1wy = 9 ity
1 d
+ 2 (T () By +1) D A (42)
i=l+1

We can use the decomposition from [23] as in the section before for the second
term in (27):

op — () = vf — PPl () + P () — o ()

N~

(% Ok
with the projection P" : H& — V.

Due to the fact that in this case g = 0, Yo = 0 and Zj, = 0, we find a constant
C, such that

v = " T2y < COT Yl 72,12 (43)

For the third term in (27), there exists by Lemma 4.2 a constant c¢(||u|/z2) such
that

16 () = ) ety < ) (B + ik, J7 =5 =)

We would like to comment on how the term 1/§72 can be avoided in the estimate.
For this purpose we include difference quotients into our snapshot set (39)

Wy, = span{sf, ..., sh, 1, 08" ... 9-88. .1}, (44)
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Instead of (18), we are able to utilize the estimate

2n+1 l 2n+1 l d
o alist => (st oowalliy + Y aylldrst =Y (O-st, dowailli = D A
7=0 =1 7j=1 =1 i=l+1

A straightforward modification of Lemma 6.2 yields the following result.

LEMMA 6.5 Let V;, P and \; be as in section 6.3.1 but for the snapshot set Wy, in
(44). Then for any solution of (37) one has

d
10- (G — ylti) — P'o-( — vl ) < 20 @)llFermy D N
i=Il+1
+ 2 (wh = Prwl)) |3,
d
a . h lra h
1@yl — POyl i) 3e iy < D A
i=l+1

We introduce the constant

SupH(bth :1((1(1 - Pl)wh, (Zsh‘)Lz
cdp = sup ! T
0w EV, Sup||¢>h||vl:1(w ;") L2

Then we obtain the following corollary for the snapshot set including the difference
quotients.

COROLLARY 6.6 If the snapshots set is taken as in (44), then

<%—mmm@uwsah%—ﬂwmmﬁ+&w%—ﬂwmw%
2+ 192 13) (N = 9 gy + 1y = 9 ey

d
(6T [ (wr) [ Frm) +5) D i
=141

+mmwamwﬁ—ﬂw%J

Cod Ty llZ 21 p 2) (h+ inf |g—9"—¢"|).
+ Co2077 1yl 221, mzy + cCllullz2) +¢;112Vh 7 —7" —¢"|

Proof We replace the estimate (z, V%)r2 < ||2k| 2]|9k||z2 by a refined version.
Let y and g7 be the solutions of (36) and (37), respectively. We have 2z, =
571)2 — P@TUZ = gTyQ - P@Tyz. Hence, we obtain for arbitrary ¢" € Vj,
(Zka ¢h)L2 = (573/1? - PlgTyllgl7¢h)L2

= ((id — PHY@,yf — 0-91), ") 12 + (04 — PO}, ") 2.
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In order to invoke Lemma 6.5 the second term can be estimated by
(0-gk — P'O-g ¢") 12 < |10-gk — P'O-g | mg 10" 22

We consider next ((3-yf — 9,91), ¢") 2. With el := ¢ — gl and 7l := yP — y* we
have as in the proof of Lemma 6.3

(el 8") = —v(Vel, V") = ((Blef_1,v2) = Byl e), ") = (Bl i), o).
The terms on the right hand side can be estimated as follows.
[v(Vel, VM) < vlehllllo" ;.
((Blehr,u) = Bl e), 6" )| < caly? g Qletoallmy + ekl 19" 1
[(Blrh_yrh), 6")| < ealirkllam kil 19" -

‘We conclude that for all ¢; > 0
5 _h h Vih h h h
(Oreg, ¢") < a||¢ 52 + c1c2 ((1 +eallyb 1) (el + lleklzm)

eallrio 3 Ik I3 ) -

Combining both estimates, we arrive at
_ — v
(zk: ") 12 < 1075k — PO gl ey 16" |22 + C’pquﬁhH?qg
h h h h h
+cperes ((1 +esllyg 1) (lek—1 7z + leklln) + callri 17 Hw\l%;) :

We now modify the proof of Lemma 6.1 by using the above estimate for the term
(zk, %) L2 together with Lemma 6.5 and (41) and obtain instead of (28)

1@ r.zg) < Co (IWoll3 + d7vidol

(U D 13) (N sy + 1))
d

+ (6T () |72y +5) Y A
i=1+1

20| ()3 1yl = Pkl ) -
The claim follows by using this estimate of ¥ instead of (28) in the proof of

Theorem 6.4. [ |

Remark 8 The term ||w? —le?H?{g can be avoided by including an orthogonolized
wf in the POD basis.

Remark 4 Theorem 6.4 and Corollary 6.6 yield error estimates for
(%, —y(Tk))H%Q(I;HS). For objective functionals of the form (6) this leads to

an error estimate of the form O(H1||%2(QU)/67-2)”(ygC —y(7))l 2> (1;2)- An improved
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estimate without the factor 1/672 can by obtained for objective funtionals of the
form

T

T
Tl = [ @i+ G [ P

if " € V. In fact, the identity (29) can be used to estimate the error
(W, By (7)) 2y — (87, B4 2y in terms of [y — y(m)l12.

7. POD-based Model Predictive Control

We review the Model Predictive Control approach and describe our numerical
procedure to solve the optimal control problem.

7.1. Model Predictive Control

For large system dimension as they arise from the discretization of partial differ-
ential equations, the effort to solve the optimal control problem for a large time
horizon T is enormous. Model Predictive Control provides numerically computable
control laws, even for systems of large dimension, see [4, 7, 10, 16] for example.

The approach is based on a time discretization of (21). We consider the semi-
implicit Euler method as in section 4.2. The state y of the given controlled process
and the corresponding ROM representative § are measured at these discrete time
instances. Additionally, at each instant a control input u(t) is selected which influ-
ences the future dynamic behavior of the system.

The discretized optimal control problem

min  Jp(8,u)
subject to
%M(/Bj—kl — BJ) + I/A,Bj—i-l + n(,@j, Bj—f—l) = F(u]) +7, Vj = 0, L., M
B(0) = Bo,

for B8; = B(7;) has to be solved over the time horizon T'.

The idea of MPC is to replace the optimal control problem on the full time
horizon by a sequence of optimal control problems on short control horizons that
move forward in time. At each state-time pair (5%, 7;) the following finite horizon
optimal control problem is solved:

min  Jy (B, u)
subject to
%M(/Bj-&-l — Bj) +vABj+1 +n(Bj, Bj+1) = F(uj) +r, Vi=i,...,i+ N
Bi = 6%,

with N < m and
3 2 o 2
In(B,u) = [0r @B+l T2 r i wrin) T 5 N2 (ir, i 2)-

Based on measurements at time 7; one predicts the future dynamic behavior of the
system over a prediction horizon of length N. By optimizing an objective func-
tion we obtain a corresponding optimal control sequence. Due to disturbances and
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model-plant mismatch, the true system behavior is different from the predicted be-
havior. In order to incorporate some feedback mechanism, only the first K steps of
the optimal control sequence are applied to the system until the next measurement
of the state at 7,4 x+1 becomes available. K is referred to as control horizon. Now
the method is repeated with shifted horizon and current state 5;+x+1.

We are using an NMPC scheme without terminal costs and constraints. For a
discussion of constrained and unconstrained NMPC schemes, see [14]. We will see
in the numerical results that for our choice of N the algorithm provides the desired
performance.

7.2. Optimization

The reduced optimization problem of (45) at each state-time pair (8*,7;) is given
by

where §(u) is the solution of the reduced Navier-Stokes system

E(Bj11,Bj,u5) = %M(ﬁj—&-l — B;) + vABj11 +n(Bj, Biv1) — F(uj) —r

for all j =4,...,%+ N and fulfills the initial conditions.
We are using the adjoint representation of the derivative in the Euclidean space

VJ(u)=E'X+ JI,
where the adjoint state A solves the adjoint equation
Ty _ 4T
Ezh=—J3.

The gradient representation in the correct space is then obtained by choosing the
initial BFGS-matrix Hy accordingly.
We can finally formulate the POD-based Model Predictive Control Algorithm.

Algorithm 1 POD-based Model Predictive Control Algorithm

(1) Choose a prediction horizon of length N and a control horizon of length K.

(2) Given at time 7y an initial state [y, set j = 0.

(3) Given initial u0) = [uéj ), .. ,ug\],)] apply BFGS-method until convergence:

For k=0,1,...:
e Solve ROM state equation with v = w9 and initial value Bj over
(75> Tj+N]-
e Solve ROM adjoint equation and obtain the adjoint A;.
o Set VJ(u)) = Jr(B,u)) + ELN;.
o If || J/(u)]|y < e: goto 3 with result (),
o Compute with BFGS method search direction sg, step size oy, and update
ul) = ul) + aysy.
(4) Solve state equation with v = u() and initial value B; over [rj,Tj1k]-
Obtain new 3 g41.
(5) Set j =j+ K + 1. Goto 3.

The control sequence that has to be optimized, is time dependent and has length
N of the prediction horizon, which makes in our setting the BFGS approach less
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affordable due to memory constraints. Instead we are using a limited memory BFGS
method [6].

Additionally, the control amplitude is not allowed to adopt negative values. A
negative control amplitude means a negative body force, which the plasma actuator
is not able to produce. The optimization algorithm has to be adjusted to bound
constraints. To solve the optimization problem with simple constraints we extended
the LBFGS, as described in [19].

The initial BEGS matrix is chosen to be

HOZO['I,

which is up to a factor the Hessian of the L?-regularization. The LBFGSB algorithm
terminates if || J'(u()) || is smaller than a given tolerance £, a maximum of iteration
steps is reached, or additional termination constraints for the control u and the
objective J hold

lorskll2 < eu, | Jer1 — Ji| < e

8. Numerical Results

Here we present numerical computations related to the approaches presented in
the previous paragraphs.

8.1. Computational Domain

The computational domain is sketched in (Figure 2). The flat plate is located in
x = [0,0.7]. The excitation domain €2, starts in z = 0.225, the control domain €.
in = 0.345, and the sensor domain is located around (0.395,0.0005).

The flow is considered with an incoming flow velocity us, = 10 m/s, kinematic
viscosity v = 1.474e—5, length of the flat plate L = 0.7 m, and a resulting Reynolds
number of Re ~ 10%. The time step size is chosen equidistantly with §7 = le — 5.

The domain is discretized with Taylor-Hood Finite Elements on a grid of 250
000 nodes. The Finite Element solutions are used for the generation of snapshots
and later for comparison with POD reduced-order solutions.

8.2. POD Validation

As already described in section 5.3.1 and additionally following Noack et al. [25],
who suggest 6 minimum requirements for control-oriented models, we build our
snapshot ensemble from a combination of the following cases:

(a) Snapshots of the "uncontrolled” flow y,, meaning that Tollmien-Schlichting
waves are artificial excited in the flow, but there is no control induced by the plasma
actuator. 200 snapshots are recorded at constant time intervals dt = 2047, so that
the information of four periodic Tollmien-Schlichting periods are contained. In
order to obtain the fluctuation, the mean flow 3" is subtracted from the snapshots.

(b) Snapshots of the impulse response w. The FEM simulation is carried out
without artificial excitation and control, but with initial value y(0) = ys + € - g(x),
as described in section 5.3.1. The simulation ends if the steady state ys is reached
again. This set consists of 500 snapshots taken at constant time intervals §t = 2007.
In this case the steady state ys is subtracted from the impulse response snapshots
to obtain the fluctuation.
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With these 700 snapshots, the POD basis is calculated - described in section 5.1
- with § = 99.99%. This results in 56 POD basis elements.

Following Noack et al. [26] and as described in section 6.3.1, we add the or-
thogonalized shift mode, an additional vector describing the mean-field correction
between the natural mean flow 7" and the steady solution ys.

In order to validate the reduced order model of dimension 57, the reduced predic-
tion of the snapshots cases is performed. In (Figure 3) and 4 the flow computations
with FEM solution are compared to the reduced-order solution over time for the
velocity in the middle of the sensor domain £2,.

—FEM
---ROM prediction

velocity in sensor

1 1 1 1 1
o 1000 2000 3000 4000 5000 6000
time steps

Figure 3. Comparison of velocity values in the middle of €, for the ”uncontrolled” case: Tollmien-
Schlichting waves are artificially excited in the flow, but there is no control induced by the plasma actuator.

—FEM
---ROM prediction
convolution

velocity in sensor

L L
4000 5000 6000

L L
"o 1000 2000

3000
time steps

Figure 4. Comparison of velocity values in the middle of €2, for a controlled case: no excitation of Tollmien-
Schlichting waves, but the plasma actuator generates a sinusoidal control.

(Figure 3) shows the velocity values in the ”uncontrolled” case: Tollmien-
Schlichting waves are artificially excited, but the plasma actuator induces no con-
trol. The comparison of the FEM and the ROM solution shows very good agree-
ment.

The ”controlled” case can be seen in (Figure 4). Starting in the steady state, there
is no excitation of Tollmien-Schlichting waves, but the plasma actuator generates
a sinusoidal control. Additionally to the velocity values of the FEM simulation and
the ROM prediction, the convolution is plotted. Due to the linearization around the
steady state in the generation of the impulse response snapshots, the convolution
as well as the ROM model are lacking some nonlinear information which can be
seen in the higher amplitudes. Nevertheless, the describing effect agrees and we
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can assume that the reduced model performance is acceptable for the purposes of
our controller design.

8.3. Cancellation Results

We show the numerical results obtained by solving the optimal control problem
(7) with Algorithm 1.

We define as optimization variable the time-dependent amplitude of the force,
see (2).

The length of the prediction horizon is chosen to be of size 200067. One Tollmien-
Schlichting wavelength has the length 90957 and the travelling wave needs nearly
one wavelength to travel from the actuator to the sensor domain. Therefore we
need two times the wavelength in order to measure a complete influenced wave in
the sensor domain.

The objective function evaluation is conducted only in the second half of the
prediction horizon because of the just mentioned reason. The plasma actuator
cannot have an significant effect on the flow, that has already passed the actuator.
Therefore, the first measured wavelength in the sensor is not influenced anymore.
It might be seen as constant and is neglected in the objective function evaluation.

The control horizon is chosen to be of length 100057 due to the fact that the
control at the actuator over the first wavelength leads to a cancellation in the sensor
domain in the second wavelength.

The optimization algorithm is performed with ten MPC steps. The optimization
is stopped if the gradient norm is smaller than e = 0.0001, the change in the control
or the objective is smaller than ¢, = ;5 = 0.01, or the iteration counter exceeds
100. We allowed that the control only varies in [0, 1].

The resulting velocity values in the middle of the sensor area €2, can be found
in (Figure 5). As comparison the values for the uncontrolled case are plotted. The
Tollmien-Schlichting wave with an amplitude of 3% of the inflow velocity can be
cancelled within 3000 iterations, respectively 3 optimization steps. Afterwards the
cancellation can be maintained. The mean velocity is increasing due to the applied
positive body force, which leads to an acceleration of the flow.

[—uncontrolled FEM
-- - controlled ROM

velocity in sensor

! I I I ! I ! ! !
) 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
time steps

Figure 5. Velocity in the middle of 2, - Comparison uncontrolled and controlled

In (Table 1) the underlying convergence history can be found. The objective
function value could be reduced in each MPC iteration from .J,q t0 Jpew. The
number of needed LBFGSB iterations varies between 7 and 21, which results from
either the termination constraint for the objective function or for the control.
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Table 1. Iteration history.

MPC it Jotd Jnew | # BFGS it | termination
1 55.89 | 0.94 17 1A
2 46.82 | 0.15 21 IAJ]|
3 45.36 | 0.14 13 (1A
4 40.50 | 0.31 8 1A
5 30.22 | 0.06 10 [|eus]|
6 29.05 | 0.05 9 [Jas]|
7 25.78 | 0.21 7 1A
8 21.63 | 0.10 8 AT
9 27.39 | 0.08 12 lles||
10 35.16 | 0.15 11 1A

The optimized control sequence can be found in (Figure 6). The applied body
force in the control area ). is operated nearly periodically, which is not surprising
because of the periodic Tollmien-Schlichting waves.

The optimized control sequence u,(:p Y in the MPC iteration k is applied
over the control horizon, which means over the first 1000 time steps. The
next MPC iteration k& + 1 starts with a control sequence defined by wugi; =
[ul(:p t)(2nd half), ug)p t)(2nd half)]. Additionally, we are passing the updated BFGS
matrix Hy, as initial BFGS matrix in the next MPC iteration.

control amplitude
o o o
o 2 &

. .

o
NS

o
B

LA

L
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
time steps

Figure 6. Optimized control amplitude.

The optimized control sequence is then tested in the Finite Element model and
the result can be found in (Figure 7). One can see that the optimized control

velocity in sensor

uncontrolled FEM
2151 — controlled ROM
-- - controlled FEM

L L L L
0 2000 4000 8000 10000 12000

6000
time steps
Figure 7. Velocity in in the middle of ©, - FEM cancellation result.

sequence developed in the reduced order model is able to lead to a cancellation of



REFERENCES 33

the Tollmien-Schlichting wave also in the FEM. Most of the behavior is represented
correctly except of some smaller oscillations.

9. Conclusion

We have introduced a reduced-order model approach using POD, which is, due to
the choice of the snapshot basis, suitable for predictions of the state under control.
The snapshots ensemble consists of uncontrolled and impulse response snapshots.
The advantage is that the POD basis can be generated beforehand and an expensive
adjustment of the POD basis during the optimization can be avoided.

We have present a corresponding a-priori error estimate which is applicable to
systems under control. By iterating our approach, a snapshot set can be generated
that leads to higher order remainder terms. We will study this in future work.

The new ROM approach turns out to be very efficient with respect to our numer-
ical example - the cancellation of Tollmien-Schlichting waves by plasma actuators.
The optimization is carried out with an MPC strategy which allows for feedback
control such that the control sequence is constantly adjusted to the actual flow
configuration.
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