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Pressure Stabilized POD Reduced Order Model for Control of Viscous
Incompressible Flows

S.S. Ravindran

Abstract— In this paper, we propose a new pressure-stabilized
proper orthogonal decomposition reduced order model (POD-
ROM) for the control of viscous incompressible flows. It is
a velocity-pressure ROM that uses pressure modes as well to
compute the reduced order pressure needed for instance in
the control drag and lift forces on bodies in the flow. We also
propose and analyze a decoupled time-stepping scheme that
uncouples the computation of velocity and pressure variables.
It allows us at each time step to solve linear problems,
uncoupled in pressure and velocity, which can greatly improve
computational efficiency. Numerical studies are performed to
discuss the accuracy and performance of the new pressure-
stabilized ROM in the simulation of control of flow past a
forward-facing step channel.

I. INTRODUCTION

Control of viscous fluid flows is an important application
area of tremendous benefits including drag reduction, lift
enhancement, mixing augmentation and flow induced noise
suppression. It can also improve agility and maneuverability
for military aircraft and weapons. Successful implementation
of flow control requires among other things efficient com-
putational algorithms for real-time simulation and control.
Modern nonlinear control system theoretic methods to flow
control is hindered by the fact that fluid flow systems are
nonlinear and high dimensional, see [5], [9]. Recognizing
this complexity, a great deal of effort has been put into
developing efficient computational methods for accurately
solving those problems. One of the major developments is
the nonlinear reduced-order controller approach [9], [11].
A popular method for constructing nonlinear reduced-order
model is based on finding a suitable low dimensional basis
by proper orthogonal decomposition (POD) and forming a
reduced-order model (ROM) by Galerkin projection of the
infinite dimensional model onto the basis, see[9].

For incompressible flows, the reduced order models gener-
ated via POD leads to velocity only reduced order models be-
cause in this framework, velocity POD modes are usually as-
sumed to be at least weakly divergence free. This assumption
holds true if, for instance, the POD modes are generated by
snapshots computed using inf-sup stable finite elements for
the velocity-pressure pair. However, the weakly divergence
free property does not hold for many popular finite element
discretizations of Navier-Stokes equations [7]. Despite the
appealing computational efficiency of velocity only reduced-
order models, the pressure is needed in many flow control
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problems such as minimizing drag or maximizing lift force
on bodies in the flow.

In this paper, we propose a pressure stabilized POD
reduced order model which is a coupled velocity-pressure
reduced order model that uses pressure modes as well to
compute the reduced order pressure. Also, unlike other
existing approached such as pressure Poisson equation ap-
proach that provides velocity pressure approximations, in our
approach the velocity modes do not have to be either strongly
or weakly divergence free. The new method draws inspiration
from successful pressure stabilization techniques used in the
context of finite element methods for incompressible flows
[2]. The main contribution of the present work is the study
of a decoupled time stepping scheme (uncouples velocity
and pressure) for the reduced-order optimality system for the
optimal control of Navier-Stokes equations. The scheme we
study allow us at each time step to solve linear problems, un-
coupled in pressure and velocity which can greatly improve
the computational efficiency. We prove error estimates for
the reduced basis discretizations of the pressure stabilized
reduced order optimality system from which control can be
computed. We also investigate numerically the new pressure
stabilized ROM in the simulation of control of flow past
forward facing step channel.

II. OPTIMAL CONTROL OF NAVIER-STOKES EQUATIONS

In this paper, we are concerned with the numerical
approximation of optimal control of incompressible flows
using pressure stabilized reduced-order models. We consider
the following optimal control problem constrained by the
unsteady Navier-Stokes equations:

2 dr,

T
1
Minimizei /Hqu||2+}’||g
0

subject to
% _vAu+u-Vu+Vp=f, in Qx(0,T],
V-u=0, in Qx (0,T]

ey

with Navier boundary conditions [8] :

u-nr =0 and (qu-7+2vn-D(u)-7)|r =g-7,

and initial conditions: u|,—o = up(x)
where the spatial domain Q C R? (d € {2,3}) is bounded
open convex polygon with Lipschitz boundary I, n and

T denote the outward unit normal and tangent vectors,
respectively, a > 0 the coefficient of proportionality, ¥ > 0
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the relative weight, % := {g € L>(I'): g-n|r =0} the set
of admissible controls and g the tangential control input
function [4], [12]. Moreover, in (1), u(x,?) is the velocity
field, p(x,7) the kinematic pressure, v > 0 the kinematic
viscosity of the fluid, f the density of external forces and
D(u) := (1/2)(Va+ (Vu)?).

In the sequel, L?(Q) denotes the usual space of square-
integrable functions equipped with the usual L?-inner product
(-,-) and L?>-norm ||u|| := |[ull 2 (qr)- We denote the norms on
Hilbertian Sobolev space H*(Q) and the trace space H¥(T")
by |||l and |- ||xr, respectively. Moreover, let {7 }n~0
be a family of affine equivalent, conforming and regular
triangulation of Q, formed by triangles or quadrilaterals
(d=2), or tetrahedra or hexahedra (d = 3). For any mesh
cell K € .9, its diameter will be denoted by hx and h =
maxge 7, hg. We denote conforming velocity and pressure
finite element spaces based on a regular triangulation of
spatial domain Q having maximum triangle diameter i by
X, C X and O, C Q. Let the time interval [0, T| be partitioned
as0=n<n<---<ty=T, At :=t,—t,1.

The fully discrete approximation of the optimal control
problem we will consider is to find uj € X, g} € %, and
Py €0p, n=1,2,...,N, such that

N
3 Zl IV < w2

i=

Minimize 2,

subject to
“Z*“Z_] n n—1 _.n 2)
(=== vn) + 2v(D(uz), D(vs)) +c(uy ™, wj, vi)
+ a(uz “T, Ve T)F - (ph7v 'Vh)

= (gZ-T,Vh-’L')r, Vvh .

el )+ (V-u0) =0, Vo0 O)

where the trilinear form c(-,-,) is defined as c(u,v,w) :=
1(u-Vv,w)—L(u-Vw,v) = (u-Vv,w) — 1((V-u)v,w) and
0 < e <1 is the penalty parameter.

In (2), the term Vp} can be eliminated by using

A
L) - TV ), Vo0 @)

therefore, the calculation of (uj,p}) proceeds as follows:
given uy and pj, solve for uj:

(Ph O) = (Ph

n n—1
u, —u,

( A vi) + 2v(D(

)+ (g vy)

uj),D(v
+ a(ul T, v, T)r+ 2(V-u),Vevy)
= (gz T, Vi T)r‘—|— (PZ_I»V 'Vh) ) VVh € Xh
(5
Perform an algebraic update for pj using (4).
III. PRESSURE STABILIZED POD REDUCED ORDER
MODEL

We briefly describe the POD method, following [9], and
apply it to the pressure stabilized finite element model (2)-
(3) to construct the reduced-order model. To compute the

snapshots, we use the stabilized FEM model (2)-(3). Let us
consider the velocity snapshot subspace X, := span{uﬁl}f’:" 1>
pressure snapshot subspace Qy, := = span{ ph}fV 1 » adjoint ve-
locity snapshot subspace Xy, := span{{ h}, , and Qg =
span{cj;}?fl with dimensions dy, dp, d¢, and dg, respec-
tively. The POD method then seeks a low-dimesional sub-
spaces X% := span{(p” ® | C X, OF i=span{y’ ¥ C 0,
che = span{d)i W, Xy, and QF = span{y? ¥, C O,
which optimally approximate the snapshot subspaces in
discrete L>-norms. Let K, := (ki';) € RNwxNe Ko = (k,gj) €
RNCXNC K . (kp ) RprNp and Kcr = (kc) RNGxNU be
the correlatlon matrlces corresponding to snapshots where

ku = (“hauh) NC(Chvgj) kzp = (thph) and
kS, = 1 (o}, 0)) Let {x"};’"p{z,-"}‘?f {AC}, LAY

Ly =1
be the posmve eigenvalues of K, Kp, K¢ and K, respec-

tively. Then, the following error formula hold

Nu j du
*leuh Z (w9001 = 3 AL
k=1 k=R+1
| p . M . 2 dl’
wY ok - Y.l = Y AL
j=1 k=1 k=M+1
(6)
d

I
1
S

1 N¢ . R NN
FCZE"CZ_Z( 1000 |17
j=

k=1 k=R+1

I”

I
!
<3

[N oM
e ) llon =Y (o, wd)we
j=1 k=1

An analogous set of error formulae (albeit bounds) in ||V - ||
norm holds instead of |- || norm as in (6) due to inverse
inequality [6], [10]. In the sequel, we will denote by P“, P/,
Prg and PC the L* orthogonal projections onto X%, o, X
and Qf;, respectively.

We will also need the following a priori bounds for the
orthogonal projections P'u} and P that can be ob-
tained from the finite element approximations and the
inverse inequality. Therefore in the sequel, we will as-
sume |[[VEuj|[ 20, ||Puuh||°°’ IVE U0, (07 ][eos ([ VUG,
VU] 24, || P7 Eylloos ||VP, Cille,n=1,...,N, are bounded.

A. Pressure Stabilized Reduced Order Model Optimality
System

The pressure stabilized reduced-order optimality system
we consider is to find (u”,{7) € X% x Xg, gl € % and
(pt,o) € Q) x 0%, n=1,2,...,N, such that

ul— lln—l

————,V;) + 2v(D(u

== ), D(v,)) +(u]

- (p;l7v_vr)
T)r, Vv, € X;‘e

0, V¢, € Q)

ur’Vr)
+ a(ul-7,v.-T)r
= (g': “T,Vp-

n__ o on—1l
8(%,@,) + (V-ll’,}, r) =

(7
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CEEET ) DD + el O
At T Iy

+e(veu, O
+a(C" v, T)r— (6", V. v,)

= (Vxu 1, Vxv,), VV,GX,Ce
n n—1 n—
(% —,0,) + (V-0771,9,) =0, Vo, € OF,

®)

(vg" + C"'3)r=0, W, e % )

final condition % (x)

up(x).

=0 and the initial condition u’(x) =

IV. ERROR ANALYSIS

This section is devoted to deriving error estimates for the
reduced order optimality system (7)-(9).

Lemma 4.1. Let (u},p}) € X, x O, be the solutions of
(2) and (u},pl) € X} x QPM be the solutions of (7), for
n=1,2,...,N. Then, we have

N
[y —u* + ellpj, — p2II> + YAV (w, —wj) |
i=1

< Jluj —w?)? +8Hp2 -plP

Z A+ Z N’+Z||gh gldr|

i=R+1 i=M+1 i=
(10)

+ CAt

where C is independent of 4 and Ar.

Proof. To get the error bounds of the method, we decompose
the error as follows errors: e, :=w — B'uy, e}, = py —
PPpp, oy = P'uy —up and B} := PP pj— pj.. As the errors
o and ﬁl’,’ can be easily estimated from (6), we will only
estimate the errors €, and ¢},. It can be easily shown that the
pair (P'u}, P p}) satisfies

Uy a1l 11— 1
P'u; — P'u,

( At

v,) + 2v(D(PA), D(v,))
+ (P Pl v,)
— (PP p,V-v,)+a(Pul-1,v,-T)r
= (g 7V, )r +2v(D(ay),D(v,))
— (B2, V-v,) + (Pl Phul v,
+ oo -7,v-T)r
—c(uuv,), Wy, € X4

P n—1
S(Pr Ph— P Ph ,¢r) (V,pruu;;’q)r) —

For n = 1,2,...,N, subtracting (11) from (7) and setting

(V'O‘Zf’¢r), V(Pr S Q1[\7/1
(11)

(Vi 6) = At(ell, e yields

n—1||2

1 2 _ _
S (leal* +ellepl?) = 5 (llei " P+elles 123 llel — e

+ Sllen — en |2+ 280v]| Vel |2 + acat]lel - 73 -
— M[(e(Prw" Pl e) — (w1 ul el)
T 2v(D(0), D(el)) — (BLV -€l)

— (e(Pru) P ) — c(u ! uel)

= (Vo) + (g

us€p _gr)'Te 'T)F

+ a(a 1,e"-T)r ZZ
(12)
We now proceed to estimate the terms on the right-hand side

of (12). For the first term we use the skew symmetry to obtain

=i < |Are(e) ! Pl el)|
< CM[||VPup |l | a3
+ lleg 1A |- | Ve
< CArflel >+ 4 [ Ver >
For the second term, we have
5| < 7HVe"||2+CAt||V(x 2. (14)
For the third term, we have
55 < 22 HVe"HerCAtIIVﬁ I (15)

For the fifth term, we first rewrite it as

Ys = AI(V (Xu,ep)
— 1 1
— AV — ) LAY at e ).

Employing the extended Cauchy-Buniakowskii-Schwarz in-
equality [3] yields

[Zs| < nar||Voglllley — e ||+ narl| Vg [le; " |

for some constant 1 € [0,1). Therefore by the Young’s
inequality we have

Zs| < ey

I

2
+ Ve

VeI + 5l — e IP

(16)
To bound the fourth term, we use Sobolev embedding and
Holder’s inequality

S < Arle(Prul T agel) + (o uel)
< AP VG e
P Vel
Ld-1 (17)
+ Ao Ve 2
o ALY
< Ve Car| Va2 + Va2,
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Finally, we estimate the sixth and seventh terms using trace  where C is independent of & and Ar.
inequality as follows Proof. For n = 1,2,...,N, subtracting (20) from (8) and
setting (v,,0,) = At(e'c’_l,eg’l) yields

oAt
o < e e renlg -l oy, T .
ond —5 (llegli™elles %) +3 (e 11"+ elles ")+ lle — ezl
oAt
[£9] < =Nl 7l + Car [ Ve (19) +5leg —eg P 2mev | Vel Proaele} T F
- - 1 pn—1
Inserting (13)-(18) into (12) yields = Arf(c(Pruy, e N )—C(ui’,e’g LEh)
- - - - ~1
(Ileil1 + ellepl®) — Clle 1> +elley " 17) + el — e~ + (c(er L P PR c(ep Lul L)
—12 2
+ %He;’,—e;’, || +2AlV||VeZH (C(P”llh, e IPC ) C(u27en—l’gz—l))
—1)12 —12 n A1
< CAt(leg |1 +ellel, " [17) + 2|V ||*(1+Ar) (c( o lP“uh,Pg ) (en 1uh’C ))
2 2 —1)2 2
+ e [IVag P+ VB2 + [V ety P+ ligh ~ 213 + 2v(D(a ), D(e)) — (B, Ve )
Finally summing from n=1 to n =N and applying discrete + (e V- a’é) (Vx a1 vx e’é*l)
Gronwall inequality we obtain the desired result. | X |
Before we proceed to derive the error bounds for reduced + (Vxe ', Vx € )
order approximations of adjoint variables, we observe that by 10
applying inverse inequality and the error bounds in Lemma + a(ocg‘l .1, eré—l O] =Y %
4.1, we obtain that ||u’||. is bounded. i=1

(22)
We will bound the terms on the right hand side of (22). We
first note that using the skew-symmetry property, we get

Let e’gi = C:’—PECZ, ey =0 —PPoy, ocg ::P,CCZ— Ch
and B} := P°o;) — oy . It can be easily shown that the pair
(Pf Ch PP o)) satisfies

Bl = Arleel e RG]
ngn PCCn7] | 9
rS5hTr 5h — — _
— (F2 ) +2V(D(RF GG, D(v)) < CA(IVREG e+ PG o) el VR
(P, v, PEEETY) (v, Prul PECTY) < Ve IP KA e
23)
§ pn—1 -1 (
+a(PP v r—(Bl o V) For the second term, we obtain
_ n—1 —1 —~
=aag v O = (B V- v) Sl = Arlelel el PG el el )
n \v4 U gy 71 C n—1 1 -1 _
F2v(D(a),D(VY,)) + (P, v, PECL ) < CO(IVPE ot IBE E ) el Ve
-1
(v, Piug, PR + CAtu|e et ][ Vey !
—l—(VXPr“uZ_l Vxv,)—(VxelVxv,) < vAt”Ven 1||2+K2AtHVe ||2+K3AtHe” IHZ
— (uZ7vr7§Z_ ) (Vr7uh7 ) er e)(R . ) (24)
PO — POGI- For the third term, we first note that using skew symmetry
g(h = h ’¢r) +(V-P5 o) of the tri-linear form we get
S _ n—1 pé nfl n—1 _n—1
=(V-a,9,), V9, € Qur. (B3] = Arfe(ag,e; PGy ) +e(uh.er 0]
. ¢ . @ < CA(IVPEG e+ 1P ) Ve[| Ve |
Lemma 4.2. Let (£, 0)") € X}, x Qf; be the solutions of (8)
and ({},,0}) € Xj, x Qy be the corresponding finite element + CAtHuZ||OQHVe’C'_1||||V0t2_1 |
solutions, for n=1,2,...,N. Then, we have < "TA’HVe'g'_l||2+K4At||VOCZ||2+K5At||V062_1||2.
N o 25)
n n2 n n||2 i i\(12 (
. 0 g g = el Len PEC) (el g ol )|
< CAt A+ AP+ (1+— A n—1 -1
e M R M) B A < CA(IVRECS e+ IBE G 1) e Vel
Z Z + CA([uf o+ [ Vu o) 1[I Ve
+ AT+Y g, — gr”or ) - -
=0Tt < Ve + Koar || Veq || + Ky o
20 (26)
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For the fifth term, we obtain

Z5| < Ksr]|Vel !+ KoArfla 2. 27)
For the sixth term, we obtain
Zo| < 2|Ver P+ Kiodt]| By * (28)
For the seventh term, we obtain
B < et 24 A Vo (29)
For the eighth and ninth terms, we obtain
Zg| < |ver P+ Kuar|Ver 2. (30)
and
So| < YHVer P+ KA Ve TP (31

Finally, we estimate the tenth term using trace inequality as
follows

(32)

Combining all inequalities, dropping unneeded terms on the
left-hand side and summing from n =m+1 to N yield

[Zio] < adv|le} - z5p+Crl| Vo P

N-1
(leZ11* + elleg ) +2ar ), v Ve

i=m
N—1
< Y (e +ellet )
i=m
dy dl’ f‘l
+oa| Y A Y AP+ Z A
i—R+1 =M1 € 2Rt
ds N ) .
+ Y 2+Y g —gllor-
=M1 i=1
(33)

Finally desired result follows by applying discrete Gronwall
inequality. ]
Notice that from (9), we easily have

N N
Y Arllg, — g lGr < CY ArllE, =&l
i=1 i=1

Therefore combining Lemma 4.1 and Lemma 4.2, we have
the following theorem.

Theorem 4.3. Let (u},p},{},0/') be the finite element
solutions of optimality system associated with (2) and

(u?,p", £, 0") be the corresponding ROM solutions, for
n=1,2,...,N. Then, we have
(Huh - urlew (0,T:L2(Q) +8||ph7er[2°°((]7T;L2(Q)))
+ (”Ch C ||l°°0TL2 +8||Gh_6rH12°° O.T;Lz(Q)))
dP
+ llgn —&rlB 0702 < CAt Z A+ Y A
i=R+1 i=M+1
ﬁz dg ¢ do
(e}
+ (1+?)'_Z 2, +._Z A
i=R+1 i=M+1
(34

where C is independent of /& and At.

V. NUMERICAL EXPERIMENTS

In this section, we perform a numerical investigation of
the pressure stabilized ROM algorithm in the simulation of
control of flow separation over a forward-facing step channel.
The step of unit height is located at a distance of two units
from the entrance. The width of the channel is three units
and the length is sixteen units. At the channel entrance
the flow is prescribed to be fully developed parabolic flow:
u(r = 0,0 <y <3)=4y3-y)/9, vx=0,0<y<3) =
0 and at the outflow, a psuedo stress-free condition is
applied. The computational grid was nonuniform in both
the stream-wise and cross-flow coordinate directions and
a fine grid was used in regions where sharp variations in
velocities were expected. All the computations were done
with 51x51 grid and a time step size ¢+ = 1/20 for the
Reynolds’ number 2000. For this configuration, separation
and re-attachment occur at two places. One on the lower
wall in front of the step and another behind the step. But
the latter leads to significantly larger wake spread. After the
re-attachment on the lower wall behind the step, the flow
slowly recovers towards a fully developed Poiseuille flow.
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Figure 5.1. Controlled and uncontrolled u-velocity (left)
and v-velocity (right) profiles at x =2.5
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Figure 5.6. The computed optimal control as function of
non-dimensional time

In the numerical investigation of the new pressure
stabilized-ROM, we first showed that the new ROM yields
accurate velocity and pressure approximations that are close
to the direct numerical simulation results. Next, we employed
this ROM to compute a reduced-order controller. The pur-
pose of the controller is to alleviate flow separation and
reduce wake spread in the channel. Therefore, we formulate
an optimal control problem that minimizes the enstrophy of
the flow. The control action (actuation) is effected through
tangential blowing through a single slot on a part of the
boundary: 2 < x <3 and y = 1. Ten POD spatial basis
functions (equal number of pressure and velocity modes)
are determined by the POD at this Reynolds number Re =
2000. A Galerkin projection is then employed to obtain
suitable reduced-order dynamic models. Optimal controller is
computed using a sequential quadratic programming (SQP)
method. For the ROM construction for control, we employed
g(t) =1/10 in [0,T] = [0,10] in the control action to gen-
erate the snapshots. Computed controls at various actuator
positions are shown in Fig. 5.6. The resulting horizontal

and velocity velocity profiles with and without control at
various stations in the channel are shown in Fig. 5.1-5.4.
They clearly indicate that flow separation is mitigated by
the control action. Substantial reduction in the wake spread
is also seen. The re-attachment length has been reduced by
more than 80% compared to the uncontrolled case.

VI. CONCLUDING REMARKS

In this paper, we proposed a new pressure-stabilized
proper orthogonal decomposition reduced order model
(POD-ROM) for the control of viscous incompressible flows.
The new pressure stabilized ROM is a velocity-pressure
ROM and it does not require the fulfillment of the inf-sup
condition, which can be prohibitively expensive with current
ROM approaches [1]. Moreover, the present method does
not require weakly divergence free snapshots. We proposed
and rigorously analyzed a decoupled time-stepping scheme
that uncouples the computation of velocity and pressure
greatly improving computational efficiency. In the numerical
investigations, we provided a numerical comparison of the
new pressure-stabilized ROM in the simulation of control
of flow past on a forward-facing step channel. Our results
showed the feasibility of proposed scheme and yields an
efficient control approximations.
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