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ABSTRACT. We consider the design of an output feedback controller for a large scale sys-
tem like the linearized Navier-Stokes equation. We design an observer-based controller
for a reduced system that achieves a compromise between concurring performance and
robustness specifications. This controller is then pulled back to the large scale system
such that closed-loop stability is preserved, and such that the trade-off between the Ho-
and H-criteria achieved in reduced space is preserved. The procedure is tested on a
simulated fluid flow study.
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1. INTRODUCTION

Robust feedback control of systems with large state dimension like the linearized Navier-
Stokes equation hinges on system reduction techniques. Bringing the system down to a
moderate size allows to apply sophisticated optimization-based robust controller synthesis
tools, which achieve a compromise between performance and robustness specifications.
The controller so obtained is then pulled back to the large dimension, and one hopes that
it still achieves a similar compromise in the large scale space.

In order to justify this approach theoretically, one first of all has to prove that the
pull back procedure preserves stability in closed loop (Raymond and Thevenet, 2010;
Thevenet, 2009). The more intriguing question is then whether pull back also preserves
the trade-off between performance and robustness specifications (Bernstein et al. 1989;
Stein and Athans, 1987; Doyle et al. 1982) achieved in reduced space. Namely, stability is
rarely the main issue in practical control applications. The real difficulties surface when
it comes to assuring good performance and robustness in the presence of the inevitable
system uncertainty.

In this work we present a new technique which allows to achieve such a compromise
between performance and robustness within the framework of observer-based controllers.
This may seem surprising at first, as Ho- or LQG control is known to be fragile in the
presence of system uncertainty and finite energy external perturbations, which is why it
has been supplanted by robust control techniques in practice (Lauga and Bewley, 2004;
Farag and Werner, 2002; Lauga and Bewley, 2002; Feron, 1997; Bernstein et al. 1989;
Packard and Doyle, 1987; Doyle and Stein, 1979). Since our reduction and pull-back
technique makes it necessary to continue to use observer-based controllers, we have to
robustify them, and this is where the use of optimization techniques becomes inevitable.
In consequence, practically useful observer-based controllers can no longer be computed
by solving algebraic Riccati (ARE) equations. In particular, we cannot benefit from recent
progress (Benner et al. 2004) obtained in solving large-scale AREs.
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Roughly our approach can be described as follows. We show how a standard Ho-
performance channel can be traded against an H.,-robustness specification in reduced
space such that the resulting mixed Hs/H.-controller achieves a satisfactory compromise
between performance and robustness in reduced space. We then show that the mixed
controller still achieves a good compromise when pulled back to the large system. This is a
consequence of the fact that the projection/pull-back operation preserves local optimality
if the Hy and H,, channels are suitably re-normed in the large scale space.

The structure of the paper is as follows. In section 2 we recall the PEVA system
reduction technique, which is later used in open and in closed loop. Section 4 presents
our line of action and gives the main result. In particular, the algorithm proposed in
that section realizes the trade-off between performance and robustness specifications. In
section 5 we briefly recall the choice of performance and robustness filters for the LQG
case. Section 6 gives the proofs of the principal results. In section 7 we apply our theory
to control the linearized Navier-Stokes equation, where the full order descriptor system
after discretization features near 41000 states.

2. REVIEW OF THE ALGORITHM FOR PARTIAL EIGENVALUE ASSIGNMENT

The algorithm for partial eigenvalue assignment (PEVA) is a classical tool for system
reduction (Datta, 2004), which we briefly recall here, as we shall need it in the sequel.
Consider a linear system

(1)

where A € R™" B € R™™ and C € RP*". We assume that the state dimension n is
exceedingly large, while p, m are rather of moderate size. We adopt the convention that
any matrix which has at least one large dimension (row or column) is represented by a
non usual Latin symbol, for example: A, B,A,B, ..., while small matrices have the usual
Latin symbols A, B,.... Similarly, vectors with large state dimension have symbols like
X, X, etc. while small dimensions are denoted as x, & as usual. Assuming A diagonalizable,
we let £ and F be bases of right and left eigenvectors of A, that is

AE =EN, and A'F = FA*,

where A = diag(Aq, ..., \,,) are the eigenvalues of A. Now we divide the set I = {1,...,n}
into two disjoint parts, Iy and I, with || = ng, |I,| = nu, ns + n, = n, where it is
assumed that unstable eigenvalues belong to I, that is

{i : Re(\;) >0} C L.

That is, we oblige all unstable modes to belong to I,,, but allow some of the stable ones
in [, too. Nonetheless, in slight abus de langue, we call \; with ¢+ € I, the unstable open-
loop modes, and I, the stable modes. The set I, does in fact include those open-loop
modes which we wish to (or have to) control by feedback, whereas the modes in I, are
considered extremely fast and irrelevant for feedback.

Now let &, be the right eigenvectors in £ associated with \;, ¢ € I,,, & those in Z;, and
similarly, F, the left eigenvectors associated with \; in I,,, F, those in Z,. By orthogonality
we have

(2) FLE = 0nsnes  Fr€s = 0pyxen,-
In addition, we may also arrange for &,, &, F,, Fs to be real matrices and to be scaled to
satisfy

(3) Fre,=1,.,., Fre,=1,..
2

. x = Ax+ Bu
(8) {y = Cx



To arrange this we first replace [E(f), f&iﬂ)] and [&(f), &(fﬂ)] associated with a pair of

complex conjugate eigenvalues with indexes ¢ and ¢ + 1, by
F0, FEVIG and [0, £0)G

where G = %f 1 1. , 72 = —1. Then we normalize them.
2\J I
Using (2), (3), we can now decompose the state x of the large scale system (1) as
x = Euxy + EsXs, where x,, X, are the states of the following two subsystems, called the

unstable and the stable subsystem:
Ty = Ayy + Buu X, = Asx, + Bsu
(@) (5. { s {

Yu = Cul'u Ys = CSXS
where:

(5) Ay =FTAE, = A, B, = FIB, C, = C&,,
Ay = FTAE, = A, B, =FIB, C, =CE,.

Here A, are the unstable eigenvalues, A, the stable eigenvalues of A. The equations of the
original system (S), given in (1), can be obtained back from the equations of the unstable
system (S,) and stable system (S;) given in (4), bearing in mind that x = &[z,, x,]T and
Y = Yy + yYs. In other words, the procedure presented so far is loss-less.

3. PROBLEM STATEMENT

In order to control the large scale system (S) appropriately, we have to embed it into
a plant P by adding performance and robustness channels. We decide to assess the
performance by a weighted Hs-norm, while a robustness criterion based on a weighted
H,-norm is added. Altogether, this leads to the following large scale plant

(%X =Ax +Bows  +Bows — +Bu
Ty = AoXx + Ay +Baswy +Bayu
' Zo = CQX + CQQIQ +D2uu
Zoo = CooX +Co00Too F+DooooWoo +Doortt
\ ¥y = Cx +Dy2w2 +Dyoowoou

where w,, is bounded energy perturbations, ws is a white noise source, x is the system
state with large dimension n, while x5, 2, represent the states of the stable filters used for
frequency weighting. Here z5 and 2., are the controlled outputs of these filters. With the
exception of A, B and C, all other matrices are specified once performance and robustness
channels are chosen.

Remark 1. Our notation highlights plant data involving the large state dimension by
using calligraphic symbols, while the small dimension is indicated by using roman symbols.
Note that Bs, By, and also As, A, and Co, Cy, have at least one large dimension, but these
matrices are under our control, so we can arrange them to be sparse.

In the sequel, we make the following assumption:
(A, B) is stabilizable, (A, C) is detectable, A is diagonalizable.

We also work under the informal hypothesis that n, < n, as otherwise our reduction
technique will not kick in. Similarly, it is realistic to assume that dimy < dimx. Nat-

urally, we also assume that A,, A, are stable. Our goal is to design a dynamic output
3



feedback controller of observer structure
(7) u(s) = K(s)y(s) = =K, (sI — (A — BK. — KTC)) " KTy(s)

for the large scale system (S), such that the following design specifications are satisfied:

(i) K stabilizes (S) in closed loop.

(ii) The controller has good performance in the sense that a suitable frequency weighted
Hy-norm of the closed-loop performance channel wy — 25 is small.

(iii) The controller has acceptable robustness in the sense that a suitable frequency
weighted H..-norm of the closed-loop robustness channel w., — z, is small.

(iv) The controller K should be practically computable. That rules out the nominal
mixed Hy/H,, controller, where the dimensions of Ky and /. satisfying Riccati
equations would be exceedingly large. The controller and filter gains should be
computed using a reduced-order plant.

For the following, let us introduce the notation 6 = (IC., Ky) for a vector 6 gathering all
unknown controller and observer gains of (7), and let the corresponding observer-based
controller in (7) be IC(0). Moreover, let T.,,,(s,0) be the closed-loop transfer function
wy — 2o of the large scale plant P when controller K() is used, and similarly 7%, (s, )
the closed-loop channel we, — 2o using K(#) in feedback with P. Then we wish to solve
an optimization problem of the form

minimize P(0) = ||F1(2)T22w2(-,6’)F2(2) + ]:3(2)”2
®) subject to R(0) = [ FI™ T (- O FF + Bl <7

0 = (K¢, ) closed-loop stabilizing

in the large scale space. Here P(6) is called the performance criterion, R(¢) the robust-

ness criterion, and r is a suitable robustness threshold. The frequency filters Fi(k)(s) are
independent of the design parameter . Note that the matrix dimensions of 7,,,, and
T.. .. aresmall, but large matrices are required to compute them, so they are not readily
available for synthesis.

It is clear that unless simplifying manipulations are made, (8) will present major nu-
merical difficulties due to the size of the matrices involved in computing the transfer
function T, in the large scale space. In the next section we show how the PEVA re-
duction technique may be applied to the ambitious program (8) to obtain a version in
reduced order space which is amenable to computations in such a way that the results
remain meaningful in the large dimension.

4. COURSE OF ACTION

In this section we present our main idea to control the large scale system (S) in (1).
We focus on the unstable system (.5,), which by our working hypothesis has significantly
reduced order dim(z,) < dim(x). We design a controller K for (S,), which we then lift,
or pull back to a controller K in the original system (S). The challenge is to do this in such
a way that the lifted controller has reasonable properties with regard to the performance

robustness trade-off in program (8).
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Extending the PEVA reduction technique to the plant P leads to the following reduced-
order plant.

(T, = Aury +Bowy  +Byws — +Byu
j]g = Aqu + AQQLEQ +B22w2 +B2u’u
(9> P - Too = Ay + Ao Too +BocooWoo  +Bogull
YT 22, = Cowy + O + Doy u
L Y = Cury +Dyows  +DyooWoo,

where z, represents the state of the unstable reduced plant P,, x5 is the state of a Hs-
performance filter for the channel wy — 23,, T is the state of the H.-robustness channel
Woo — Zoo,, alld where it is assumed as in P that the original system dynamics do not
feature the states of the filters. In particular, we have

Au :‘FEAE"U? A2 :-/425117 Aoo :Aoogm Bu :}—35, B2 :JT_-EBZ; Boo :Fglgooa
(10) Cy =C&,, Coo = Cxy, Cy = CE,.
Note that the matrices with roman symbols in P re-appear in P, without changes. Note

also that there is no plant Py defined for the stable system S;, as our approach leaves this
subsystem uncontrolled.

Lemma 1. In the unstable reduced system (A, By) is stabilizable and (A,,C,) is de-
tectable.

Proof. Stabilizability of (A,, B,) follows from PEVA algorithm. It is well known that
(A,C) detectable < (A", C") stabilizable.
Because A diagonalizable < AT diagonalizable, then
(AT, CT) stabilizable < (AL CT) stabilizable < (A, C,) detectable.
O

As a consequence of this lemma, and since the state-dimension of P, is reduced, we
can now compute observer-based controllers which stabilize (S,) in closed loop. Let us
introduce the notation

(11) u(s) = K(5,9)yu(s) = =K. (sT — (A, — B,K, — KTC,)) " KFyu(s)

where ¥ = (K., Ky) now gathers the gains of the reduced-order observer-based controller
K = K(v). We introduce the following optimization program for the small dimension n,:

minimize  P(¥) = || 1%y, w, (-, ) ]]2
(12) subject to  R(¥) = || Ts, wee (:9)|loo <7
¥ = (K., Ky) stabilizes (S,) in closed loop

where P(v), R(VY) are now the performance and robustness criteria in reduced space.
Suppose we have computed a locally optimal solution ¥* = (K, K}) of (12), then we
have to pull K (1) back to the large dimension. Let us explain how this is arranged. We
simply put

(13) Ke=KJF,, K=K,

so that 0 = (K. FL, K;EF) = 0(9). We call ¥ — 6 respectively K(¢) — K(6) the pull
back operator. We shall also say that /() is pulled back from K(9).
5



Remark 2. The controller (K, K.) acts in the original large-dimensional space (K; €
RP™ K. € R™™). The fact that it is a pull back from the controller (K, K.) designed in
the low-dimensional space via program (12) is owed to the fact that solving optimization
program (8) in dimension n x (m 4+ p) is not possible.

The principal question which will keep us occupied now is in which way the good
properties of K (v¥*), the solution of (12), are preserved in (8) when we pull it back to
K(6%). Our first result is a direct consequence of the PEVA procedure. We have the
following well-known

Proposition 2. Suppose the observer-based controller K (V) stabilizes the reduced system
(Su) in closed-loop. Then its pull back K(0) stabilizes the large dimensional system (S)
i closed-loop.

Proof. This is shown in section 6. U

The following is more interesting and ultimately justifies our method.

Theorem 3. Given the performance and robustness channels T, ., and T, ... in (12),
one can choose frequency filters Fi(k) (independent of 0 and 9) in large scale space such
that K(9%) is a local minimum of the reduced-order mized Hs/Ho, optimization program
(12) with robustness threshold r, if and only if its pull back IC(6*) is a local minimum of

(8) with the same r where the admissible controllers are the pull back controllers.

Proof. This theorem will also be proved in section 6. O

The following algorithm, inspired by (Ravanbod et al. 2012), is at the core of our

trade-off approach.
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Algorithm 1.Trade-off between robustness and performance

1: Initialization. Divide the eigenvalues A of A into two parts A,, A, such that A,
contains all unstable eigenvalues. Make sure that dim(A,) < dim(Ag). Compute the
corresponding &,, F,.

2: Define channels. Identify suitable performance and robustness specifications wy —
29, and Ws, — 2o, by defining suitable filters. Compute plant P,.

3: Calibrate performance. Compute best possible performance p; by solving the
Hs-optimization program

minimize  ||T%,, w, (9)]]2
subject to K (¥) closed-loop stabilizing

The optimal Hy controller K (95) gives py = [|T%, w,(92)[]2. Its robustness is rT =
7%, wee (U2)]|0o-  If the nominal Hs-controller is considered sufficiently robust, i.e.,
if 77 is not too large, then pull the controller back to K(fy) and quit. Otherwise
continue.
4: Calibrate robustness. Compute optimal robustness 7| by solving the structured

H-program

minimize |7, w.. (V)|

subject to K (1) closed-loop stabilizing

initialized by K (v3). The solution is K (V) and satisfies r| = ||T,

The performance of K (90) is p' = || T%y, ws (Vc0)|l2 > 1.
5: Mixed synthesis. Choose r with r; < r < r' and solve the mixed H,/H-program

(D)oo )loo < 7T

00q, Woo

minimize  ||T%,, w, (-, 7)]]2
subject to || 1%, we (V) |l <7
K (9) closed-loop stabilizing
initialized by K (). The solution is ¥*.
6: Evaluate performance. If performance p* = ||T.,, ., (9*)||2 is satisfactory, then
¥2/0 = ¥* and pull controller back to obtain K(6*) and quit. If performance p* is too
large then relax robustness constraint by increasing r € (r),r") and go back to step

4.

Remark 3. The rationale of Algorithm 1 can be summarized as follows. In step 2 we
choose a nominal performance channel, and a robustness channel with which we assess the
robustness of the design. Our choice of the robustness channel may be guided by (Zhou
and Doyle, 1998; Doyle et al., 1982), where a list of robustness specifications suited for
various types of uncertainty is given. The more is know about the type of uncertainty,
the better this channel can be adapted.

If the nominal controller is not sufficiently robust with respect to the chosen channel,
then our procedure in steps 3 to 6 sets in. As a result, we can always enhance robustness,
while keeping the performance of the mixed controller ¥* close to the nominal performance
of 192.

Note that in Algorithm 1 we do not question the choice of the H, performance chan-
nel itself. We enhance robustness while maintaining the original performance objective.
Notwithstanding, there are also various heuristic procedures, where one modifies the nom-
inal performance in order to enhance robustness. A prominent example is the LQG/LTR
procedure, where e.g. the noise level in the output is artificially increased in order to

robustify the design. For a discussion see (Ravanbod et al. 2012).
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FIGURE 1. Feedback configuration with high-pass filter F.,; and low-pass
filter F.o. The objectives are tracking of the steady-state » = 0 and atten-
uating finite energy external process noise wy,.

The fact that LQG- and Hs-controllers often require this posterior robustification be-
came apparent to the control community in the late 1970s and 1980s. The phenomenon
is not related to the state dimension of the system. We refer to (Bernstein and Haddad,
1989; Doyle and Stein, 1979) for a discussion.

5. SPECIFIC CASE OF AN LQG CONTROLLER

It is well known that LQG control can be considered a special case of Hy optimal
control. In our numerical experiment we will indeed apply our mixed Hs/H-approach
to compute a robustified version of the LQG controller. Recall that in LQG the H,
performance channel in (9) is set-up as follows:

A). We consider following system

Ty = Ay, + Byu + Byw
Yu = Cuxu +v
The covariance matrices of process noise, w, and measurement noise, v, are called

respectively, W and V.
B). We choose weighting matrices R, and R, in the quadratic performance criterion

A
(14) Jy = lim —/ (Y Ryy, + u" Ryu)dt.
0

C). We derive Kalman filter parameters K@% and K ;QG. They minimize J, and they
are evaluated analytically using the solution X* and Y™ of the following AREs:
(15) XA, +A'X - XB,R,'B,”X +C,"R,C, =0, X=X
YA +AY -YC, v*'C,Y + B,WBL =0, Y=YT,

by K¢ = R;'BIX* and K;9¢ = V-TC, Y™,

D). In the algorithm we consider ¥y = (K19¢ KfQG).

E). In this case, no dynamic filter is involved for the performance channel, so that x,
is removed from (9).

F). In (9), Cy = 0 and the other involved matrices are specified as follows

T 1/2 0
B = (BB 0). o= (GO by = () D= (0 1),

To specify the H,, channel matrices in (9), we proceed as follows:
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a). We choose a low-pass weighting filter Fl;(s) at the control input to limit the
maximum effort at low frequencies, i.e. z51(8) = Fao1(s)u(s).

B). We choose a high-pass weighting filter Fo(s) at the output to reduce the ampli-
tude of oscillations, i.e. zoo2($) = Faoa($)y(s).

7). Denoting their associated state space representations by, (Aoo,, Beoys Cooys Dooy =
0) and (Asey; Booyy Cooys Doy ), it can be easily verified that in (9)

(A, O (0 _ (Ba,
Aoooo—< 0 A002>’ AOO— (BOO2CU)7 Boou—( 0 >7

(Y _(Cy O B - )
Coo - <D0020u> ) Coooo - ( 0 OOO2> s -Doou = O’ Doooo — 0’ Dyoo —0.

Note that the transfer operator T, . (¢) includes the two transfer blocks z..1/ws and
Zoo2/Weo shown in Figure 1:

(16) Tooowe = [ Zﬂi } h [ Fiosz(?g) } ’

where S; = (I+ K P)~! is the input sensitivity function. The filter Fi; is a high-pass, F.
is a low-pass. This reflects the fact that in the channel w,, — 2,1 we want to penalize
high frequency components of the control signal, while in z,,» we want the low frequency
components of the output y to track the reference input » = 0. For more details on how
to choose filters in a robust control synthesis, see (Zhou and Doyle, 1998; Doyle et al. 1982)

Remark 4. The control scenario chosen in Figure 1 does not only robustify the design
against the external effect of process noise wy,, but also against intrinsic uncertainty in
controller and plant, as we now argue.

Indeed, by (16) the transfer function of the first robustness channel wy, — u — 2501
involves the input sensitivity function S; = (I + KP)™'. In Figure 1 we have u = Ke,
e = —y, y = Pu and if we consider the scheme without the inputs and differentiate with
respect to K, keeping P fixed, we obtain du = K - de + dK - e, de = —dy, dy = Pdu,
hence

du= (I +KP) ' (dK -e) = S; (dK -¢).
Since optimization tries to keep the operator norm |[|.S;||s = ||.Si||2,2 small, it also minimizes
the effect du of a variation dK in the controller variable. Therefore we can say the first
robustness channel reduces undesirable high frequency effects caused by a variation dK
in the nominal controller variable.

Similarly, if we want to minimize effects caused by variations in the system P, we
differentiate with respect to P, keeping K fixed. That gives du = K-de, dy = P-du+dP-u,
de = —dy, hence

dy=(I+PK)"(dP-u)=:5,(dP-u),
now involving the output sensitivity function S, = (I + PK)~!. So normally, in order
to reduce high frequency effects of a variation dP in the plant parameters on the output
y, we ought to add yet another robustness constraint based on S,. However, we consider
here the case m = p = 1 where the channels are SISO and we have K P = PK, hence
S; = 5,, and in the present study .5, is therefore not required.

In conclusion we can say that, as promised, the synthesis scheme in Figure 1 robustifies
the design against undesirable effects caused by unstructured internal variations dP in
P. Since system reduction is heavily used and can be understood as such an effect, this
justifies the choice of the robustness channels (16). For more details on how to choose

filters in a robust control synthesis, see (Zhou and Doyle, 1998; Doyle et al. 1982). For
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other choices of sensitivity functions classified by the type of perturbation in the system
see Doyle (Doyle et al. 1990).

6. PROOF OF THE MAIN RESULT

In this section we prove Proposition 2 and Theorem 3 given in the section 4. We treat
the channels separately, which is possible by construction. That means, we consider

Ty = Ay + Br,w+B,u x = Ax + Bsw + Bu
S - {Lﬂ;: Aful‘u—l—Aff{L'lJf—i—Bffw—i—Bqu S - jtf:Afx+Affxf+Bffw+Bfuu
v 2y :C’fua:u+0ffx1;+fow+Dfuu z :Cfx+C’ffa:f+fow+Dfuu
Yu = Cuzy, + Dy jw y=Cx + Dysw.

where f stands for any of the filters f = 2 or f = co. Note that in the case f = 2 we
must have Dy = 0. Recall that

A, = FLAE,, Apy = AsEy, B, = FIB, By, = FlBy,
(17) Cty = CsEy, Cy =CE,.

Note that on the left only the unstable subsystem S, is taken care of, as according to
our procedure the stable system S; remains uncontrolled. We consider the following
observer-based controller for S, in the reduced space

u(s) = —Ke(sI — (Ay — BuK:. — K7 C)) 'K yu(s),
parametrized by ¥ = (K., Ky), and the observer-based controller
u(s) = —K.(sZ — (A—BK. — /C?C))_llC?y(s)

for the large dimensional space S, parametrized by 0 = (K., Ks). Substituting them in
S., respectively, S, gives the closed loop systems (S,)¢, respectively, S¢:

( Ty = Auxu - Bch/fL‘\u + Bfuw ((x = Ax — BICC)A( + Bfw
Ty = ATy — BuKcTy + K (Yo — Uu) X = A% - BEX + KL (y - 7)
(SU)CZ : I; = Affx’; + Afuxu—Bquf\i/L‘\u+Bffw Sel ;t’f = Affxf + -AfX — Bfulgci‘F Bffw
2y = C’fuxu—{—C’ffx}L—DquCxu—i—waw z = CfX + Cff:cf - Dfu’CCX + waw
Yy = Cyzy + Dyrw, Yy =Cx+ Dyyw
\ :/g\u = Cufu L Q =CX

Inspired by the PEVA algorithm, we decompose x and X as follows
X = gumu + 85X57 X = gu‘%\u + 5s§sa

and at the same time, we replace K. and K; by K. = K.F! and K; = K;EL' i.e. 6 = 0(9).
These actions result in

iy = Aty — B KTy, + Bp,w (%5 = Asxs — B K 2y + Bysw
/x\u = Aui’u_Bch/x\u_‘_K}:(yu_/y\u_‘_ys_/y\s) );(s = As&s - Bchi‘u

(Sd>ui $3ﬁ = Affl’ljﬁ + Afu$u — BquC:.Cf\u + Bffw (SCZ)SZ ZL’} = Afff)?; + AfSXS

2y = Cfuxu + Cffl'? - Dqucxu + waw Rs = Cfsxs + Cfijl‘

Yu = Cuxu + Dyfw Ys = CSXS

/y\u = Cu/x\u gs = Cs&sa

where
Aps = A&, By = FI'B, Bis = ]-"STBf, Crs = Cp&s.
Please recall that the notation (S¢), is chosen only to emphasize the similarity between

this subsystem and (S,)? and it does not mean that it is unstable!

We can present the following findings:
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a. The closed-loop system 8¢ can be fully recovered from the two split closed-loop
systems (S¢), and (S),, as long as the controller K(6) is pulled back from some
K(¥) via (13).

b. This is no longer the case if the closed-loop system (.S,)¢ is used instead of (S),.
In particular (S,)¢ # (S%),.

c. (89), and (8¢) feature big matrices, indicated by the boldface and calligraphic
elements, but the u-operator applied to S¢ makes (S%), a small system.

d. The term which makes the difference between (S¢), and (S,) is

K?(ys —¥s) = K?CS(XS — Xs)-

In particular, this term causes trouble, as the big matrix C, and the state x, are
involved.

Remark 5. Concerning item a., the equations of S¢ are obtained by combining those of
(S, and (8%), bearing in mind that x = E,2, + Esx, = E[xy, X7, X = Eudy + EsX, =
Edu, Xs)5 Yy =yu+ys, x5 = r'% + 2% and 2 = 2, + z,. Then we have to use the following
properties to derive the equations:

(18) FuBKX = B,KZ,,  F Kiy—19)=Kf(y—9)
FIBKX =B,K.Z,,  F.Ki(y—19) =0.
O

The question is now how we deal with the mismatch between (S,)? and (S¢),. The
term (Y, — Yu + ys — ¥s) in (S¢), can be expanded as:

(19> Yu — :/y\u T Ys — Z/J\s = Cu(l’u - jﬁ) + CseASt * stw + Dyfw,

where * is the convolution operator. This equation will be required later.

6.1. Proof of proposition 2. Consider the reduced system (S,)?. We introduce a new

state variable e, = x, — T, rewriting the state equations of (S,)¢ as:

1’1; Aff Afu—Bquc Afu ZL’I; Bffw
€ 0 0 A, - KTC,) \e, Bjw

Since by hypothesis the controller K (9) with ¢ = (K., K;) is stabilizing, (5,)¢ is stable,
which means Ay, A, — B, K. and A, — K }FC’U are stable. This uses the fact that the filter
Ayy is stable by construction.

Let us get back with this information to the large scale closed-loop system S¢. Intro-
ducing two similar state variables e, = x, — 7, and e, = x, — X, using (19) we get the
following equivalent state equations for S¢:

Zi'f Aff .Afs Afu — BquC Afu 0 Xy
X, 0 A, ~B,K. 0 0 X,
.| =] 0 0 A, -B/K KiC, 0 Tu
€y 0 0 0 A, —KiC, 0 ey
€, 0 0 0 0 A, €
Bffw
stw
+ K?Cse““st * Brow + K} Dyyw ,
Bp,w — K}FCSeASt * Brsw — K}FDyfw
stw

11



where * is the convolution operator. Since A, is stable by the PEVA construction, the
stability of Ass, A, — B, K, and A, — K fCu established above shows that the closed loop
system S remains stable. Note that we again use the fact that K(6) is pulled back from
K(9) via (13), so that the elements K., K¢ can be expressed with the help of K. and K.
We recall again that this observer-based stabilizing controller is of the same order as the
system. In tandem with (18) that completes the proof of Proposition 2. O

6.2. Links between the transfer functions T, ,(9) and T, (0). In the following we
need new notations for the states in (S,)%, as they must be distinguished from those in
(S4),. The subscript u in (S,) is hence replaced by 7. We now establish a link between
the transfer functions 77, ,,(¢) and T, (0).

Proposition 4. There exist transfer functions H;(s) i = 1,...,6, independent of ¥ and
0, such that for every controller K () in reduced space and its pull back IC(6) in large
space the following relations in closed-loop are satisfied:

(20) Teo(s,0) = Hi(s) - He(s,7) + Hy(s),
H,(s,9) = Hy(s,V) - Hs(s),
H(s,9) = Hy(s,9) - Hy(s)
T.(s,0) = Hs(s) - H(s,9) 4+ Hg(s), 6 =0(9)

Here 9 = (K., Ky). The parameter dependent transfer functions H,(s,?) and H(s,?) are
given as H(s,9) = —K.-Z,(s,9)/w(s) and H.(s,9) = —K.- Z,(s,9) /w(s), while H(s,?)

is given in formula (21) below.
Proof. We start by observing that the transfer function of (S), is obtained through
x4(s) = (sI — A" By (=K Zu(3)) + (sI — A~ Bys - w(s)
wj(s) = (s = App) ™" - Aps - x5(s) = Mi(s) - (= KcZu(s)) + Ma(s)uw(s),
where
M (s) = (s — Agp)~t - Ap - (sT — Ag) ' B,
My(s) = (sI — App) - Aps - (sI — Ay) 7' Bys.
The equations of (S%), provide
2,(s) = (sI — A,) 7' By - (=Ko (s)) + (s — A,) ™ - Braw(s)
j(s) = (sI — App) " Apuu(s) + (I — App) " Bru(=KcZu(s)) + (sI — Ags) ™ Bryw(s)
= Ni(s) - (=KcTu(s)) + Na(s)w(s),
where
Ni(s) = (sl — App) "By + (sI — Agp) P Apu(sI — A,) ' By,
No(s) = (sI — Ayp) "By + (sI — App) P Ay (s — A,) "' By
Via the equations of (S¢),, we also define a very useful transfer function from w to — K, 7,
H(s, ) :=—K,.-T,(s)/w(s) = Hy(s,9)Hy(s),
where
—K.(sI — A)*le

(I+ (sl —A)'KfTC,Ni(s)K.)
12

(21> Ht(‘svﬁ) =




and
(22) Hy(s) = CuNy(s) + Co(sT — A) By + Dy

Using the transfer function H (s, v), which for short is denoted by H(.), and remembering
the pull back operator ¢ — 6, we can write:

(23) 2u(8,0) = [Cpy - (sI — A) "By + Cyp - Ni(s) + Dyp) - H(.)
+[Cpu- (sI = A)) "' Bpu+ Cyp - Na(s) + D] - w(s),
25(5,0) = [Cps - (5T — As) ™" - By + Cpp - Mu(s)] - H(.)
+[Cps - (5T = Ag) ™" Bys + Cp - Ma(s)] - w(s)-
Recall that,
(24) T.(s,0) = z(s,0)/w(s)
T..w(s,0)=zu.(s,0)/w(s)

u

(
T..0(8,0) = zs(s,0) /w(s),
then, regarding z(.) = z,(.) + zs(.) and the relations (23), (24), we find out

T.(s,0) = Hs(s) - H(s,V) + Hg(s),
where
(25) Hs(s) = Cpy- (sl — Ay) "By +Cps - (ST — Ay) - By + Cpp(Ni(s) + My(s)) + Dy,
and
(26) Heg(s) = Cpy- (I — Ay) "By +Cps- (ST — Ag) - By + Cpp(Na(s) + Ma(s)) + Dy
In the same way it can be shown that

T..w(s,0) = Hi(s)H,(s,9) + Hy(s),

where

(27) H(s) = Cjy - (sI — A,) ' By + CpyNy(5) + Dy,

(28) Hy(s) = Cjy - (sI — Ay) "By + CppNa(s) + Dy,
H,(s,9) = Hy(s,9) - Hs(s),

where

(29) H(s) = (sI — A)"'[CulNa(s) + Dyy]

and Hy(s,?) is given in (21).
U

Proof of Theorem 3. Using (20) we can now write 7% ,(s) as a function of T%,(s) as
stated in (8), namely, T ., := F1(8)T.Fa(s) + F3(s), where
(30) Fi(s) = Hi(s)Hs(s) ™", Fa(s) = Ha(s) ™ Ha(s),
F3(s) = —Hy(s)Hs(s) " Hg(s)Hy(s) " Hs(s) + Hy(s).

Therefore, minimizing ||7,.|| is the same as minimizing || F7,,F> + F3l||, and similarly
for the robustness constraint. O

We can also apply Proposition 4 in the opposite direction. Suppose we start out with

minimize  P(0) = ||Toyuw, (-, 0)]|2
(31) subject to R(0) = | Tsrowee (+,0)]|cc < p
0 = (K., Ky) closed-loop stabilizing
13



where the performance and robustness channels 77,,,, and 7,_,,., have now been designed

in the large dimensional system, with a rationale similar to that described by Figure

1. Then using Proposition 4 we can find stable transition filters ]-"i(j ) to formulate the
following optimization program in reduced space:

minimize H]:l Z2uw2( ,19).7:2(2) + f§2)|]2
(32) subject to H]:1 T, ,w.(: ,79)}"2(00) + .7:3°°)HOO <p
¥ = (K., Ky) closed-loop stabilizing
such that the following is true:

mn the

full dimensional space, the stable transition filters .7-"]@ can be found such that 9* is a local
minimum of (32) if and only if its pull back 0* is a local minimum of (31).

Corollary 5. Gwen the performance and robustness channels T.,,, and T.

ZooWoo

Proof. Adopting the notation of Proposition 4, i.e. F standing for F® and F(*), we put
Fi(s) = Hs(s)Hi(s)™", Fa(s) = Hy(s)™" Ha(s),
Fs(s) = —Hs(s)Hy(s)  Ho(s)Hs(s)  Hy(s) + He(s),

then the filters F;, i = 1,2, 3 are stable by Proposition 2.
O

Remark 6. The reason why we had to base our numerical approach on the tandem (8),
(12), and not on (31), (32), is that the computation of the filters ]—"j@ requires computation
of a full basis of the stable eigenspace (see (25) and (26)), which is currently not practical.
In contrast, designing the channels in the low-order space via (12) has still the desired
effect and is algorithmically possible.

7. NUMERICAL EXPERIMENT

We apply our trade-off technique to the problem of controlling a two-dimensional lin-
earized Navier-Stokes equations in closed loop. Only boundary control and boundary
observations are used. The example consists of the case of a flow around a circular cylin-
der shown in Figure 2. The flow is in the rectangle Q = [—-1.5, 2.2] x [0, 0.4], the cylinder
is centered at (0.25, 0.2) and its diameter is 0.1.

Let (z,p) be the solution of the two-dimensional linearized Navier-Stokes equations
around its stationary solution (zs, ps). Then following Jovanovi¢ and Bamieh, 2001:

(0,24 (25.V)z+ (2. V)z, —vAz+Vp=0, in Qx(0,00)
V.z=0 in Q, z(0)=2p in Q

(33) yz=U, on x(0,T) z=0 on TIpx(0,00)
zZ=12. ol x (0, 00),
(o(z,p)n=0 on TI'y x (0,00),

where z = <§1> represents the velocity field in z; (or x or horizontal) and in x5 (or y or
2

vertical) directions, p is the pressure, and o(z, p) is the stress defined by

"(Z’p):é‘b(z)—lﬂ» ‘I>(Z>=%[(Vz)+(vz)T], (Vz)y = 2’2

The Reynolds number is Re = pd U,,/u, where p > 0, i > 0 are respectively the constant

density and viscosity of the fluid, d. is the diameter of the cylinder, and U, a characteristic
14




I I'p I'n

- 1.7 1.9

FIGURE 2. Sketch of the geometry for flow around a circular cylinder.

velocity associated with z,. As usual v = % is kinematic viscosity and I is the identity
tensor. It is assumed that p =1, U,, =1 and d. = 0.1, which gives Re = O—L'Ll.

We denote by I' the boundary of 2, and I' = ', UI'yUI'p UT'.. Control region I'c C I,
is composed of two arcs 7} and 72 located at the perimeter of the disk between 70 and 80
degrees and —70 and —80 degrees, as shown in the Figure 2.
The boundary condition z. is defined by

u(t)m(f)n(x(f)) at
z(t,x(f)) = ¢ —u()m(fn(x(f))  at 7 :
0 at T\ Unl

where x(f) with f € [0, 1] parametrizes the boundaries ¢, i = 1,2. n(x(f)) represents the
orthogonal unitary vector at I'. while m is a function which models a regular rectangle.
The function m describing the control action is given as

m(f) = g(10f —1) = g(10f —9),

where
0 a<-—1
g(a) =< 0.5+ a(0.9375 — a2(0.625 — 0.1875 a2)) —l<a<l.
1 a>1

The measured output consists of the integral of vorticity on I'p C T, i.e.

vio = [ (G- Sy ar,

where T'p = 7 U~2 and 7%, i = 1,2 are situated at the top and the bottom of the cylinder
between 89 and 91 degrees and -89 and -91 degrees (see Figure 2).

The goal of the study is to reduce the output oscillations, caused by the perturbation
on the boundary control (U, = 0.2 + ws ), with a minimum effort in the control input.

Figure 3 shows two Bell type perturbations we(t) considered here in simulations. Two
15




Disturbance Disturbance

09r 1 0.9F

08r 1 0.8

07 1 0.7F

0.6 1 0.6

051 1 0.51

0.3r 1 0.3

0.2r 1 0.2f

01r 1 0.1f

t[s] t[s]
FIGURE 3. Bell type disturbances.

cases Re = 80 and Re = 120 have been studied. This needs linearization of the equations
and other preliminaries, which are explained in the next subsection.

7.1. Preliminary operations. The physical system equations are discretized using a
triangular mesh of 5791 nodes, symmetric with respect to the horizontal axis of the
cylinder. A mixed Taylor-Hood finite element method of type P3-P2 was implemented in
the COMSOL software (Comsol, 2012), which is used to find the descriptor system:

(34) Mllj(t) = Ay 5(t> + ./412]J(t) + Bu1 U(t) + Boor woo(t)
0= Af,5(t) + Bu, ult)
y(t) = C15(t)

where 3 € R"*, n, = 33326 and p € R"?, n, = 8136 are respectively the states represent-
ing the velocity field and the ensemble of pressure and Lagrange multipliers. The mass
matrix Mj; € R™*"# is symmetric positive definite. Control u and output y are both
scalar, wy, € Lo represents a bounded-energy disturbance at the boundary control U,
sometimes referred to as process noise.

Following standard lines in fluid control, the next step consists in separating the 3-
and p-variables. This uses the Leray projector and we follow the method proposed in

(Barbagallo et al. 2009), which introduces a new extended state [z, p]” and a new control
input u = @. This leads to a descriptor system of the form

M11 0 d Z\ A11 Alg z Bl Boo
(35) <0 0)&(;3)_(@ 0 J\p) o) o)W
Yy = C12.
For details we refer to the Appendix. At this stage we now employ the Leray projector
T=1- AIQ(A{2M1_11A12)_1AF{2M1_11v

to separate the z- and p-variables. The interested reader is referred to (Heinkenschloss et
al. 2008) for more details. As a result we obtain a system of the form

X = Ax + Bu + Boows
(36) y = Cx.
where x = ¢z is in R+ 7 = 4,67 ¢7'¢. = I and

A= (6"'M1u6) oI ALde, B = (6" M1ud,) o By, Boo = (6'Muh,) ¢ By, C = Ci9,.
16



Spectrum of (M., Ae)

Imag(2)

Real(3)

FIGURE 4. A part of the spectrum of (M, A) near the imaginary axis

This is the system (S) which was the starting point of our theoretical development in
section 2. To prepare the system above for the main algorithm, it is completed as

x = Ax + Bu + Bows + BooWeo
(37) y = Cx.

where By = B is chosen. This is a dynamical system in the n, —n,+1 = 25191 dimensional
subspace null(r).

7.2. Mixed synthesis. We explain next how the six steps of the algorithm are imple-
mented.

1) Initialization:
In (Raymond and Thevenet, 2010; Thevenet, 2009), it is explained that the finite eigen-
values of A are the same as the finite generalized eigenvalues of (M, A), where

My O Air A
= (50) - (R )

In addition, if we denote by F and E the right and the left generalized eigenvectors of
(M, A) then F = MF, £ = ME, which shows that in sections 4,5 and 6, we may replace
Fu, Fs, Eu, E by the corresponding matrices MF,, MF,, ME,, ME;,.

Barkley (2006), considering a very similar setup, shows that for Reynolds numbers
50 < Re < 255 the spectrum of the linear operator features a conjugate pair of unstable
eigenvalues. We use an Arnoldi method combined with a shift and inverse transformation

implemented in the ARPACK library (Lehoucq et al., 1998) to compute the leading
17



eigenvalues. For Re = 80 and Re = 120 the unstable modes are
ARe=s0 = 1.0606 F 17.42177  ARe—=120 = 3.44 F 17.67.

In the case Re = 80 a part of the spectrum of (M, A) is shown in Figure 4. This system
has three unstable poles at 1.56 £ 17.3 5 and at 0. The pole at zero is introduced during
transformation of the system (34) to the system (35), for more information see Appendix.
The reduced-order system is hence at least of order 3, and can be larger if we decide to
include some of the stable open-loop poles in (S,). In our experiment n, = 3 is chosen.
In the case Re = 120 the reduced-order system is chosen of order 3.
2) Define channels:
Our goal is to compute a robustified version of the LQG controller according to section
5. To minimize the energy of the unstable states in the output, and also the energy of
the control input, we choose R, = 1 and R, = le — 5 in the performance index (14). The
noise covariance matrices are V=W = 1.

In the case Re = 80, filters specifying the H,, channel are chosen by trial and error as

Far(s) LU (s) = 1074 —2
o1(8) = ———— and F,»(s) = _
! s+275 2 s+275
In the case Re = 120 we choose
Foy(s) = 10T ———— and Fag(s) = 1077 —>—
1(s) =107 o and Faa(s) = 1070 o

3) Calibrate performance:
The LQG controller ¥, is computed via AREs, given in (15). This controller is used
as initial guess 95 to calibrate robustness in step 4 of the algorithm.

4) Calibrate robustness:
The H., program in step 4 is solved, leading to the solution ¥, which in turn is used to
initialize the optimization program in step 5 of the algorithm.

5) Mixed synthesis:

In the mixed Hs/Ho-program in step 5, r = || 1% w(Uo)||oc + 1077 is considered. This
choice results in a mixed controller, which is as robust as the most robust controller H.,
but is expected to offer the desired compromise between performance and robustness.

6) Evaluate performance:
Due to the choice of r very near its minimum 7|, the evaluation in step 6 of the algorithm
shows that best robustness is achieved.

All the optimization programs were realized in Matlab using Fmincon from the opti-
mization toolbox. Gradients and sub-gradients are computed analytically. The optimiza-
tion programs use the nonsmooth algorithm, which is made available to users via the
function systune in Robust Control Toolbox in MatlabR2013b. Simulation of the descrip-
tor system is realized via the three stage second order backward difference formula.

The algorithm proposed for the trade-off behaves as expected, see table 1. Namely,
in the case of the Reynolds number Re = 80, and with the disturbance shown in Fig-
ure 3 (a), we obtain the nominal performance ||T%,,.,(J2)||3 = 0.2394, and the chosen

robustness criterion gives ||7.., w.. (V2)]]cc = 0.0663. As this value is considered too
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[ Re [ controller [ -3 [ -l |

LQG [0.2394 ] 0.0663
80 J—  |0.9066 | 0.0296
Jyee | 0270 | 0.0296
LQG | 1.3126 | 57.7968
120 . 508 | 24.26
Uyeo | 1.5133] 24.26

TABLE 1. Norms evaluated for different controllers and different Reynolds numbers.

x 107 Control input ,X 10°° ‘ ‘ Measure:d output ‘

2
@ ~ ®) o -
———= i
PR e _
Sl - hOG
—— oM Ll
b
H2/H00 6l
6| LQ
sl
sl
-10
-101 _12
-12} _14}
=141 -16
16 ‘ ‘ ‘ ‘ ‘ 18
0 1 2 3 4 5 6 0 1 2 3
t[s] t[s]

FIGURE 5. Results obtained for projected system (S,)¢, when Re=80 and
disturbance of Figure 3 (a).

large, we start the robustification procedure of Algorithm 1. The H..-controller com-
puted for the purpose of calibration has || 7., w.. (Joo)|lec = 0.0296, which is the best
robustness we can achieve. Naturally, this controller is made for robustness and not for
performance, which is confirmed by the value ||T%,. w,(¥)||5 = 0.9066. The optimization
procedure delivers the trade-off in the form of the mixed Hy/H.-controller 0, Joo- This
controller achieves ||T._ w.. (¥2/00)||cc = 0.0296, that is, the same robustness as 9, but
has || T%,,w, (¥2/00)[|3 = 0.270, which means a loss of performance of 12%. Performance of
U2/00 OVEr Yo is improved by 70.2%, while its robustness is preserved.

The advantage of the trade-off can also be shown via the control input and the mea-
surement output time responses. Figures 5 (a) and (b) illustrate these signals in the
case of the reduced-order system. We compare, respectively, control inputs and measured
outputs obtained by different controllers. We also represent the responses obtained by
the LQ regulator. The parameters of the LQ controller, i.e. the state feedback gains, are
computed for the reduced-order system and are then pulled back to give the LQ parame-
ters for full-order system: Ko = KrgFIM. Note that LQ is only a fictive controller, as it
depends on knowledge of the full state x, an unrealistic assumption in practice. However
the LQ controller has the best possible robustness, and it can therefore be used to judge
the quality of any candidate robust output feedback controller by inspecting whether its
output resembles that of the L(Q controller.

As can be seen, the observer-based H,, controller indeed eliminates oscillations in the
output faster than other observer-based controllers. However the price is a large control
input effort. In contrast, the LQG controller economizes in its control input effort, but
it is unacceptable as it authorizes larger oscillations. The mixed controller seems to give

the best compromise, as indicated by its responses, which are situated between those of
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FIGURE 6. Results obtained for descriptor system S, when Re=80 and
disturbance of Figure 3 (a).
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FIGURE 7. Results obtained for descriptor system when Re=80 and distur-
bance of Figure 3 (b).

the LQG and those of the H,, controller. The mixed controller eliminates the oscillations
faster than the LQG controller, and with much less control effort than the H., controller.

Figures 6 (a) and (b) compare the corresponding signals in the case of full-order system
(descriptor system given in (35) of order 41462), i.e., when the controllers are pulled back
to the full dimension. As can be seen, the output associated with the pulled back H.,
controller is in excellent agreement with the output of pulled back LQ controller. This
confirms that the pulled back H,, controller is the most robust observer-based controller.
Once again, as in the reduced-order system case, oscillations in the measured output
terminate more rapidly compared to the pulled back LQG controller while the control
input effort is less than that of the pulled back H., controller. This means the trade-
off organized in the reduced system is still present in the large state dimension, as we
expected.

Figures 7 and 8 illustrate only the descriptor system results. Figure 7 compares the
signals when a more active disturbance, shown in Figure 3 (b), is applied. Figure 8
concerns the descriptor system with larger Reynolds number, i.e. Re = 120 and the
perturbation of Figure 3 (a). As can be seen, the trade-off again carries over from the
reduced system to the full system.

Remark 7. We recall that our controller is observer-based, hence its order is the same
as the order of the linearized system. This system order may be very large and then

simulation may be slow. For example simulation of a flow lasting 10 seconds for a system
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FIGURE 8. Results obtained for descriptor system when Re=120 and dis-
turbance of Figure 3 (a).

with 300,000 states takes approximately 5 hours CPU even with a relatively large step of
0.001 s. For convenience, in the paper we have rather worked with 41,000 states, where
the same simulation takes ~ 8 seconds CPU. The large CPU in simulation is what we
call the problem of implementation, and in the paper we do not pretend to propose a
solution for this. What we propose is a solution to the problem of computing the con-
troller i.e. the vectors K, and Ky. Namely, if the controller is to be robust with respect
to system uncertainty, then it must be found by optimization, as we indicate. And then
the size of K., K becomes a serious problem, as the number n of optimization variables
is n = card(KCy) + card(K.). Since a non-linear optimization method has to be used, vec-
tors K., K; € R are already highly challenging, and with currently known techniques
it is out of the question to compute with K., K; € R*0% et alone K., K; € R30000,
Therefore, for this large-scale system, a reduction technique like the one we propose has
to be used.

8. CONCLUSION

We have presented a new method to realize a trade-off between performance and ro-
bustness in a class of large order linear systems via observer-based Hs/H., synthesis. The
method does not require solving large scale Algebraic Riccati Equations, and instead uses
nonlinear optimization problems of moderate size. The method is suited for systems with
diagonalizable state space matrix and with a limited number of unstable modes.

By applying the PEVA algorithm to a large-order system in open loop, we obtain a
reduced-order system whose order equals approximately the number of unstable modes
in the large-order system.

We demonstrate that the stability of this reduced-order system in closed-loop leads to
stability of the large system in closed-loop if a suitable pull back procedure for the controller
is used. We then proceed to indicate that if a mixed Hs/H,, performance and robustness
trade-off is put to work in reduced space, then the results are approximately preserved
when pulled back to the large dimension. We further demonstrate that the procedure
leads to a significant reduction in the control effort, i.e., to a better performance, while
maintaining the same level of robustness.

In its present form our approach is applicable in large scale pre-computations under
the proviso that unstable eigenvalues and their associated eigenvectors are available, and
as long as the order of the low-order system does not exceed (= 500). For larger reduced

systems the nonsmooth optimization algorithms are currently not very efficient. In some
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cases computation of the eigen decomposition may be the main bottleneck to our ap-
proach. For non-diagonalizable A, or for large condition numbers, the approach of Varga
(1995, 1981) may present an alternative.

In conclusion, we have presented a novel algorithmic solution to the problem of syn-
thesizing an observer-based Hs/H., controller for a large-order system, by computing a
suitable reduced-order system for which we cast an optimization problem representing a
trade-off between performance and robustness, and by pulling the solution back to the
large dimensional space.

The efficiency of our method was demonstrated in an application in fluid control where
output oscillations caused by flow around a cylindrical obstacle had to be stabilized with
constraints on the control effort. In simulations our novel controller attenuated oscillations
caused by perturbation much faster than the optimal H, controller (LQG) and with lower
control effort than the H., controller.
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APPENDIX

The objective of this appendix is to explain how (35) is derived from (34). To simplify
the notations, we re-write (34) as
Mz(t) = Ax(t) + By u(t) + By weo(t)
(38) y(t) = Ca(t)

where x = (g) and
(39)
(M O (A A (B, (B _

M_( ! O), A_< P om=(g) m=(%). c=@ o).
We let u(t) = ((t)uq, where ug is the velocity profile of the injected or extracted flow,
while ((t) determines its magnitude and temporal behavior. We take as the state vector
x the sum of the solution x; of the homogeneous problem, i.e. with no control input
applied (((t) = 0), and a solution of the form ((t)x,, where z; is the stationary solution

or the solution of the steady but inhomogeneous problem, i.e. when ((t) = ug, ws = 0.
Moreover, without loss of generality, we suppose that ug = 1. Then we have

e The homogeneous problem: Mz, = Ax) + Bowe.
e The inhomogeneous problem: 0 = Az, + Bj.

We express the state vector as x = (xs + x5, and the control as u = ¢ and substitute both
in (38). This leads to:

Min(t) = Axp(t) + (MAB)((t) + By waso(t)
y(t) = Cuaxy(t) + (—CAB)C().

We define B, = MA™'B; and C), = (C —CA™'By). Due to the special form of M we

have B;, = <§h1>.

(40)
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If we replace in (40), zj by (gh> and M, A, ... by their equivalents from (39), we obtain
h

Marin = Ai13n + Arapn + B, ¢ + Booiwe
0= A{zéh
y=Cizn+ (—CA'B)((t).

In this last system, we consider () as a new state variable, which results in the following
extended system, which is the same as (35):

(5 0)a () - G o) (2) () e () e

Yy = C12.

Here we have z = (‘?) , P="pp, U= é, and

0 0
Mll - </\/Olll 1) ) All = (Vét)ll 0) ’ A12 - (JLBIQ) )
(41) B, Boon
o= ( 11)’B°°_< 50)’&_ (G (~CAT'By)).
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