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Abstract

We present a computational method for optimal control of linear distributed systems. Its derivation is based
on the functional calculus of self-adjoint operators, and on the Dunford-Schwartz representation formula. It is
has been devised so that to be implementable on very fine grained computing processors with semi-decentralized
coordination. Finally, it is illustrated by an example related to vibration stabilization of a micro-cantilever array.
To cite this article: M. Lenczner, Y. Yakoubi, C. R. Mecanique 337 (2009).

Résumé

Approximation Semi-décentralisée d’un Contréle Optimal pour des Equations aux Dérivées Par-
tielles dans un Domaine Borné. Nous présentons une méthode de calcul de controle optimal pour des systemes
distribués linéaires. Sa construction repose sur le calcul fonctionnel des opérateurs auto-adjoints et sur la formule
de représentation de Dunford-Schwartz. Elle est congue pour des architectures de calcul a tres fine granularité avec
coordination semi-décentralisée. Enfin, elle est illustrée par un exemple portant sur la stabilisation des vibrations
dans une matrice de micro-cantilevers. Pour citer cet article : M. Lenczner, Y. Yakoubi, C. R. Mecanique 337
(2009).
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1. Introduction

The method presented in this note is motivated by the emerging field of arrays of microsystems like
arrays of atomic force microscopes, micro-mirrors, or micro-membranes. They are, or will be, comprised
of a very large number of units subjected to wanted or unwanted interactions (cross-talk effect). Achieving
a global control in such system remains a challenging task. Due to computing power and data transmission
bottlenecks, it is required to design, in a joint effort, an architecture and dedicated algorithms. With this
paper, we propose a computational strategy dedicated to very fine-grained computing processors allowing
semi-decentralized exchanges, i.e. between neighbors only. We refer to this concept by using the term
semi-decentralized architecture or computing. The method is based on a general theory of optimal control
for linear infinite dimensional systems, and is illustrated through an example of a two-scale model of
micro-cantilever arrays.

Let us consider the Linear Quadratic Regulator (LQR) problem, where we denote by z the state variable
and by u the control variable,

& (t) = Az (t) + Bu(t) for t > 0 and z (0) = 2o,
dt oo , (1)
{LDEIII}J(ZQ,U) = %111]1/0 I1Cz|ly + (Su, ) dt,

In this note, we restrict this formulation to bounded input operators, and follow the mathematical setting
developed in [1]. So, A is the infinitesimal generator of a continuous semigroup on a separable Hilbert
space Z with dense domain D(A), B € L(U;Z), C € L(Z;Y) and S € L(U;U) where U and Y are two
Hilbert spaces. We assume that (A, B) is stabilizable and that (A, C') is detectable, in the sense that there
exist K € L(Z;U) and F € L(Y; Z) such that A — BK and A — FC are the infinitesimal generators of
two uniformly exponentially stable continuous semigroups. For each zp € Z, the LQR problem (1) admits
a unique solution

uw=—-Kz,

where K = S7!B*P, and P € £(Z) is the unique self-adjoint nonnegative solution of the operational
Riccati equation

(A*P+PA—PBS B*P+C*C)z=0, (2)

for all z € D(A). The adjoint A* of the unbounded operator A is defined from D(A*) C Z to Z by
the equality (A*z,2")z = (2, Az")z for all z € D(A*) and 2z’ € D(A). The adjoint B* € L(Z;U) of the
bounded operator B is defined by (B*z,u)y = (2, Bu)z, the adjoint C* € L(Y'; Z) being defined similarly.

2. Example: A model of cantilever array

We refer to the two-scale model [2], of a large one-dimensional cantilever array, see Figure 1(a), derived
through an homogenization method dedicated to strongly heterogeneous systems.

The homogenized model is build within three steps. First, a change of variable is introduced so that to
formulate the full model in a two-scale referential comprised of micro and macro variables. Then, it is
approximated in the sense of large number of cantilevers. Finally, it is mapped back onto the natural
referential in which the actual system is described. The present control theory is developed on the model
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resulting from the second step, so it is expressed in the two-scale referential, and a large but finite number
of cantilevers is approximated by a distribution of an infinite number of cantilevers.

After a number of simplifications, the approximate model expressed in the two-scale referential, appears
as posed in a rectangle Q@ = (0,Lg) x (0,L¢). The parameters Lp and L¢ represent respectively the
base length in the macroscale direction x, and the scaled cantilever length in the microscale variable y.
The base is modelled by the line I' = {(x,y) | z € (0,Lp) and y = 0}, and the rectangle  is filled
by the distribution of cantilevers. We describe the system motion by its bending displacement only. The
cantilevers are oriented in the y-direction, and their motion is governed by an infinite number of Euler-
Bernoulli beam equations distributed along the z-direction. Each of them is subjected to a control force
uc(t, ) taken independent of y for simplicity. This simplistic choice does not affect the method presented
hereafter, so it can be replaced by any other realistic force distribution. Denoting by w¢ (t, x,%), p©, lc
and R® the bending displacements, the mass per unit length, the width and the bending coefficient, the
governing equation is
pcaftwc + Rcaé,__ywc = uc in ,

endowed with the boundary conditions we = wg, dywe = 0 at y = 0 and ﬁgywc = a;yywc =0 at
y = L¢ representing an end clamped in the base, and a free end. The base is governed by an Euler-
Bernoulli beam equation with two kind of distributed forces, one exerted by the attached cantilevers
and the other, denoted by up(t,x), originates from an actuator distribution. The bending displacement,
the mass per unit length and the bending coefficient being denoted by wg(t,z), p? and RE, the base

governing equation states as

PBatthB + RB@:,_ wp = —fcRcagyywc +ug.

T

The base is assumed to be clamped, so the boundary conditions are wg = J,wp = 0 at both ends.
Finally, both equations are completed with initial conditions on displacements and velocities, wp = wp, o,
Oywp = wp,1, Wc = Wc,0, and dywe = we,1. The LQR problem, corresponding to a vibration stabilization
problem, is set for the control variables (up,uc) € U = L*(T')? and for the cost functional

oo
2 2
._7(’UJB’07’U)BJ,U)C,Q,'UJCJ;'U/B,UC) = / HaiwaHLZ(F) + Has.waHm(Q) + ||U’B||§/2(F) + ||“C||2L?(F) dt.
0

3. Matrices of functions of a self-adjoint operator

Since the approximation of K is based on the concept of matrices of functions of a self-adjoint operator,
this section is devoted to their definition. Let A be a self-adjoint operator on a separable Hilbert space
X with domain D(A), we denote by o(A) its spectrum and by I, = (0pmin, Omax) an open interval that
includes o(A).

We recall that if A is compact then o(A) is bounded and is constituted of real eigenvalues A;. They
are the solutions of the eigenvalue problem A¢r = A\pdr, where ¢y is an eigenvector associated to Mg
chosen normed in X, i.e. such that ||¢x||x = 1. For a given real valued function f, continuous on I,
f(A) is the linear self-adjoint operator on X defined by f(A)z = ), f(Ax)zxdr where 2, = (2, é1)x,
with domain D (f (A)) = {z € X|> ", [f(Mr)zk|> < co}. Then, if f is a ny x no matrix of real valued
functions f;;, continuous on I, f(A) is a matrix of linear operators f;;(A) with domain D (f (A)) = {z €

X" Z;Zl |fz] (M) (Z_j)k,|2 < ooVi = 1.n}.



In the general case, where A is not compact and where f is a continuous function, the self-adjoint operator

f(A) is defined on X by the Stieltjes integral f(A) = fj—;o f(X) dE, and its domain is D (f (A)) = {z €

X| fj;o |f(N)|2d||Exz||% < oo} where E) is the spectral family associated to A, see [3]. When f is a

matrix, f(A) is a matrix of linear operators with entries defined by the above formula and with domain
+oo n .

D(f(A)) ={z € X"2| [Z 73702, | fi;(MPd]| Exzjl|% < ooVi = L.m}.

4. Factorization of K by a Matrix of Functions of A

The semi-decentralized control law derivation starts with factoring K under the form of a product of a
function of A with two operators admitting a natural semi-decentralized approximation. To do so, we
introduce the following assumptions.

There exist three integers nz, ny and ny € N* three isomorphisms &z € L(X"Z;7Z), ®y € L(X"V;U)
and @y € L(X™;Y) and four matrices of functions a(A) € R"2*"z p(\) € R"Z2*"0  ¢()\) € R *nz
and s(\) € R"UX™ continuous on I, such that A = ®za(A)®,', B = ®zb(A)®y", C = dyc(A)D,!
and S = ®ps(A)@y'. We also impose that Z, U and Y are endowed with the inner products (z,2'), =
(P72 9222") yuzr (w )y = (P u, @pM0') s and (y,9)y = (P30, @) oy -

Proposition 1 : Under the above assumptions, the controller K admits the factorization
K =®yk(A) @,

where k (A) = 571 (A)bT (M) p()\), and where for all X € a(A), p(\) is the unique self-adjoint nonnegative
matriz solving the algebraic Riccati equation

aT N p4+paN)—=pb(N) s LN N p+cf (V) e(N) =0.

Sketch of the proof The algebraic Riccati equation can be found after replacing A, B, C and S by
their decomposition in the Riccatti equation (2).

5. Approximation of k(A)

We present an approximation, when I, is bounded, of k(A) by an other function of A which is easily
discretized and implemented in a semi-decentralized architecture. The strategy must be general, and in
the same time the approximation must be accurate. A simple choice would be to adopt a polynomial or a
rational approximation, but their discretization would yield high errors when discretizing high powers of A.
This is avoided when using the Dunford-Schwartz formula, see [4], representing a function of an operator.
Indeed, it involves only the operator (¢I — A)*1 which may be simply, and accurately approximated.
However, this formula requires the function to be holomorphic in an open vicinity of o(A). Since the
explicit expression of the function is generally unknown, this set cannot be easily determined. So the
function is replaced by a highly accurate rational approximation, and the Dunford-Schwarz formula can
be applied with a path surrounding I, but no pole. We implicitly assume that the poles of the rational
approximation are far from I,. Let kx = (knij;)i,; be a matrix of rational approximations of the entries
ki; over the bounded interval I,

NV NP
kv (A =D dn ™/ > dl ™
m=0 m/=0
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where d,,,, d,,, are matrices of coefficients, and N = (N N ND ) is the couple comprised of the matrix
NV of numerator polynomial degrees, and of the matrix N of denominator polynomial degrees. The
path C, in the Dunford-Schwartz formula, ky (A) = 5 JoEn (€) (¢TI — A)~! d¢, is chosen to be an ellipse
parameterized by ((0) = ¢1(0) + i¢2(0), with 6 € [0,27]. The parametrization is used as a change of

variable, so the integral is rewritten on the form I (g) = OQW g (0) df, and may be approximated by

a quadrature formula Iy (g) = Z;\ilg(ﬂl)wl involving M nodes (6;);=1,..m € [0,27] and M weights
(wy)i=1,..,m- For each z € X™# and ¢ € C, we introduce the nz-vector field v¢ = —il'kn (¢) (¢TI — A)_1 z.
Decomposing v¢ into its real part vf and its imaginary part vg , the couple (vf,vg ) is solution of the
system

G1v§ — Govs — Av§ = Re (—il'kn (C)) 2,

Cavf + Grug — Avg = Im (=iC'kw () =
Thus, combining the rational approximation ky and the quadrature formula yields an approximate real-
ization kn v (A) z = 5= Zi\il vf(al)wl of k(A) z.

(3)

Remark: For real-time realization, computing &k as (A) z requires solving M systems like (3) correspond-
ing to the M nodes ((6;). The matrices ky (¢(6;)) can be computed off-line once and for all, and stored
in memory, so their determination does not penalize a rapid real-time computation. In short, the only
parameter governing accuracy in a real-time computation, apart from spatial discretization discussed in
next Section, is the number M of quadrature points.

6. Spatial Discretization

The method is not complete until A=! has been discretized by an operator A;l yielding a spatial dis-
cretization of the Equation (3)

Cl”ih - Cﬂ’g,h - Ah”f,h = Re (—iC'kn (€)) zn
Govi 4+ G108y, — Aoy, = Im (=iC'k (0)) 2,

and the final semi-decentralized approximation kn arnzn = % Zi\i1 vflhwl of the realization k(A)z.

7. Application

We set we = we — wp and introduce the basis of normalized eigenfunctions (1), solutions of the
eigenvalue problem 9 ¢ = A°4¢ in (0, L¢) with boundary conditions t (0) = 8,4 (0) = 0, 82,4 (L¢) =
85%1/’ (L¢) = 0, and the normality condition Hwk”L2(0,Lc) = 1. In practical applications, a very small
number of cantilever modes is sufficient to describe properly the system. We take into account only the
first one, keeping in mind that the method can handle more than one mode. Therefore, we adopt the
approximation wc (¢, z,y) ~ w5 (t,2) 1 (y), where wg, is the coefficient of the first mode v in the
modal decomposition of we. Introducing 1, = fOLC Prdy, us = fOLc ucrdy, We = W + Prwp and
1= 831/)1 (0), the couple (wp, we) is solution of the system of equations posed on T,

pBﬁfth + RBaﬁ.,‘wa +0cRCc1We = up in T,

pcatztﬁc + RC)\?@C — RC)\?L/_HU)B = u}; in I,
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with the boundary conditions wB = J,wp = 0 at both ends. The cost functional is simplified ac-

. 2 2
cordingly, J ~ [ ||02,ws (t,x HLZ(F) +[[Afwe ( HL2 +llullzzmr + Huchm(F) dt. We set 2T =
0 0 10 0 0 82 0 00
~ _ T ) B 0 0 01 o0 %G
[wp we duwp dywe |, W = [up ug], A= —RBoY /P —tcRCei/pP o0 |, B= |1/ 0o |,C= 8 )\61 gg
REXGP1 /¢ —REAT/pC 00 0 1/p° 0 0 00

and S = [I. Here, A is the infinitesimal generator of a continuous semigroup on the separable Hilbert space
Z =HZ () x L* (T')? with dense domain D (A) = H* (T") NHZ (T)x L? (T) x HZ (T') x L*(T). It is known
that B € L(U;Z), C € £L(Z;Y), and S € L (U;U), where Y = L2 (I')*. We also know that (A, B) is

A% 000
stabilizable and that (A, C) is detectable. For the isomorphisms, we choose &, = 017 ?8 Oy =1,
0 001
—1/2
92,43 000 S 0 0 *o (1) 0
and Py = 0 100| whichyieldsa(A) = | _gB/,Bx-1/2 _y RCc,/pB 0 o0 0 ,
0 010 CyC 7 Cy1/2 CHC C
0 001 ROAC 1 /pC A2 —REAC /p 0 0
1000
c(\) = [8 >\01 8 8} ,and s (A\) = 1. In a numerical experiment, we have discretized A=! = 9% by a finite
0000

differences scheme and have set all coefficients RZ, p?. ¢, RC, p©, Lc to one, and L to 4.73. Thus, all
eigenvalues of A turn to be included in (0, 1). It is observed that the functions k;; () are singular at 0, so
their rational approximation has been build on the interval J, = (10’2, 1) at a precision of 10~7. This
is equivalent to truncate high frequencies. Numerical integrations have been performed with a standard
trapezoidal quadrature rule. Four relative errors Ei; = ||kijn . — Kijllz2(,)/l|kijl|L2(1,), between the
exact functions and their final approximation, are reported in Figure 1(b), in logarithmic scale, where M
varies from 10 to 103. The errors decrease exponentially until some limits corresponding to the limited
precision of the rational approximations.
10 10 10 10
(S

10 500 1000 10 500 1000 10 500 1000 10 500 1000
M M M M

(b)

Figure 1. (a) Array of Cantilevers. (b) Errors between k and kn,ar.
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