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Abstract: In this paper, we consider the asymptotic stabilization of a class of one dimensional
boundary controlled port Hamiltonian systems by an immersion/reduction approach and the
use of Casimir invariants. We first extend existing results on asymptotic stability of linear
infinite dimensional systems controlled at their boundary to the case of stable Port Hamiltonian
controllers including some physical constraints as clamping. Then the relation between structural
invariants, namely Casimir functions, and the controller structure is computed. The Casimirs
are employed in the selection of the controllers Hamiltonian to shape the total energy function
of the closed loop system and introduce a minimum in the desired equilibrium configuration.
The approach is illustrated on the model of a micro manipulation process with full-actuation

on one side of the spatial domain.
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1. INTRODUCTION

Boundary controlled distributed parameter systems have
been extensively studied in the literature even in the
linear case. The derivation of the control law usually goes
through an appropriate choice of a Lyapunov function
including the boundary variables that are used for control
purpose. Lyapunov functions being intrinsically linked to
the energy it is quite natural to use a formalism that
emphasis the links existing between the energy and the
dynamics of the system. In finite dimension this is done
by the use of the port Hamiltonian framework and the
control by energy shaping (Ortega et al., 2001; van der
Schaft, 2004) or IDA-PBC (Ortega et al., 2002). The Port
Hamiltonian framework has been extended to the case of
infinite dimensional system using a geometric differential
point of view in (van der Schaft and Maschke, 2002)
and using a functional analysis point of view in the one
dimensional case in (Le Gorrec et al., 2005). Such approach
allows to link the variation of the energy within the
system to the power flow at its boundary. In (Villegas
et al., 2005) and (Villegas et al., 2009) this approach
has been used to derive some simple matrix conditions to
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insure the exponential or asymptotic stability for a class of
linear 1D boundary controlled systems. Port Hamiltonian
formulation has also been used to design stabilizing control
laws by energy shaping (Macchelli and Melchiorri, 2004).
The idea is to extend the dynamic system state space by
the way of the interconexion of a dynamic controller and
then to reduce it through the structural invariants, named
Casimir invariants, in order to shape the closed loop energy
function (that is used as Lyapunov function).

In this paper we consider a class of linear boundary port
Hamiltonian systems defined on the one dimensional space
interconnected in an energy preserving way to a finite
dimensional port Hamiltonian controller and including
some physical constraints by the rank deficiency of in-
put/output matrices of the controller. We first prove that
the closed loop system is asymptotically stable as soon
as the controller is exponentially stable. We then propose
some sufficient conditions to derive the closed loop Casimir
functions that will be used to link the controller states to
the system states. The approach is then applied to the
control of a micromanipulation process that is used for
the characterization of biological samples. In this case the
considered finite dimensional system is composed of the
suspension system+biological sample (that are fixed) and
of the controller (that we have to design).

Preprint submitted to 19th IFAC World Congress. Received November 19, 2013.



CONFIDENTIAL. Limited circulation. For review only.

2. BOUNDARY CONTROLLED
PORT-HAMILTONIAN SYSTEMS

The class of boundary controlled systems we study is
described by the following PDE:

% = Pl% (L(z)z(t,z)) + (Po — Go)L(2)x(t,z), (1)
where z € (a,b), Pi € M,(R) (M,(R) denotes the space
of real n X n matrices) is a non-singular symmetric matrix,
Py = —P) € M,(R), Gy > 0 € M,(R) and z takes
values in R"™. Furthermore, £(-) € La(a,b; M,(R)) is
a bounded and continuously differentiable matrix-valued
function satisfying for all z € (a,b), £(z) = L£(2)T and
L(z) > mlI, with m independent from z. For simplicity
L(2)x(t, z) will be denoted by (Lx)(t, z). The state space is
defined as X = Lo(a, b; R™) with inner product (x1,z2) s =
(z1,Lxs) and norm ||z|% = (z,x),. Hence X is a Hilbert
space. Note that the natural norm on X and the Ly norm
are equivalent. The reason for selecting this space is that
|- is usually related to the energy function of the system.

Definition 1. (Le Gorrec et al., 2005) Let Lz € H'(a,b;R™).
The boundary port variables associated with system (1)
are the vectors ep rs, fa,co € R", defined by

Lel =0 TIER] == ER] e

Note that the port variables are linear combinations of the
boundary variables.

Theorem 2. (Le Gorrec et al., 2005) Let W be a n x 2n
real matrix. If W has full rank and satisfies WEW T > 0,

where ¥ = {(I] é}, then the system (1), with input
_ _ f@,L‘x (t)
is a boundary control system on X. Furthermore, the

operator Ax = Py(0/0z)(Lx) 4+ (P — Go)Lx with domain
D(A) = {Ex € H'(a,b;R™) ‘ [fa"’”} € ker W}

€9, Lx

generates a contraction semigroup on X. Let W be a full
rank matrix of size n x 2n with [W] invertible and let

: W
PW,W be given by
—1 - _
s (T wswT wswT)
ww =W T W S wEw T wEWwT
Define the output of the system as the linear mapping

C:L'H'(a,b;R") — R,

y = Ca(t) == W [g gﬁzgﬂ )

Then for u € C?(0,00;R¥), Lz(0) € H'(a,b;R"), and

u(0) = W [ggi:gg” the following balance equation is
satisfied:
1d CLu®]’ o, Tu()
S alle @Iz =5 [W0] P [4)] - (Goco®), L2t
(Lz)(t,0)] T [P 0 ] [(Lx)(t,b)
< |erm) o —n [Z0ea)

w

The matrix Py, ;, is defined only when [W] is invertible.

Notice that in the absence of some internal dissipation

(Go = 0) the system only exchanges energy with the
environment through the boundaries since the input and
output act on the boundary of the spatial domain.

Remark 3. As it has been pointed out in (Villegas, 2007),
if the matrices W and W are selected such that Py, ;, =

[9Z] =%, then the BCS fulfils 14 ||2(t)[|2 < u' (H)y(2).

3. DYNAMIC BOUNDARY CONTROL

In what follows we consider the feedback loop of Figure
1 where the infinite dimensional system is an impedance
passive system as described in Theorem 2.

{j:u: T (a2
M [W} [Be;,z;r(f')]

Ye |4 =(J.— R)Qw + Boue| "¢
ye = Bl Qev

Fig. 1. Power preserving interconnection

This interconnection is power preserving and satisfies:
Ue =Y
Furthermore the controller satisfies Assumption 4.

(6)

U=T="Yec,

Assumption 4. We consider a controllable, observable and
passive port Hamiltonian controller on the form:

0= (Je — Re)Qcv + Beue, )
Ye = BZQC'U

with state space v € V = R™, input values u. € U. = R"
and output values y. € Y = R". Moreover J., R. , Q.
and B, are constant real matrices of dimension m x m,
m x m, m X m, and m x n, respectively with J. = —JI,
R.=RY >0and Q. > 0such that (J.—R.)Q. is Hurwitz.
Proposition 1. From Kalman-Yakubovich-Popov Lemma
(Willems, 1972) there exists a symmetric matrix Qg4 € R™,
Qa = QY > 0 such that:

Qc(Jc - RC)QC + QC(JC - RC)TQC = _Qd (8)

4. ASYMPTOTIC STABILITY

To prove the asymptotic stability of the closed loop system
of Figure 1 we first prove the closed loop operator gener-
ates a contraction semigroup on an extended space. Then
we prove that from contraction properties the solutions
converge to an invariant set. Finally we show this invariant
set reduces to a unique point, proving the asymptotic
stability of the closed loop system.

Theorem 5. (Villegas et al., 2005) Let the state of the
open-loop BCS satisfy 34 ||z(t)[|2 < uT (t)y(t). Consider
a LTI finite dimensional system with storage function
Eo(t) = L(o(t), Quv())n, Qc = QI=0 € R™ x R™
satisfying Assuption 4. Then the feedback interconnection
of the BCS and the finite dimensional system is again
a BCS on the extended state space T € X = X x V
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with inner product (Z1,Z2) ¢ = (21, 22)c + (v, Qcv2)v.
Furthermore, the operator A, defined by

Ax= {7 0 -%al [} ©)
with

o= { <

where

fo,ca
Lx € HN(zz7 b;R™), |ﬁ,9y£z S kerWD}7
v

I/T/D = [W BZQC:I

generates a contraction semigroup on X.

Proof. The proof is similar to the one presented in
(Villegas, 2007, Theorem 5.8, pp:120) but in the case of the
use of a Port Hamiltonian structure for the controller. We
also consider that a subset of the boundary conditions of
the infinite dimensional system can be set to zero through
a rank deficiency of B.. The proof is performed in two
steps. First we have to prove that there exists an operator
% € L(U,X) such that for all u € U, Bu € D (A.) x
R™, and [B C;]%u = wu. Such operator exists as soon
as Wp is full rank. In the present case the condition is
satisfied as W is full rank. Secondly we need to prove that
A, generates a semigroup. For that we use the Liimer-
Pillips theorem (Jacob and Zwart, 2012, Theorem 6.1.7,
pp:69) which is divided in two parts: showing that A,
is a dissipative operator (i.e. Re{A.Z,Z) < 0) and that

ran(I —A.) = X = X x V. Let consider w = B] €D (A.)

then we have ()~( is a real Hilbert space equiped with the
product (Z1,T2) ¢ = (x1,%2) 2 + (v1, Qcv2)v):

(Aew,w) g = (T Lz, x)r + ((Jc — Re)v+ Be, Qev)v (10)
After some computation and using Equations (3), (4), and
(8) the product can be written:

(Aew,w) 5 = =0T Qqv <0 (11)
The second part of the proof, ran(I — A.) = X, follows as
soon as the matrix (I — (J. — R.)Q.) is non-singular. This
is true as all the eigenvalues of the matrix (J. — R.)Q. are
in the left half of the complex plane. m

The closed loop system can be written:
i=Az, i(0)e X
r(t)=[B BlQ.]

y(t) =[C 0]z

Theorem 6. Consider the controller satisfying Assumption

4 connected to the impedance passive system as in Figure

1. Then the operator A, described in Theorem 5 has
compact resolvant.

(12)

Proof. See (Villegas, 2007, Theorem 5.9, pp:122) m

It is then possible to prove the asymptotic stability in case
of exponentially stable controller of the form (7).
Theorem 7. Consider the feedback system of Figure 1
where the controller is chosen satisfying Assumption 4.
Then the closed loop system (1) such that » = 0 is globally
asymptotically stable.

Proof. Let first consider that w(0) € D (A.). By Theorem
5, we know that A, generates a contraction semigroup. Let

now consider the energy as Lyapunov function E.(t) =
3 (w(t),w(t)) . Since w(0) € D (A.) we know that w(t)
is differentiable and we can derive after some simple
computation:

dE.(t .
0 _ (o), w(t)x = (Aaw(t) 0l x = " Qur
(13)
where Q,, > 0. Since (\I — A,)~" is compact and the semi-

group is a contraction it follows from LaSalle’s invariance
principle that all solutions of 12 asymptotically tend to

the maximal invariant set O, = {i S )Z'|EC = 0}. Let £

be the largest invariant subset of O.. We are now going
to prove that £ = {0}. From FE.(t) = 0 and (13) we have
v(t) = 0 and then v(¢f) = 0. Let < n be the rank of
ker(B.). Form (7) y. = 0 and n —n > 0 components of
u. equal 0. It follows that O, reduces to the solution of
a first order PDE of dimension n with 2n — 7 boundary
variables set to zero. It follows from Holmgren’s Theorem
that Z(¢t) = 0, hence the asymptotic stability. The same
hold for w(0) € X by using denseness argument (John,
1978). m

5. ENERGY SHAPING

In the case of power preserving interconnection at the
boundary of the form (6), the closed loop Hamiltonian
function is equal to the sum of the Hamiltonians of the
open-loop system (plant) and the controller (Macchelli
et al., 2009; Macchelli and Melchiorri, 2004; Macchelli,
2012): E(zx,v) = FE(z) + E.(v). In order to use this
closed loop Hamiltonian as Lyapunov function, one has to
guarantee that its minimum is at the desired equilibrium

g—f(x*) = 0. For this purpose, and in a similar manner as
for control of finite dimensional port-Hamiltonian systems
(van der Schaft, 2000), it is possible to relate the state
variables of the controller with the state variables of the
plant by using structural invariants (i.e., which do not
depend on the Hamiltonian) named Casimir functions.
Indeed, if it is possible to find Casimirs of the form
C(z,v) = v — F(zx), with F(z) some smooth well defined
function of x, then on every invariant manifold defined
by v — F(z) = k, with k € R a constant which depends
on the initial states of plant and controller, the closed-
loop Hamiltonian may be written as E(z,v) = E(x) +
E.(F(x) + k). The closed-loop Hamiltonian may then be
shaped by an appropiate choice of E..

In the following we give sufficient conditions such that
Casimir functions exist in the case of closed loop control
with dissipative port Hamiltonian controller.

Definition 8. (Macchelli and Melchiorri, 2004; Macchelli,
2012) Consider the BCS defined by Theorem 2 with r = 0.
A function C: X x V — R is a Casimir function if C' = 0
along the solutions for every possible choice of £(-) and

Qe-

Following (Macchelli, 2012) we will look for linear Casimir
functions in the form

b
C(x(t),v(t)) :r%(t)+/ U (2)a(t, 2)dz

a

(14)

with ' € R™, ¥(z) € R" and ¥ (2)z(t,2) € H'(a, b; R™).
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Proposition 2. Consider the BCS defined by Theorem 2
with » = 0, and with (7) as controller. Then (14) is
a Casimir function for the extended system defined by
Theorem 5 if:

0
Py E\I/(Z) + (Py+ Go)¥(z) =0, (15)
(Jo+ R + BJVR [:I,I’Eg))] —0, (16)
T vb)| _
B, T'+WR [\Il(a) = (17)
Proof. The time derivative of the Casimir function is given
by
gcer[(J “R)Qw+B u}
dt (& C c c*c

. /ab\:[;T {Plgz(ﬁx)—k(Po—Go)(ﬁx)} dz (18)

The Casimir function has to be independent from L(-)
and @), and on other hand the power preserving intercon-
nection introduces some constraint on the possible energy
functions. To this end it is convenient to “parametrize” the
boundary port variables (fa cu,€0,c0)- Since the matrix

[W W] is invertible and Py = X, we may define
3 earedeal” = 5 (W + W), with 71,7 € R™.

Recalling the definition of u and y (Theorem 2) and u "y +
u;'—yC = 0 we have u. = v and B;'—QCU = —7, which
implies

(19)

foca| _ T T T
La,am =YWy — SWTB] Q..

Hence, the boundary port variables, and by Definition 1
also (Lx)(a) and (Lx)(b), are characterized by ~; and Q..
The integral term in (18) may be written as

W | Py (ta) + (P - G )|

- % [(c2)TPw] — (£a)T [Plaaz\lf + (P + Go)\Il} .

Using (19) and u, = 1, we may write (18) as

90 = T QuU + ROD + ] BT
b
—/ (Lx)T {Plaaz\lf—l— Py +G0)\I'] i

. [wx)(b)T TSR [wx)(b)]

(Lz)(a) (Lz)(a)
where RTYR = [1;1 7931 ] The integral term vanishes for

any L if and only if U satisfies (15). Furthermore using
(2), (19) and ¥ = I we have

&0 wreafily] -

[ W QB R [‘I’(b)} ,

from which (16) and (17) follows. m

Remark 9. Under the hypothesis of the previous propo-
sition, assume that I' = [I'y,...,T,,] = —I. In this way
one has in closed-loop that v;(t) = fab Ul (2)x(t, 2)dz + ki,

1 =1,...,m, with k; € R a constant that only depends on
the initial conditions. Under this hypothesis the Hamil-
tonian function of controller becomes a function of the
state variables of the plant, and may be chosen to obtain a
desired stability profile in closed-loop, namely a (possibly)
global minimum at the desired equilibrium configuration.

6. DNA-MANIPULATION PROCESS

In this section we focus on the control of a nanotweezer
used for DNA manipulation (Boudaoud et al., 2012). For
this control design a very simple model of the tweezers is
presented in Figure 2.

DNA bundle
fo

Port
Hamiltonian

Shuttle +

Force and

Suspension Torque
 e—
- _
~—
fa
k_a

Fig. 2. DNA manipulation with PH control

The trapped DNA bundle is approximated by an equiva-
lent mass spring damper system. We consider the arm of
the tweezer is clamped in z = a. We also assume that it is
only possible to measure the position at point z = a.

6.1 Model of the tweezer arm

The model of the tweezer arm is based on Timoshenko
beam model. The Timoshenko beam has been widely stud-
ied as a distributed parameter port Hamiltonian system
(Macchelli and Melchiorri, 2004) and as BCS (Le Gorrec
et al., 2005). The model of the Timoshenko beam is written
as:

Kz Kz

z1 0100 1 000-17 |1
O fw2| _ 1000 8 |, Jooo 0| |," (20)

ot |zs| ~ |[0001]| 5z |Elzs 000 0| |Elzs

T4 0010 L 100 0 1

4 T4

—_— I, ~—— 11,

Py Py

where the following state (energy) variables have been

defined: z; = %—Z(z,t) — ¢(z,t) the shear displacement,

zo = p(2)22(2,t) the transverse momentum distribu-
tion, x3 = g—f
Ip%(z,t) the angular momentum distribution, for z €
(a,b), t > 0, where w(t, z) is the transverse displacement

(z,t) the angular displacement, and x4 =
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of the beam and ¢(t, z) is the rotation angle of a filament
of the beam. The coefficients p(z), I,(z), E(z), I(z) and
K (z) are the mass per unit length, the rotary moment of
inertia of a cross section, Young’s modulus of elasticity, the
moment of inertia of a cross section, and the shear modulus
respectively. The matrices P; and P, defines the skew-
symmetric differential operator of order 1 acting on the
state space X = La(a,b,R?*), J = P1% + Py. The energy
of the beam is expressed in terms of the energy variables,
E = %fab (Kxf + %z% + EIz3 + io:i) dz = 3||lz[|%. The
boundary port variables are obtained by using integration
by parts and factorization in order to define an extended
Dirac structure including the boundary (Le Gorrec et al.,

2005). They also can be directly parametrized from P; (Le
Gorrec et al., 2005; Villegas, 2007) leading to:

(0 T w2)(b) = (p” ' w2)(a)
(Kz1)(b) — (Kz1)(a)
(I, 2a) () — (I, ' 24)(a)
(EIz3)(b) — (EIz3)(a)
(™ r22)(0) + (o~ Mz2)(a)
(Kz1)(b) + (Kz1)(a)
(I, 2a) () + (I M wa)(a)
(EIz3)(b) + (Elz3)(a)

fo,ca| —
€9,Lx

The control objective is to control the translational po-
sition of the DNA-bundle. The physical ports are given
by the translational force acting at the base of the beam
(input), and the translational velocity at the base of the
beam (output). All physical ports are hence located on
the point a of the beam and directly associated with
the dynamic of the suspension mechanism and/or base of
the beam. In order to achieve that the input and output
variables of the flexible arm coincide with the physical ones
we define the following input and outputs for the beam:

u=[v(b) wb) —v(a) —w(a)], y=[T(k) T() Fla) T(a)]

which is achieved by defining v = W {é‘gﬁi}, y =

w [fa‘“} where

€a,La
10000 1 0 O 01 0 0 1000
00100 O 0 1 I 0001 0010
W= 10000-10 O ’W_ 0-10 0 1000
00100 O 0 -1 00 0-10010

It can by shown that with this choice of input and output
the system (20) defines an abstract boundary control
system. Furthermore Az = P1(0/0z)(Lx) + PoLx with

domain D(A) = {Ex € Hl(a,b;R”)’ { } € kerW}

generates a contraction semigroup on X and the energy

balance equation is defined as: % =uTy

fo,ca
€a, L

6.2 Finite dimensional controller model

At point b the DNA-bundle is represented by the sim-
ple Mass-spring-damper system of Figure 1 and thus
admits a port Hamiltonian system representation. Then

we can write by using v, = (zp, mpis, O, mpwy) T, up =
[F(b) T(b)]" and y, = [v(b) w(b)]":

. dEb dEb

Oy = (Jp — Rp) o + gy, Yo = QEW

with FEj the energy of the system (sum of the ki-
netic and potential energies): Ey(xp, mpdp, Op, Jpwp) =

. k
%J)i + T}V](chg)z + %95 + ﬁ(wab)Q and J, =

0100 0009

—100°0 — b T _ 10100
{0001}7&)— 0000 |>9% =1[060%], where f,
0 0-10 00 0 fg,

and fy, are the damping and the rotational damping con-
stants at the interconnection point. At point a the shuttle
is represented by a Mass-spring-damper system and is
interconnected to the Port Hamiltonian Controller that
basically acts as a programmable damping and stiffness.
The resulting dynamic system is given by:
dE, dE

Vg = (Ja - Ra) W: + Gala, Ya = g?; d’U:
with Ey (2, meZs) = %(—k + ke) w2 + ﬁ(
energy of the system. J, = [_01 (1)] , Ry = [8 faﬁfc] , gf =
[9$9]. Finally the overall finite dimensional system can
be written:

ma:ica)2 the

. dEc _ TdEc
v = (Jc - Rc) o + Gele, Ye = 9G¢ o
with v =[x, mpdy, Op, Jowp, Ta, Mada ], Ec(v) =
Ey(vp) + Eu(v,) and:
Jo — Rq 0
Jo—R.= 0 Jy, — Ry agC:[ga gb]

6.3 Casimirs

The Casimir functions are looked under the form (14)
such that it satisfies equations (15), (16) and (17). More
precisely the Casimir functions are constant functions
(that do not depend on ¢ neither on z):
b
C(z,v) =k =TTy +/ U(z,t)Ta(z,t)dz

a

satisfy:
e from condition (15):
¥, =0
\I/Q = C4Z + CQ
Uy =—-Ci12+Cjs
Wy =0Cy
where Cy,i € [1,- - ,4] are constants.

e from condition (16):

I'y=Ty=Ts=0 (21)
[y = —Wq(b) (22)
I3 = W5(b) (23)
F5 == —\Ill(a) (24)
e from condition (17):
[y = —Ws(b) (25)
[y = —W4(b) (26)
FG = —\112 a) (27)
Us(a) =0 (28)

From (21), (25) and (27), Co = C4 = 0 and ¥4 = ¥, = 0.
Then (26) is satisfied. From (28) C3 = —aC; and then
Fl = —Cl,Fg = —C’l(a—l— b)7F5 == Cl from (22), (23), and
(24) respectively. Then the Casimir functions are defined
as:

b
k= —Cixp—C4 (a+b)@b+C’1xa—|—/ Cy(x1— (z+a)x3)dz
’ (29)
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6.4 Control design

The goal of the control law is to shape the total energy
E4(vp, x,v,) such that it presents a minimum in the
desired position of the tip of the arm, i.e.: z} = T, and

Ty = O,Gb* =0,¢; = O,gi): = 0. The degrees of freedom
we use for control design are the programmable ”stiffness”
and ”"damping” k. and f.. The total energy is given by

Eq(vp, z,vq) = Ey(p) + E(2) + Eq(Ta, Pa)
From (29) we have:
Ed(irbv mapa) = Eb(ﬁb) + E((E) + Ea(F(‘rbu x)vpa)
Taking into account that

1 1
E,=Z(f+ke)za+ —D

we can write:

0E; OE  OFT9E, OE & _1
axi_%—’—% 81’a —%‘F\I’i(ka“rkc)xa (30)
0Ey OE, 1
ovy Ovy + 2 (ko + ko) 7o (31)
0Ey .
—_— 2
3pa Ta <3 )

E admits a minimum in (x}, 2*,p}) if equations (30,31,32)
equal zero for (zp,x,p,) = (x5, 2*,pk). It is the case for
(32) if &% = 0. Using the notation a* = (k, + k) 2} we
derive from (31) at the equilibrium:
kyap +T1a™ =0, ko, 05 + T30 =0, 3 =0
and then
0 F3kb *
=—x
b7 Tk, b
From (30) we deduce x5 = =} = 0 and:
Kzl + V0" =0, Elzi(z) + Us(z)a” =0
8¢;(2)

Taking into account that xzx = we derive:

N a* _ Cia* 22 3a?
¢"(2) —/a (‘m“*?) == Fr (2+“2‘2>

and then

Cla* 2 2
‘i . )
0" (0) = 5 ((a+b)* —4a
Furthermore z§ = ag(zz) — ¢(z) and:
Cia* 3 2 3 2 5 3
W (2) = wa) + o7 (o) + S (Z(ﬁa; azz+§)

Using the fact that the beam is clamped (w*(a) = 0) to
the moving shuttle we can write: z}; = zj + w*(b): and:

N (4 kp ® )+ Cikp b3 n ab®>  3a?b " 5a3
T, =T —((b—a —_ =+ — - —
a™ K 2FEIU, \ 6 2 2 6

Fap)

and then:
k‘bxz
Uy f(xp)
Using (33) for z} = z}, . allows to assign the desired closed
loop equilibrium state. f. is designed in order to assign the
dissipation rate. Indeed:
dE;  dE."
dat  dv

ke(ay) = —ka (33)

dE,.
¢ dv

< _fcxi

7. CONCLUSION

In this paper we considered a class of one dimensional
boundary controlled port Hamilonian systems intercon-
nected in a energy preserving way to some port Hamilto-
nian controllers. During this interconnection we took into
account some clamping conditions by a rank deficiency of
the input/output matrices of the controller. We proved
the asymptotic stability of the closed loop system as soon
as the controller is exponentially stable and derived some
necessary conditions for the existence of structural invari-
ants named Casimir functions. These Casimir can be used
to link the controller states to the system states in order
to stabilize the system and shape the closed loop energy
function to have a minimum at the desired state. This
approach has been applied to a micromanipulation process
leading to a simple Proportional Derivative control law.
The main perspective of this work is the generalization of
such approach to non linear systems.
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