Exponential stability of boundary
controlled port Hamiltonian systems with
dynamic feedback

Hector Ramirez * Hans Zwart ** Yann Le Gorrec*

* Department of Automation and Micro-Mechatronic Systems,
FEMTO-ST UMR CNRS 6174, ENSMM, 26 chemin de l’épitaphe,
F-25030 Besangon, France. {ramirez,legorrec}@femto-st.fr
** University of Twente, Faculty of Electrical Engineering,
Mathematics and Computer Science, Department of Applied
Mathematics, P.O. Box 217 7500 AE Enschede, The Netherlands.
(e-mail:h.j. zwart@utwente.nl)

Abstract: In this paper it is shown that an input strictly passive linear finite dimensional
port-Hamiltonian controller exponentially stabilizes a large class of boundary control systems.
This follows since the finite dimensional controller dissipates the energy flowing through the
boundaries of the infinite dimensional system. The assumptions on the controller is that it is
input strictly passive and that it is exponentially stable. The result is illustrated on the model
of a boundary controlled DNA-manipulation process.

Keywords: Boundary control systems, infinite dimensional port Hamiltonian systems,

exponential stability, passivity.

1. INTRODUCTION

The study of stability and stabilization of infinite di-
mensional systems is a complicated task since extending
results from the finite dimensional system theory is not
straightforward and in many cases not possible. Concepts
as dissipativity (Brogliato et al., 2007) have to be re-
vised and well known results stated in the case of finite
dimensional systems, as stability of interconnected dis-
sipative systems, are no longer necessarily true in the
infinite dimensional case. Boundary control systems (BCS)
(Curtain and Zwart, 1995) are a class of abstract systems
which model partial differential equations (PDEs) with the
control and the observation at the boundary of the spatial
domain. A large class of physical systems may be modelled
as BCS, and very powerful results on well-posedness and
stability have been reported for BCS formulated using
the framework of infinite dimensional port-Hamiltonian
system (Le Gorrec et al., 2005; Villegas, 2007; Villegas
et al., 2009; Jacob and Zwart, 2012). More specifically in
Villegas et al. (2009) it has been shown that a clever choice
of the boundary conditions (by using a static feedback)
renders the BCS exponentially stable, and in Villegas
(2007); Ramirez and Le Gorrec (2013b) it has been shown
that for a class of BCS arising from the modelling of
physical systems, a power preserving interconnection with
a finite dimensional passive linear system results in an
asymptotically stable BCS on an extended state space. In
this paper we show that the interconnection of a BCS with
a linear finite dimensional controller renders the closed-
loop system exponentially stable provided that the finite
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dimensional system is input strictly passive and exponen-
tially stable. This result permits to elegantly, and quite
easily, prove the exponential stability for a large class of
linear controllers, in particular those arising from energy
shaping methods using Casimir functions (Macchelli and
Melchiorri, 2004; Macchelli, 2012). The paper is organized
as follows. In Section 2 we give the preliminaries on BCS.
In section 3 we define the dynamic boundary controller and
we derive a series of lemmas associated to the structure of
the controller. In Section 4 we derive the main result of
the paper, which is the exponential stability result of the
BCS. Section 5 and Section 6 present the physical example
of a DNA-manipulation process and the stabilizing control
strategy. Section 7 presents some final remarks.

2. BOUNDARY CONTROLLED
PORT-HAMILTONIAN SYSTEMS

The systems under study are described by the following
PDE:
ox 0

where z € (a,b), P, € M,(R) (M, (R) denotes the space
of real n X n matrices) is a non-singular symmetric matrix,
Py = —-P) € M,(R), Go > 0 € M,(R) and = takes
values in R™. Furthermore, £(-) € La(a,b; My(R)) is
a bounded and continuously differentiable matrix-valued
function satisfying for all z € (a,b), £L(z) = L£(z)" 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 = Ly(a, b; R™) with inner product (x1,xz2) s =
(z1,Lxs) and norm ||z||%2 = (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; Villegas et al., 2009)
Let Lz € H'(a,b;R™). Then the boundary port variables
associated with system (1) are the vectors ep za, fo,co €
R™, defined by

Lel =0 TIER]) == ER] e

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

Theorem 2. (Villegas et al., 2009) Let W be a n x 2n
real matrix. If W has full rank and satisfies WEW T >

0, where ¥ = [(; (I)}, then the system (1), with input

u(t) =W [52268] is a boundary control system on X.
Furthermore, the operator Ax = Py(0/0z)(Lx) + (Po —
Go)Lx with domain

D(A) = {L’x € H'(a,b;R™) ‘ |:f8,[,$:| € ker W}

€9,Lx

)

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

—1 - _
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Define the output of the system as the linear mapping

C: L H (a,b;RY) — R, y = Ca(t) = W [giiwgﬂ
Then for u € C?(0,00;R¥), Lx(0) € H'(a,b;R™), and
u(0) = W [gi:gg” the following balance equation is
satisfied:

1d CLfu]’ o, Tue)]
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The matrix Py, 3, is defined only when [%] 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. Finally
we remark that the balance equation (3) may be rewritten
as:

1d 2 _ (L), n)] [P 0] [(La)t,b)

sal=oE < [(E00] [0 ) [Eed)] o
Remark 3. As it has been pointed out in Villegas (2007),
if the matrices W and W are selected such that Py v =

[97] = %, then the BCS fulfils 14 ||z(2)[|2 < u (£)y(¢).

In Villegas (2007) and Ramirez and Le Gorrec (2013b) it
is shown that a power conserving interconnection (van der
Schaft, 2000), i.e.,

U=T =Y, Y=, (5)
with r € R™ the new input of the system, of a impedance
energy preserving BCS, i.e., that satisfies 14 |2(¢)[|2 =

u(t)Ty(t), and a linear strictly positive real (SPR) or

strictly passive finite dimensional system defines again a
BCS on an extended space. Consider the linear system

0 = A + Beue, Ye = Cev + D.ug, (6)
with state space v € V = R™ set of input values
u. € U, = R™ and set of output values y. € ¥ = R™.
The set U, of admissible inputs consists of all U.-valued
piecewise continuous functions defined on R. A., B., C.
and D, are constant real matrices of dimension m x m,
m X n, n X m and n X n, respectively.
Theorem 4. (Villegas, 2007; Ramirez and Le Gorrec,
2013b) Let the state of the open-loop BCS satisfy
$Ll|lz(t)]|% = u(t)Ty(t). Consider a LTT strictly passive
finite dimensional system with storage function E.(t) =
3 (0(t),Qev(t)), Qe € Mp(R), Q. = Q! > 0. 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 with inner product (Z1,Z2) ¢ =
(x1,22) ¢ + (v1, Qcv2). Furthermore, the operator A, de-

fined by Ad — {jﬁ 0} H with D(A,) = { H e

B.C A.| |v v
X fa,ﬁx ~
{V] ’E:c € HN(a,b;R"), |eg | € kerWp p, where
v
Wp = [(W—i— D.W C’c)] generates a contraction semi-
group on X.

In this paper we show that not only asymptotic stability
is assured Villegas (2007) if the controller is linear strictly
passive, but also exponential stability.

Remark 5. For Theorem 4 to be fulfilled the matrices W
and W should be selected such that Py, i = [9].

Notice that the power preserving interconnection (5) actu-
ally defines a feedback loop, where the finite dimensional
system acts as the controller.

3. DYNAMIC BOUNDARY CONTROL

The main result of this paper is proving that a strictly pas-
sive linear finite dimensional system exponentially stabi-
lizes boundary controlled port Hamiltonian systems. This
is a powerful result due to three reasons: 1) Exponential
stability of infinite (and even finite) dimensional systems
is a very strong condition difficult to prove. 2) A dy-
namic controller not only permits to stabilize the infinite
dimensional system but also permits to change the closed-
loop equilibrium (using for instance Casimir methods). 3)
In many applications the infinite dimensional system is
coupled at the boundary with a finite dimensional system.
In this case the finite dimensional system correspond to
the ”controller” and the stability of the coupled system
may be analysed using our approach.

Definition 6. The considered finite dimensional controller
is given by the state space representation:

V= (Jc - RC)QCU + Bcuca Ye = B;FQC'U + Scu07 (7)
where we assume that Q. = Q! > 0, J. = —J],
R, = RZ >0, 5 = S;'— > 0 and B, are real constant
matrices of proper dimensions. Furthermore, the controller

is assumed to be exponentially stable, i.e., A, := (J. —
R.)Q. is Hurwitz ! .

1 This is equivalent to the pair (Je, R.) being controllable




Under the assumption made above, it is easy to see that
with the Hamiltonian E.(t) = 3v(¢)TQ.v(t) the system
(7) is a strictly input passive port-Hamiltonian system,
i.e. there exists a ¢ > 0 such that

Ee(t) < ue(t) ye(t) — ol|uc(®)]*.

We shall frequently use the following inequalities for v, w €
R™ and a > 0

1
—a?[o* = Slwl* <vTw+w'y ®)

1
+ =5 lwl® ()

This holds since [[av &+ Lw||?> > 0. The following lemmas
follow from Definition 6.

<a?|lv)?

Lemma 7. There exist strictly positive constants ko, k3
and 4 such that for all 7 > 0 the energy of (7) satisfies:

Eo(1) < k1(7)Es(0) 4 K3 /OT |ue(t)||2dt

—Ka2T

(10)
where k1(T) = Rqe

Proof. Since A. = (J. — R.)Q. is exponentially stable

there exists ko > 0 such that A.42ks1 is still exponentially
stable. Hence there exists a P, = P;| > 0 satisfying

(Ao 4 2k2D) TPy + Pi(A + 2k21) <0 (11)

which implies that AZPl + PiA. < —4koP;. Taking the
time derivative of v Pyv along trajectories we have

d

a(vTPlv)
= (A + BCuC)TPlv +o' P (A.v + Boug)
—4kov " Pyv +u! B! Pyv +v" Py B.u,

—2k9v " Pru + Ka|ue?

(12)
<
<

for some k3 > 0, where we used (9) with a® = 2ky. This
implies that

L (T () P() < e )7
Integrating this relation over ¢ € [0,7] and rearranging
terms, we obtain v(7)T Piv(r) < e *27v(0)" Piw(0) +
N rze’2 (=T |ju,(t)||?dt. Since there exists positive con-
stants g1, go such that for allv € R* giv " Piv < %UTQC’U <
¢2v" Pv, inequality (10) follows. m

(13)

Lemma 8. There exists positive constants &;,&; and 79
such for all 7 > 79 the energy of (7) satisfies

[ < / o (OQuRQuo(t)di+o /

0

T

e (t)]|dt

Proof. Since A, (Jc R.)Q. is exponentially stable
there exists a P, = P, > 0 such that ATPQ + PA, =

2 c. Taking the time derivative of v T Pyv we have

i (UTPQ 11)

" = (A + Beue) " Pov + v Po(Acv + Beue)  (14)
— _%UTQCU +u! B] Pyv +v'" P,Beu,.
Now, using equation (9) we find
jt (v TP’U) < (a? 1)%1}—'—@01) + &uTuc, (15)

for some f3 > 0 and « € ]0,1[. Now, integrating (15) we
obtain

(UTPU)( ) —
(a% = 1) / . dt+—/ lue(t)|%dt.  (16)

Since P, and @, are symmetric and positive we may bound
them by P, < %&Qc, with 05 > 0 sufficiently large, to
obtain

/ "B t)dt < B1E(0) + B / " ue®)|P.

with ﬁl

(vT Pov) (0) <

(17)

>0andﬁg 2>0

(1— aZ)a

T-a?)

On other hand we have that the time derivative of the
energy of (7) is given by

1d
2 dt( ch)

1
- UTQCRCQCU + 5 (UIBIQCU + UTQCBCUC) .
Using (8) in (18) we obtain we obtain for any n > 0

- >
S50 Q) >
T L 9% 2, Lyt o
—v QcR.Qv— § n ||Q(‘ Bcuc” + F”Qc UH .
Integrating and grouping terms
E.(0) < E.(1)+

T 2 1
| o7 @Rt + 10 B0 + z Eelt)ar

Now, applying Lemma 7 and using (17) we obtain

E0) < ma(n)E0) + s [ et

(18)

T 2
n 1
+ [ 0T QuRQew + QR B P uc(t)
0

v (904 [ toar).

Choosing 79 and 7 sufficiently large, such that xq(79) +
ﬁl < 1, see Lemma 7, we obtain for 7 > 7¢

EC(O)S’YI/ v(t)TQcRchv(t)dtJr’m/ lluc(®)l?dt,  (19)
0

1/ (1 - (fﬁ(To) + ﬂé)) and vy, =
7) ~v1. Now, combining (17) and

with constants v, =

2 1
(Hs +2IQEB]? +
) we obtain

/ Eu(t)dt < £ / 0T QuRQuudt + £ /Tnuc(t)n%zt
0

(20)
with & = (G171 and & = (172 + (2, which proves the
Lemma. m

Lemma 9. For every 61 > 0 there exists a d > 0 such that
for all 7 > 0 the energy of (7) satisfies the relation

/ " BLEL(0) + lye(D)|Pdt < 8 / ")+ Jue(t)|Pdr. (21)
0 0

Proof. The relation follows by noting that the left term
of (21) may be written and bounded as



51 -
?Qc + QCBCBC QC) QCBCSC |:U :| dt
SeBl Qe s2

- TTr1
<5 “] 5@ 0 [U}dt
- 2/0 {“c [20 I] te

4. EXPONENTIAL STABILITY

for some 63 > 0. m

To show that the BCS defined in Theorem 4 is expo-
nentially stable, we follow (Villegas et al., 2005; Villegas
et al., 2009). In the rest of the paper, we will set Go = 0
for simplicity. Note, however, that all results are valid for
Gy # 0. As a part of the boundary port variables of the
infinite dimensional system can be set to zero and may be
not used for the interconnection we will assume that the
infinite dimensional system satisfies a dissipative relation.

Assumption 10. The BCS of Theorem 2 satisfies
u(@)]* + ly@) > el La(t,0)|?
for some € > 0.

(22)

To prove the main theorem we first present the following
lemma which gives a bound on the total energy of the
interconnected system.

Lemma 11. Consider a BCS as described in Theorem 4
with r(t) = 0, for all ¢ > 0. Then, the energy of the
system E(t) = 1||2(t)|242v(t)TQ.v(t) satisfies for 7 large
enough

B(r) < e(r) / (L)t |Pdt + 20 / "B,
o 0, (23)
Blr) < c(r / (L) (t, a) |t + /OEC(t)dt,

where c is a positive constant that only depends on 7 and
c1 a positive constant.

Proof. In Villegas et al. (2009), it has been proved that
there exist positive v and 7 such that for 7 > 7 > 2y(b—

a) the function F(z) = f,;(;jgiz) T (t,2)L(2)x(t, z)dt

fulfils F(b) > F(2)e "% for z € [a,b] where £ is a
positive constant. On other hand, due to the contraction
property of the semigroup F(t2) < E(t1) for to >t it is
deduced that

T=y(b—z) _ T—7(b—2)
/ E(t)dt > E(T—'y(b—a))/ dt

v(b—z) v(b—z)
> (7 = 29(b— a)) E(r — 7(b - a)).
Hence we obtain
2(T — 2vy(b— a))E(T)
<2(m = 29(b — a)) E(T — 4(b — a))
b T—y(b—2) T—v(b—2z)
< / ( / xT(Lx)dt> dz +2 / E.dt
a v(b—2) v(b—2)
b T—v(b—2)
< / F(z)dz + 2/ E.dt
a v(b—z)
T—v(b—2)
< (b—a)F(b)er =) 1 2/ E.dt
v(b—2z)

T T—v(b—2)
Cl/ ||(£x)(b)||2dt+2/ E.dt
0 y(b—z)

where ¢ = (b — a)||~£_1(b)||e”(b_a). Hence we obtain
that for 7 > 7, E(7) (1) fOT |(Lx)(t,b)||?dt +

2¢(T T—v(b—a) . c
24n) 100 Bo(t)dt, with er) = se—t—ay;. The

second inequality is obtained similarly with F(z) =

T—(a=z) T
fv(a 2) Lxdt. m

Theorem 12. Consider the BCS defined by Theorem 4
with r(t) = 0, for all ¢ > 0. The finite dimensional
boundary controller of Definition 6 exponentially stabilizes
the BCS, provided Assumption 10 is satisfied.

Proof. Let ¢ > 0 be such that S, > ol. The time
derivative of the total energy satisfies

E = —’UTQC R.Q.v— uTS U
< =" Q.R.Q.v au U, since S, > ol
= —’UTQC R.Q.v— Uelu;ruc — O’EQUIUC
. 2 2 2
= v QcR.Qv — aer|uc|* — aea (yll* + [[ul®) +
oeslul?
with €; + €2 = 1 and where we have used that u. = —y.

Using Assumption 10 we have

E S _UTQCRCQCU
—oerfucl® = oeael| La(t,0) | + oealye*.
Integrating this equation on t € [0, 7] we have

- " T (10RO ()t
0

+/ —oer|luc(t)|® — oesel La(t,0)|* + oealye(t)||*dt.
0

Next choose 7 sufficiently large such that Lemmas 8 and
11 hold. Using the latter lemma we have

E(r) — E(0) <

B(r)— B(0) < — / T QuRQuv + e |[uc|Pdt

0’626( /E t)dt — ))+062/ ||yc||2dt.
0

Grouping terms we have that
o€ge ~
E 1+ > — E(0) <
0 (147 - £0)
—/ v(t) T Q.R.Q.v(t)dt — 061/ [[ue(t)||2dt
0 0

roa ([ X0+ lntolPar)

Using Lemma 9 with §; = i—f we have
o€x€

E(T) (1 + C(T)) ~E(0) < — /0 Tv(t)TQCRCch(t)dt
0€209 ’ c O(€209 — €1 ’ Ue 2 .
T o6t / B (t)dt + o(esd >/0 Juo(t)|2d. (24)

Now, using Lemma 8 we obtain

B(r) (1 + (c’(ej)e ) —E(0) <

(ceadats — 1) / ()T QR.Quv(t)di+
0

o (eada(1+ &) — €1) /OT e (8)|2dt.



Since €2 may be chosen to be arbitrarily small, i.e, e2 <1
and since €; = 1 — ez, we finally have that E(7) < c2 E(0)
with co = ( ) < 1 which proves the theorem. m

gege

c(7)

5. DNA-MANIPULATION PROCESS

In this section we focus on the stability analysis of
a controlled nanotweezer used for DNA manipulation
(Boudaoud et al., 2012). The tweezers is presented in
Figure 1.

DNA bundle
A

fi f2
k1 ka

Fig. 1. DNA manipulation with PH control

The trapped DNA bundle has been approximated in
Ramirez and Le Gorrec (2013a) by a mass-spring-damper
system attached at the tip of the tweezer. Here we consider
a more accurate model made up by two spring-damper
systems interconnected to a moving load. The arm is
actuated on one side (by applying a force and a torque
at the point a) by using electrostatic forces generated by
a comb drive actuator, the beam being clamped to the
moving shuttle. We also assume that it is only possible
to measure the transversal and angular velocities at the
point a. The total system, may be divided into three
subsystems: the flexible arm, the DNA-bundle at the
tip of the gripper and the port Hamiltonian controller.
The flexible arm is modelled as a Timoshenko beam
(infinite dimensional system) while the DNA-bundle is
modelled as a finite dimensional mechanical system. The
subsystems are interconnected through their boundary
power conjugated port variables. .

5.1 The Timoshenko beam

The Timoshenko beam has been widely studied as a
distributed parameter port Hamiltonian system (Macchelli
and Melchiorri, 2004) and as BCS (Le Gorrec et al., 2005).
The exponential stability of the system has been proved for
static boundary feedback (Villegas, 2007; Villegas et al.,
2009). The BCS is defined as

Kz Kz

o1 0100 1 00017 [ 1
9 |zz| _|1000[ & p2+0000 0 2 (25)

ot |z3| (000 1| 9z |EIxs 000 0| |EIzs

T4 0010 1. 100 0 1

4 T4

—_—— I, —_1

Py Py

where the following state (energy) variables have been

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

g |l

xo = p(z %—t(z,t) the transverse momentum distribu-
tion, x3 = %(z,t) the angular displacement, and x4 =

Ip%‘f(z,t) the angular momentum distribution, for z €
(a,b), t > 0, where w(t, z) is the transverse displacement
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 = Ly(a,b,R*), J = P1% + Py. The energy
of the beam is expressed in terms of the energy variables,
E =1 [7 (Ko} + a3 + BIad + £a3) dz = Jl|o)3. 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:
(" tw2)(b) = (p~ 'w2)(a)

(Kz1)(b) — (Kz1)(a)
(I 2)(0) — (1) 24)(a)

(Elz3)(b) — (Elz3)(a)
(P tw2)(b) + (p~ tw2)(a)

(Kz1)(b) + (Kz1)(a)
(I 2a) () + (I, M 2a)(a)

(EIz3)(b) + (Elx3)(a)
The control objective is to control the translational and
angular position 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) F(a) T(a)], y=[FO) T(b) —v(a) —w(a)],
which is achieved by defining v = W [ggﬁj}, y =
1474 {f‘l“} where

€9,Lx

)7
)7

foca| —
€a,La

0 0
0 0
-1
0

[=N o)

1 0 0

0 0 = 0
W=, 1 W =13
0 0

= O oo
[=NeRels
o o= O

100
001
000
010 ~1
It can by shown that with this choice of input and output
the system (25) defines a an abstract boundary control

system. Furthermore Az = P1(0/0z)(Lx) + PoLx with
domain D(A) = {[,x € Hl(a,b;R")‘ {f"’ﬁx] € kerW}

€y, Lx
generates a contraction semigroup on X and the energy

balance equation is defined as: % =uly

Remark 13. In our application case the Timoshenko beam
is fully actuated and from the full rankness of [y 77 ]"
and P; and in the definition of u and y from (2), the
associated BCS satisfies Assumption 10.

5.2 DNA-bundle model

The DNA-bundle is represented by the simple spring-
damper + load + spring-damper system of Figure 2 and
thus admits a port Hamiltonian system representation. In
Figure 2, k1, ko, f1, fo represent the positive constants of
the springs and the viscous dampers respectively, M is
the mass of the load, x.1,z.s the relative positions. Let
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Fig. 2. DNA model

us denote with the sub-index b the system representing
the DNA-bundle. Then we can write by using vy = (e —

Tet, Tea, Miea) T, up = [F(b) T(b)]" and g, = [0(b) w(b)]":
dE,
T b
=g, — + 5
Yo = Gy v + Spup
with Ej the energy of the system (sum of the kinetic and
potential energies): Ey(zco — Te1, T2, M) = %(mcg —

. 00
r)? + B2, + e (Mia)? and 4y = [§80]0 R =

oM
Moo , Lo
1 T:[ﬁ()l} Sp=|" where fy is the
|: 8 8)‘(')2:| ,» 9y 000’ b 0 ﬁ 5 f@
rotational damping constant at the interconnection point.

Note that this system is exponentially stable.

. dFE
0y = (Jp — Ry) W: + gyus,

oo

6. THE CONTROLLER

The controller is set at the base of the flexible arm, and
is free to design. Hence the controller should be selected
such that the conditions in Theorem 12 are satisfied. To
this end we chose the “a-part” of the controller as

dE T+dE,

Raia ala, a =
)dva+gu Yo = 9o g -

Where Vg = [qa17QG2)pa1?pa2]T7 qa17qa2 are the gener—
alized coordinates, Jo, Rq, S, € Mi(R), J, = [ (],

Ro = ["§" ] Sa = [% 50, ] 90 = [7] with Re; =
s 0
[TO“ Ta;o € MQ(R)a Ta;1sTa; > 0 e R ) Sai =

[S‘gl | € Ma(R), 50,.50, > 0 € R, i = 1,2 The
Hamiltonian of the system is given by the virtual en-

2
ergy: Ea = 5 (a2, +Fkaxz,) + 3 (fn
kays kay, ma,my, are #positive) tuning parameters. The
inputs ug = [Ua,,Ua,]" € R? may be identified with the
boundary variables of the beam at the point a, u, =
[~v(a), —w(a)]T. The outputs correspond to input force
and torque of the beam at point a, y, = [F(a),T(a)]".
The finite dimensional PHS hence corresponds to an input
strictly passive, exponentially stable system. The complete
finite dimensional PHS may hence be written by combin-

ing the PHS representing the suspension mechanism and
DNA-bundle,

. Jb — Rb‘ 0 dEc 1)

U|: 0 ‘Ja_Ra d’U+ Ja te

dE,. Sa| 0

i [ 0 SJ te

The finite dimensional PHS is a strictly passive and
exponentially stable system with state v = [va,vp] ",
Hamiltonian (storage) function E. = FE, + E,, input
Ue = [ug,up] , supply rate w = u.y. and quadratic

Lo dE, ' » dE, | dE, " p dE T
dissipation rate s = o R, o +W: Rbﬁ—i—ua Sollg+

’Da = (Ja - + Sauaa

2
P
1 a2
+ I where

a

ve =9y 9a ]

u;—Sbub. Hence the microgripper i.e., the interconnection
of the flexible arm, DNA-bundle and controller is an
exponentially stable system by Theorem 12.

7. CONCLUSION

It has been shown that a large class of boundary control
systems are exponentially stable if they are interconnected
in a power preserving manner with an exponentially stable
input strictly passive linear finite dimensional system. The
result follows since the finite dimensional system dissipates
the energy flowing through the boundaries of the infinite
dimensional system. The assumptions made on the infinite
dimensional systems are that it is port-Hamiltonian and
that the norm of energy flowing through one boundary is
always less than sum of the norms of the input and the
output. The assumptions on the finite dimensional system
is that it is exponentially stable and input strictly passive.
The result has been illustrated on the physical example of
a DNA-manipulation process. Future work will deal with
the relaxation of the input strictly passive condition of the
finite dimensional controller.
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