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Exponential stabilization of boundary controlled
port-Hamiltonian systems with dynamic feedback

Héctor Ramirez™, Yann Le Gorrec™, Alessandro MacchelliJf and
Hans Zwart

Abstract—It is shown that a strictly-input passive linear finite di-
mensional controller exponentially stabilizes a large class of partial
differential equations actuated at the boundary of a one dimensional
spatial domain. This follows since the controller imposes exponential
dissipation of the total energy. The result can by use for control synthesis
and for the stability analysis of complex systems modeled by sets of
coupled PDE’s and ODE’s. The result is specialized to port-Hamiltonian
control systems and a simplified DNA-manipulation process is used to
illustrate the result.

I. INTRODUCTION

Boundary control systems (BCS) [1]-[4] are a class of abstract
systems that model partial differential equations (PDEs) with the
control and the observations at the boundary of their spatial domain.
A large class of physical systems may be modelled as BCS, and
very powerful results on well-posedness and stability of solutions
have been reported in recent works for BCS formulated using the
framework of infinite dimensional port-Hamiltonian systems, [S]—
[9]. These results are promising since they provide constructive tech-
niques for control design. More specifically, in [7] it has been shown
that a clever choice of the boundary conditions (static feedback)
renders the BCS exponentially stable, and in [6], [8] it has been shown
that a power preserving interconnection with a finite dimensional
Strictly Positive Real (SPR) linear system results in an asymptotically
stable BCS on an extended state space. The SPR controller is used to
assure the asymptotic stability, which is not straightforward to prove
since it requires the application of LaSalle’s invariance Theorem.

In this technical note, we show that a BCS with linear dynamic
boundary control is exponentially stable provided that the controller
is exponentially stable and strictly input passive. The closed-loop
system is then an exponentially stable BCS on an extended state
space. This follows from two key results. First, that the power
preserving interconnection between BCS and SPR systems (and
consequently between BCS and the class of controllers we consider)
defines again a BCS on an extended space; and, second, that if the
dissipated energy of the controller bounds the energy flow at the
boundaries of the spatial domain the closed-loop BCS is exponentially
stable. These results allow to elegantly, and quite easily, prove the
exponential stability for a large class of linear controllers, in particular
those defined by port-Hamiltonian control system.

The technical note is organized as follows. Section II introduces
boundary controlled-port Hamiltonian systems and the definition of
a class of BCS on an extended state space using dynamic boundary
control. In Section III, a set of Lemmas derived from the definition
of the finite dimensional control system are presented. Section IV
presents the exponential stability proof of the closed-loop system.
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In Section V the control design is illustrated on a simplified DNA-
manipulation process. Finally, Section VI provides some concluding
remarks and comments on future work.

II. BOUNDARY CONTROL SYSTEMS

In the following, we briefly recall the main definitions of the BCS
of interest. The reader is referred to [5], [7] and in particular to
[81, [9] for further details. For comprehensive background on infinite
dimensional linear system theory and functional analysis the reader
is referred, respectively to [2]-[4] and [10]. We will follow the same
notation as in [7], thus M, (#) denotes the space of square n X n
matrices whose entries lie in the vector space H. By (-, -)r we denote
the inner product on R or R", and (,-),, or simply (-,-) denotes
the standard inner product on Lz(a,b, R™). The Sobolev space of
order k is denoted by H"(a,b, R™). We say that a symmetric matrix
is positive definite, in short M > 0, if all its eigenvalues are positive,
and positive semi-definite, in short M > 0 if its eigenvalues are non-
negative. A self-adjoint operator L is coercive on an inner product
space X if there exists an € > 0 such that L > el.

The systems under study are described by the following PDE

or 0

=
z € (a,b), where P1 € M, (R) is a non-singular symmetric matrix,
Py=—P) € M,,(R), Go >0 € M,(R) and z takes values in R".
Furthermore, £(-) € My (L2(a,b)) is a continuously differentiable
matrix-valued function satisfying for all z € (a,b), £(2) = L£(2) "
and £(z) > ml, with m > 0 independent from z.

For simplicity £(z)z(t, z) will be denoted by (Lz)(t, z) and we
shall use the notation J = (P12 + Py) (.) for the skew symmetric
part of the differential operator. The state space is defined as X =
Ls(a,b;R™) with inner product (z1,x2)s = (z1,Lx2) and norm
llz1||%2 = (21, 21) . Hence X is a Hilbert space. Note that the natural
norm on X and the Lo norm are equivalent. The reason for selecting
this space is that || - || is usually related to the energy function of
the system.

Definition IL1. [5], [7] Let Lo € H'(a,b;R™). Then the
boundary port variables associated with system (1) are the vectors
€o,cxy fo,co € R™, defined by

foca| _ 1 [P0 =Pi| [(Lx)(b)| _ R (Lz)(b) )
€s,Lx NoRRS 1 (Lz)(a) (Lz)(a)|"
Note that the port variables are linear combinations of the boundary
variables. Let us define the matrix 3 € Mo, (R) as follows

0 I
Z:L O}. 3)

Theorem II.1. [5], [7] Let W be a n X 2n real matrix. If W has
full rank and satisfies WEW'T > 0, where S is defined in (3), then

(1), with input
u(t) =W [f 0L0 (t)}

L(2)x)(t, 2)) + (Po — Go)L(z)x(t, 2), ¢))

€a,£x(t)
is a boundary control system on X in the sense of [2, page 122].
Furthermore, the operator Ax = P1(0/0z)(Lx) + (Po — Go)Lx
with domain
D(A) = {Em € H'(a,b;R™) ] H‘“I} € kerW}
O,Lx
generates a contraction semigroup on X. Let W be a full rank matrix
of size n X 2n with [%] invertible and let Py, 3, be given by
T\ ! T
w w WEW

wewT] !
WEw T

wsw T
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Define the output of the system as the linear mapping C
L7YH(a,b;R") — R™,

ym:wmzwrmmw

€9,Lx (t)

Then for u € C*(0,00;R¥), L£z(0) € H'(a,b;R™), and u(0) =

[ﬁgi:gg;] the following balance equation is satisfied:
- ] e 1] e
. )
<o) e [0

The matrix Py, is defined if and only if [}] 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 (4)
represents the energy balance equation relating the internal energy
variation to the power flow at the boundary and may be rewritten as

sator <3 [E00] [o ] [E6n] ©
% ]=R"SR.

Remark II.1. As it has been pointed out in [8, page 36 41], if the
matrices W and W are selected such that Py, 3, = (98] =73, then
the BCS fulfils 1 & ||z (t)||2 < u' (t)y(t), and is called an impedance
energy preserving BCS.

with [ 7!

We follow [6], [8] to define a class of BCS on some extended state
space X = X xV, where V is the state space of a finite dimensional
control system interconnected with the BCS of Theorem II.1 through
its boundaries. Consider a linear system with minimal realization

U= A+ BC’LLC, Ye = Cev + Dcum (6)

with state v € V' = R™, input values u. € U. = R™ and output
values y. € Y. = R". Moreover, 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.

Assumption 1. The linear control system is strictly positive real
(SPR) [11], [12], i.e. omin(B:) > 0 and there exist matrices P, > 0,
Pe, L € R™™, tmin(L) £ € >0, M. € R™™™, N, € R™*™ that
satisfy the Lur’e equations:
A;I—PC—’_PCAC:_MC—I—MC
NJN.=Dc+ D/

-~ L., B/P.—C.=N/M,,

O]

The existence of a solution to (7) implies that (6) fulfils the so
called dlsszpatzon inequality [12], [13] E.(v(t)) < E.(v(0)) +
fo y(s))ds, where E.(v) > 0 is called the storage function
(for physwal systems it usually corresponds to the energy), and
w(u,y) is called the supply rate. If the supply rate is of the form
w(u,y) =u'y —u' Su, with S = oI, ¢ > 0, then the dissipative
system is called input-strictly passive. In [6], [8] it is shown that a
power conserving interconnection [14] (Fig. 1), i.e.,

Y = Ue, 3

with » € R™ the new input of the system, of an impedance energy
preserving BCS and a linear SPR finite dimensional system defines
again a BCS on the extended space X.

U=T—"Yc,

Theorem I1.2. [6], [8] Let the state of the open-loop BCS satisfy
Ldz(t)|z < u (t)y(t). Consider a LTI SPR finite dimensional
system with storage function E.(t) = 1(v(t),Qcv(t))rm, Q. =

JLx

- i) st

SO s

Ye v = A+ Beue Uc
e = Cev + Deue

Fig. 1. Power preserving interconnection

QJ > 0 € M, (R). Then the feedback interconnection of the BCS
and the finite dimensional system is again a BCS on the extended
state space & € X = X x V with inner product (¥1,%2)% =
(z1,22) 2 + (v1, Qcv2)v. Furthermore, the operator A. defined by

. _|JL O |z
“=[5e [l

with
- X N f@,ﬁac 5
D(A.) = L}} € {V ’ExEH (a,b;R™), |ea,ca | € kerWp o,
v

where WD = [(W + DCW CC)} generates a contraction semi-

group on X.

III. DYNAMIC BOUNDARY CONTROL

The main result of this paper is the use of strictly-input passive
finite dimensional boundary controllers to exponentially stabilize a
large set of BCS. This is a powerful result due to two reasons: 1)
Exponential stability is a very strong condition that in general is
difficult to prove, but that provides a measure of performance associ-
ated with the time decay constant. 2) Many physical applications are
modelled as infinite dimensional systems coupled at the boundaries
with finite dimensional systems, i.e., set of coupled PDE’s and ODE’s.
In those cases the finite dimensional part (ODE) corresponds to
the “controller” and the stability of the coupled system may be
analysed using our approach. We will focus our study in a particular
class of linear boundary controllers, namely port-Hamiltonian control
systems, since a large class of physical applications are naturally
modelled using the port-Hamiltonian formalism [14].

Proposition IIL.1. A finite dimensional control system
o= (Jo — R)Qev + Betie, e = Bl Qv + Scue,  (9)

is exponentially stable and satisfies Assumption 1, i.e., is SPR, if
there exist constant matrices of proper dimension Q. = Q) > 0,
Jo = —=JJ, Re = Rl >0, S. =5, >0, B full rank and
Ac = (Je — Re)Qe Hurwitz'. Consequently, system (9) is a strictly
input passive port-Hamiltonian system, i.e., there exists o > 0 such
that Ee(t) < ue(t) Tye(t) — oluc(t)]

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

o vwtw' v (10)

IN

1 2
Il

IN

1
o®lol|* + EHwHQ- (1)

This holds since [|av + Lw||* > 0. The following Lemmas follow
from Proposition III.1.

I'This is equivalent to the pair (J¢, Rc.) being controllable
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Lemma IIL2. There exist strictly positive constants k2, k4 and Ks
such that for all T > 0 the energy of (9) satisfies:

Fo(r) < 51(7) Be(0) + 55 / "o ()2t (12)

where k1(T) = kae™ 27,

Proof: Since A. = (J. — R.)Q. is exponentially stable there
exists ko > 0 such that A.+2ko1 is still exponentially stable. Hence
there exists a P, = P, > 0 satisfying

(Ac + 2r20) T P1 + Pi(A+2k21) <0 (13)

which implies that ACTP1 + PiA. < —4koPy. Taking the time
derivative of v Pyv along trajectories we have

%(Jpw) — (A + Bow) " Pro+ 0" Py(Aw + Bt
—4kov ' Pro+ul B! Pyv+v' Py Beue (14)

<
< —%kov | Piv + H3||UCH2

for some x3 > 0, where we used (11) with a? = 2ko. This implies
that

d
= (e“zth(t)Plv(t)) < k3e™t|uc(t)]. (15)
Integrating this relation over ¢ € [0,7] and rearranging

terms, we obtain v(7)' Piu(t) < e "2"0(0)T Pw(0) +
Jo k€™ luc(t)]|*dt. Using Lemma A.6.6 from [2, page 638]
we have that [ rse"> 7 uo(t)|Pdt < s J [luc(t)|dt for
some k5 > 0, and since there exists positive constants gi, g2 such
that for all v € R" qlvTPlv < %’UTQCU < QQUTPfU, inequality
(12) follows. [ |

Lemma IIL.3. There exists positive constants &1, &2 and 1o such for
all T > 1o the energy of (9) satisfies

[ Bwaza [ 0RO+ & [ luo]fd
0 0 0

Proof: Since A. = (J. — R.)Q. is exponentially stable there
exists a P, = Py’ > 0 such that Al P> + PoA. = —1Q.. Taking
the time derivative of v ' Pv we have

% (vTng) = (Acv + BcuC)Tsz + vTPg(ACv + Beuc)

) (16)
= —ivTch + uIBIsz + UTPQBCUC.
Now, using equation (11) we find
d (T 2 1 7 Bs T
= (v pgv) < (0® = 1)zv Qe+ Hulue, A7)

for some B3 > 0 and o € |0,1[. Now, integrating (17) we obtain
(vazv) (1) — (UTPQU) (0) <
(a® — 1)/0 E.(t)dt + %/0 lue(®)|2dt.  (18)

Since P> and ). are symmetric and positive we may bound them by
P, < %ﬂsQC, with 85 > O sufficiently large, to obtain

/ E.(t)dt < B1E.(0) +ﬂ2/ llue (t)||*dt. (19)
0 0
with 51 = (157;2) >0 and B2 = ﬁ% > 0. On the other hand

we have that the time derivative of the energy of (9) is given by

1d, +
5&(“ Qcv) =

— ’UTQCRCQCU + % (uCTBCTQcU + UTQCBCUC) . (20)

Using (10) in (20) we obtain we obtain for any 1 > 0

1d, +
- = ) >
1 1 1 1
0T QuReQuu — 5 (12 Bl + 1@
Integrating and grouping terms

Ec(0) < Ee(1)+

T ,’72 1 1
| 07 QeRQuu) + T 1QE B+

2?2
Now, applying Lemma III.2 and using (19) we obtain

E.(t)dt.

E.(0) < k1(1)Ec(0) + k3 /OT e () ||*dt

T 2 1
+ [ 0T QeReQeo+ @ Bl e (o)
0

1 T )
+ o (B0 450 [ o).

Choosing 7o and 7 sufficiently large, such that x1(70) + 2‘3712 <1,
see Lemma III.2, we obtain for 7 > 7o

E.(0) < /0 ()T QuReQuv(t)di + 72 /0

T

uc(t)|[dt, (21)

with constants 1 =

1/ (1 — (m(m) + 2’%)) and v =
1
K3 + éHQE B.|]® + 2/3722) ~1. Now, combining (19) and (21) we

obtain
[ mtase [VoRQuie [ uwlfa
0 0 0

with & = 171 and & = [1y2 + B2, which proves the Lemma. B

Lemma II1.4. For every 61 > 0 there exists a 62 > 0 such that for
all T > 0 the energy of (9) satisfies the relation

/T 1 Ee(t) + lye(t)||dt < 6 / Eo(t) + llue(®) Pt 23)
0 0

Proof: The relation follows by noting that the left term of (23)
may be written and bounded as

T v ! (%QC + QchB(TQC) QCBCSC v
0 Uc SCB:QC Sf di

TTul" 1. 0] v
<o [ [u] 55 9] [0)e

for some d2 > 0. |

IV. EXPONENTIAL STABILITY

To show that the BCS defined in Theorem II.2 is exponentially
stable, we first show that the total energy of the coupled PDE-ODE
system is bounded by the energy flowing through the boundaries
of the infinite dimensional part and the stored energy in the finite
dimensional part. Then using this bound it is shown that the total
energy decays exponentially. In the rest of the paper, we will set Go =
0 for simplicity. Notice, however, that all results are valid for Go # 0.
Moreover, as in the case of finite dimensional systems, the presence
of natural dissipation adds in general robustness to the control. As
part of the boundary port variables of the infinite dimensional system
can be set to zero (and hence not used for the interconnection) we
will assume that the infinite dimensional system satisfies a dissipative
relation.
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Assumption 2. The BCS of Theorem ILI satisfies ||u(t)|* +
ly@®)1? > €|l Lx(t, b)||* (or > €||Lx(t,a)||?) for some € > 0.

The physical interpretation of Assumption 2 is that the energy
flowing through any of the boundaries is bounded by the energy
flowing in/out through the inputs/outputs. This is, roughly speaking,
related to the passivity of (1) and to the definition of inputs and
outputs given in Theorem II.1. The following Lemma gives a bound
on the total energy of the interconnected system.

Lemma IV.1. Consider a BCS as described in Theorem II.2 with
r(t) = 0, for all t > 0. Then, the energy of the system E(t) =
Hz@®)||Z + 2v(t)" Qcv(t) satisfies for T large enough

E(1) < ¢(7) /O (L) (¢, b)||*dt + 222 /OT E.(t)dt
E(r) < (1) /O (Lz)(t, a)|dt + M/OT E.(t)dt

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

(24)

Proof: In [7], it has been proved that there exist positive
and 71 such that for 7 > 71 > 27(b — a), the function F(z) =
J7o20 77 2Tt 2) L(2)a(t, 2)dt fulfils F(b) > F(z)e” =) for
z € [a,b] where K is a positive constant. On other hand, due to the

contraction property of the semigroup E(t2) < E(t;) for to > t1 it
T—(b—a)

is deduced that
T—v(b—a) B _
/ E(t)dtZE(T—’y(b—a))/ dt
v(b—a) y(b—a)

> (1= 2v(b—a)E(r —y(b— a)).
Hence we obtain

2(1 = 2y(b—a))E(7)
< 2(r —2y(b—a))E(r — (b — a))

b T—v(b—2z) - T—v(b—2z)
S/ / xz (Lz)dt dz+2/ E.dt
a vy(b—z) vy(b—z)

b T—v(b—=2)
g/ F(z)dz+2/ E.dt
a v(b—z)

< (b—a)F(B)er® + 2/

v(b—2)

g T—y(b—2)
<o / (L) ()| Pdt + 2/ Fodt
0 vy(b—z)
where ¢1 = (b — a)Hﬁ_l(b)He”(b_“), and where Fubini’s theorem
and the fact that the integration interval increases when substituting a
by z in the integral of the energy have been used in the second step.
Hence we obtain that for 7 > 71, E(7) < c(7) [J [|(Lx)(t,b)||*dt+

26(7 f;’(b’)’((f) a)E )dt with C(T) = %;YW The second
1nequa11ty is obtained similarly with F'(z) = f;(a%:) 2T Ladt. m

Theorem IV.2. Consider the BCS defined by Theorem I1.2 with
r(t) =0, for all t > 0. The finite dimensional boundary controller
of Proposition I11.1 exponentially stabilizes the BCS.

Proof: Let o > 0 be such that S. > oI. The time derivative of
the total energy satisfies
B =0T QRQev — u] Seue
< v QeRcQcv
—’UTQCRCQCU
= v QcReQev — o1 |[uc||” — oexly|*
—v' QeReQev — o€ [lucl|* — oea (lyll* + [lull*) + oezjul?

T .
— OU, Uc, since S¢ > ol

T T
— O€1U, Ue — OEU, U

with €1 + €2 = 1 and where we have used that u. = —y. Using
Assumption 2 we have
E < —0"QcR:Q.v — oe|luc||* — ceae| La(t, b)||* + oealye|.

Integrating this equation on t € [0, 7] we have
f/ v (1)QcR.Qev(t)dt
0

+/ — oer||uc(t)||* — oeael| Lz (t, b)||* + oe2lye(t) ] dt.
0

E(r) - B(0) <

Next choose 7 sufficiently large such that Lemmas III.3 and IV.1
hold. Using the latter lemma we have

E(r) - E(0) < — / 0" QeReQev + oe fuc|dt
0

g c <2Cc(f) / Eo(t)dt - E<T>) +oe / " lyedt.

Grouping terms we have that
~ oeze ~
E 1 — E(0) <
) (1+225) - Bo) <
—/ v(t) T QeReQev(t)dt — 061/ l|ue ()| dt
0

0

soa ([ B0+ o)),

Using Lemma II1.4 with §; = 3—; we have

TEgE

B (145%5) - B0 < - [ o0 @cRQen(tar

+ 06252/ E.(t)dt + o(e262 — 61)/ ||uc(t)||2dt.
0 0

(25)
Now, using Lemma III.3 we obtain

TEgE

E(7) (1 + C(T)) —E(0) <
(ceadaéy — 1) /OTv(t)TQcRCch(t)dt

o(eaba(l+6) — 1) / " et 2t

Since ez may be chosen to be arbitrarily small, i.e, e2 < 1 and since
€1 = 1 —e2, we have that E(7) < coF(0) with ¢z = <1

0525

)
From this we see that the semigroup 7'(¢) generated by Ae satisfies
I7(7)|| < 1 for a sufficiently large 7. Consequently, log(||7°(7)]|) <
0, and by using the properties of strongly continuous semigroups

[2, Theorem 2.16, page 18] there exist M and o > 0 such that
IT#)|| < Me™* for all ¢ > 0. [ |

V. EXAMPLE: DNA-MANIPULATION PROCESS

In this section we illustrate the exponential stability result on a
physically based example: a controlled nanotweezer used for DNA
manipulation [15]. The considered class of tweezer is presented in
Figure 2, and the control objective is to control the translational
position of the DNA-bundle (z.2). From physical considerations
the lumped model of the DNA bundle is split into two parts: a
longitudinal model and a rotation model. The longitudinal model
accounts for mean viscous frictions of the wet molecules and for
the longitudinal motion (with inertia) of the bundle. It is composed
of a damper interconnected to a moving load attached to a spring-
damper system. The rotation model accounts for the bending of the
DNA sample and is considered with the same structure. The arm is
modelled as a Timoshenko beam and is actuated applying a force
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and a torque at point a by using a port-Hamiltonian controller. We
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 model
is infinite dimensional while the DNA-bundle and port-Hamiltonian
controller are finite dimensional. The subsystems are interconnected
through their boundary port variables. The interconnection boundary
port variables and the causality (depicted with arrows) are given in
Figure 3. It is important to remark that only a part of the finite
dimensional system is free to design, namely the port-Hamiltonian
controller. The DNA-bundle model is given by the physical process.
Hence, in this application the control system is given in part by the
physically imposed dynamic boundary conditions.

A. The Timoshenko beam

The Timoshenko beam has been widely studied as port-
Hamiltonian system [16] and as BCS [5]. The exponential stability
of the system has been proved for static boundary feedback in [7],

5
[8]. The port Hamiltonian model of the beam is given by
1 01 0 0 00 0 -1 Ifrl
Qm_looongoooo 52
ot |=s| ~\ |0 0 0 19z |0 0O O O Elzxs
x4 0 0 1 0 1 00 O + x4
P
Py Py
(26)

with the following state (energy) variables: x1 = %’(z,t) — ¢(z,1)

the shear displacement, x2 = p(2)2%(z,t) the transverse mo-
mentum distribution, z3 = %(z,t) the angular displacement, and
T4 = I,,%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, define
the skew-symmetric differential operator of order 1 acting on the
state space X = Lo(a,b,R*), J = P1% + Py. The energy
of the beam is expressed in terms of the energy variables, £ =
%ff (Kz:f + %m% + EIx} + ﬁxi) dz = %||@||%. The boundary
port variables are given accordingly to Definition II.1, (see also [5],

(81,

(p~t@2)(b) — (p~'22)(a)
(Kx1)(b) — (Kz1)(a)
(I, '2a) (b) = (I *za)(a)
{fa,ﬁz} _ | (BIz3)(b) — (Elx3)(a)
€o,La (K21)(b) + (Kx1)(a)
(P~ x2)(b) + (p~'22)(a)
(ElIz3)(b) + (Elz3)(a)
[ (I 2a)(B) + (I a) (a)

The physical control ports are given by the force/torque acting
at the base of the beam (input), and the translational/angular
velocities at the base of the beam (output). All physical input
and output ports are hence located on the point a of the beam
a. The input and output variables of the flexible arm must co-
incide with the physical ones, hence we define the following

input and outputs u = [v(b) w(b) F(a) T(a)]T, y =
[F(b) T() —v(a) —w(a)}T, which is achieved by defining
u=W [{gg;} and y = W [Zgﬁ:] where,
1 0o 0o 0o 0 1 0 0]
0o 0 1 0 0 0 0 1
W= 0 -1 0 0 1 0 0 0|’
0o o0 0 -1 0 0 1 0]
[0 1.0 01 0 0 0]
= 0o 0 0 1 0 O 1 0
W= 1 0 0 OO -1 0 O
o o0 1.0 0 0 0 —1]

It can by shown that with this choice of input and output the
system (26) defines a an abstract boundary control system. Fur-
thermore Az = P1(9/0z)(Lx) + PoLx with domain D(A) =
{ﬁx € H'(a,b; ]R”)‘ [g’gfg;] € ker W} generates a contraction
semigroup on X and the energy balance equation is defined as:
dE

_ T

Remark V.1. In this case the Timoshenko beam is fully actuated and

the input/output set is defined by: ] = % [%] [ ~h [ﬁz(?)]

where [wT W/T]T and P1 are full rank. Hence there exists an €
such that ||ul]® + ||lyl|*> > e||Lx(b)||’, and the BCS defined by the
Timoshenko beam satisfies Assumption 2.

Preprint submitted to IEEE Transactions on Automatic Control. Received: April 2, 2014 09:18:44 PST

Copyright (c) 2014 |EEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



Thisisthe author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record isavailable at http://dx.doi.org/10.1109/TAC.2014.2315754

Limited circulation. For review only

B. The DNA-bundle

The DNA-bundle is represented by a simple damper + load
+ spring-damper system. In Figure 2, ka2, f1, f2, ko,1.k0,2, fo.1,
fo,2 represent the positive constants of the springs and the viscous
dampers respectively, M and J are the mass and the inertia of the
load and z.1, Zc2, 01, Oc2 the relative positions and position angle
respectively. Let us denote with sub-index b the system representing
the DNA-bundle. Then by defining vy = (Ze2, Mic2,0c2, JOe2)T,

w, = [F(b) T®)]" and y» = [v(b) w(b)]” we obtain the
following finite dimensional representation of the DNA-bundle
. dE dE
Uy = (Jp — Rp) == gpUb, Yp = g?—b + Syup
dvb d’Ub

with Ej the energy of the system (sum of the kinetic and potential
energies): Ey(Tc2, Mica,0c2, JOe2) = 222 + 53 (Mic)® +

. ) 0100 900070

~5202% + 55(J0c2)? and Jy = [Blg 0 ?], Ry = {0{)20 0 }
X 0 0-10 0.0 0 fg,2
L o9

g = [9599], Sy = {f& ﬁ] Note that this system satisfies

Proposition III.1. ’

C. The controller

The controller, which we denote with the sub-index “a”, is located
at the base of the flexible arm, and is free to design. Hence the
controller should be selected such that the conditions in Theorem
IV.2 are satisfied. To this end we chose the control system as

. dEq dE,
Va = (Ja — Ra) v, + gala, Ya = Gga v, + Sata,
where v = [Gay)Qas,Par;Pas) > Gay» Gay are the generalized

coordinates, Jo, Ra, Sa € Ma(R), Jo = [ % §]. Ra = [T5* 2, ].
Sa = %" 2,15 90 = e | € Ma(R),

[9] with Ra; = [ i
Sa,

TajsTazs > 0 € R, Sy = | 7§ 0 J € M>(R), Sa;;; 805 >

the system is given by

Sa;o
2 2

1 Pay + Pay

mr,

0 € R, i = 1,2. The Hamiltonian o
the virtual energy: Eq = 3 (Kayqa, + ka2 day) + 5 | 72

Tajz

where kq,, kay, Ma, mr, are (positive) tuning parameters. The
inputs uq = [Ua,,Uay] € R? may be identified with the boundary
variables of the beam at the point a, u, = [—v(a),—w(a)].
The outputs correspond to the input force and torque of the beam
at point a, yo = [F(a),T(a)]". With this parametrization the
finite dimensional port-Hamiltonian controller corresponds to an input
strictly passive, exponentially stable system.

D. Exponential stability

The complete finite dimensional port-Hamiltonian control system
is obtained by combining the port-Hamiltonian models of the DNA-
bundle and the controller,

[ =R O dE. | [gv
0 ‘ Ja - Ra :| dv + |:ga. te
dE Sa| 0
T T c a
b Ga ] dv + |: 0 Sb :| Ue

with state v = [vq, 5] |, Hamiltonian (storage) function E. = E, +
Ey, input ue = [uq,us] ', supply rate w = ul ye — u' Scu. The
finite dimensional port-Hamiltonian system is strictly-input passive
and exponentially stable, hence it satisfies Proposition III.1 and by
Theorem IV.2 the microgripper i.e., the interconnection of the flexible
arm, DNA-bundle and controller is exponentially stable.

ye = [g

VI. CONCLUSION

The exponential stability of a class of BCS with dynamic boundary
control has been addressed. The class of BCS encompasses infinite
dimensional port-Hamiltonian systems and thereby a large number
of physical systems. It has been shown that if the dynamic boundary
controller is linear and input-strictly passive, then a power preserving
interconnection renders the closed-loop system exponentially stable.
The exponential stability follows from two key results: The power
preserving interconnection between the class of BCS of Theorem II.1
and a strictly-input passive linear finite dimensional system defines
again a BCS on an extended space; and, the dissipation of the
controller assures the exponential decay of the total energy. The
result is particularly interesting for stabilization of boundary control
systems and for the analysis of complex systems whose models are
given by coupled PDE’s and ODE’s. The result has been illustrated
on a physically motivated example: a DNA manipulation process
modelled by a PDE interconnected at the boundaries with a set
of ODE’s. Future work will aim to extend the results to energy
shaping boundary controllers using Casimir’s or/and IDA-PBC [14]
techniques.
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