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Abstract—This paper is concerned with the exponential stabil-
isation of a class of linear boundary control systems (BCS) in
port-Hamiltonian form through energy-shaping. Starting from a
first feedback loop that is in charge of modifying the Hamiltonian
function of the plant, a second control loop that guarantees
exponential convergence to the equilibrium is designed. In this
way, a major limitation of standard energy-shaping plus damping
injection control laws applied to linear port-Hamiltonian BCS,
namely the fact that only asymptotic convergence is assured, has
been removed.

Index Terms—port-Hamiltonian systems, boundary control
systems, exponential stability, passivity

I. INTRODUCTION

Boundary control systems (BCS) [1], [2] are dynamical
systems modelled by partial differential equations (PDEs) with
input and output defined at the boundary of the spatial domain.
The study of the existence of solution and stabilisation of
undamped or weakly damped linear BCS via static or dynamic
controllers has raised a major attention in the last decade
[3]1-[7] due to an increase use of boundary controlled flex-
ible/wave-like structures in engineering applications (smart
grids, traffic-flows, compliant structures, etc.). For the class
of linear BCS in port-Hamiltonian form introduced in [8],
powerful techniques that exploit the geometric structure of the
system to study the well-posedness or to design in a construc-
tive manner stabilising control laws have been presented in the
last years, see e.g. [5], [8]-[12] and references therein.

Two control synthesis strategies have been proposed so
far. The first one extends an analogous approach originally
developed for lumped-parameter systems, [13]. The feedback
law is designed to map the open-loop system into a target
dynamic still in port-Hamiltonian form, but characterised
by different energy function and internal dissipation. This
control technique consists of two feedback loops: the first one
implements the so-called energy-shaping, i.e. it is responsible
for modifying the Hamiltonian function e.g. to move its
minimum at the desired equilibrium configuration. The second
one, instead, is designed to let the total energy to decrease
until the “new” minimum is reached. From a physical point
of view, the damping injection control law is “equivalent”
to the interconnection of a linear dissipative element at the
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input/output port of the system. In other words, the control
action is just the multiplication of the output of the BCS
by a negative gain. For the class of BCS studied in this
paper, if combined with energy-shaping, such technique as-
sures only the asymptotic stability of the closed-loop system,
[11, Theorem 5.3]. A different control design technique has
been proposed in [10], where it is shown that the closed-loop
system resulting from the power-conserving interconnection of
a linear, port-Hamiltonian BCS and a linear control system is
exponentially stable if such regulator is exponentially stable
and strictly input passive. This result has been generalised to
the general case in which the BCS is dissipative in [12].

The contribution of this paper is to show how to extend
the energy-shaping and damping injection control synthesis to
guarantee the exponential stability of the closed-loop system.
For that purpose, we start from the feedback loop proposed in
[11] and capable of modifying the shape of the Hamiltonian
function as much as possible. Then, a second loop that assures
exponential convergence towards the equilibrium is computed.
This stabilising action can be seen as an extension of the
damping injection control law. As a matter of fact, if compared
to it, the novel stabilising law is characterised by the presence
of two additional terms. The first one depends on the integral
of the output, while the second one is related to the total
dissipated energy in the BCS. To prove this result, it is shown
that the complete control action, namely the energy-shaping
law plus the “extended” damping injection contribution, can
be generated by a linear, finite dimensional, control system
in port-Hamiltonian form that meets the requirements for the
exponential stability of the closed-loop system stated in [12].

This paper is organised as follows. Section II introduces
the BCS in port-Hamiltonian form, while in Section III two
results dealing with the control design for this class of systems
are reported: in Section III-A the control by energy-shaping
is illustrated, while in Section III-B, a characterisation of
linear control systems that assure exponential stability is
presented. Such results are the starting point to obtain the
novel formulation of the damping injection loop capable to
assure exponential stability that is presented in Section IV.
Conclusions and final remarks are in Section V.

II. BCS IN PORT-HAMILTONIAN FORM

We refer to the class of linear port-Hamiltonian systems on
real Hilbert spaces described by the PDE, [8], [9]:

Ox 0
E(t’ 2) = Pla(ﬁ(z)x(t, 2)) + (Po — Go)L(2)x(t, z) (1)
with z € X = L?(a,b;R"), and £ € C?(a,b;R"™") a
matrix-valued function such that £(z) = LT(2) > 0 for all



z € [a, b]. Since L is a coercive operator, X is then endowed
with the inner product (z1 | z2), = (z1 | Lx2) and norm
Hle% = (z1 | x1),, where (-|-) denotes the natural L?*-
inner product. X is also called the space of energy variables,
and (Lz) (t,z) = L(2)x(t, z) denotes the co-energy variables.
Moreover, P;, Py and GGy are n x n real matrices, with
Py = P and invertible, Py = —P, and Gy = G} > 0.
Finally, 0,,x,, denotes the zero n x m real matrix; if n = m,
we compactly write 0,. The same notation is adopted for
the identity matrix I,,, and used when the dimension of such
matrices is not immediate from the context.
For (1), we define the boundary variables fy, eg € R" as

(%) :M (o). o

=R

Then, the characterisation of the (boundary) inputs and outputs
for (1) in terms of fg and ey to have a BCS on X in the
sense of the semigroup theory [2, Definition 3.3.2] has been
addressed in the next proposition, a particular case of the
framework introduced in [8].

Proposition 2.1: Denote by W a full rank n X 2n matrix,
and define the input u(t) as

_ fa(t)
u(t) =W (ea(t) : (3)
. 0, I.,\ . . T
Given ¥ = I o) if W satisfies WXW+ = 0,,, then (1)

with input (3) so that u € C?(0, 00; R™) and initial condition
2(0) € C?(a,b;R™) is a BCS on X in the sense of the
semigroup theory, [2, Definition 3.3.2]. Moreover, let W be a
full rank n X 2n matrix such that (WT WT) is invertible,
wWewT = 0, and WEw?T = I,,, and define the output as

y(t) =W (f 3(”) - 4)

[F) (t)
1d

Then, we have that 4 [[z(t)]|% <y (t)u(t).

Proof: See [8, Theorems 4.4 and 5.3], but also [12,
Theorem 2], where the more general case in which £ : [a, ] —
R™ "™ is bounded and Lipschitz continuous, and the initial
condition is (£x)(0) € H'(a,b; R™)! is discussed. [ ]

Example 2.1: Let us consider the normalised wave equation
with possible internal dissipation, [14]:

g (zl(taz)) — ( 08 _()az> (Il(t,Z)) (5)
t \x2(t, 2) ~9: Y z2(t, 2)

in which z € [0, ¢] is the spatial coordinate, and = =
(v1,72) € L2(0, £; R?) the state variable. We assume that
g > 0 and, for simplicity, that £ = I. Then, the Hamiltonian
is H(z1,x2) = %foé(x% + x2) dz. However, the same results
hold when L is not unitary and depends on the spatial

coordinate. Input and output are selected in accordance with
Proposition 2.1 as

e= ()= () v= ()= Cin)

'Here, H' (a, b; R™) is the Sobolev space of order one.

III. CONTROL OF BCS IN PORT-HAMILTONIAN FORM
A. Energy-shaping and damping injection

The aim of this section is to illustrate how to design a state-
feedback control law in the form

u(t) = B(x(t,-)) +u'(t) (©)
that is able to map (1) into the target system
ox . 0 0Hg 0Ha
E(Lz) = Plaﬁ(x(t,z)) + (Po — GO)@(“’@?Z))

@)
in which Hg4(z) = ||$H% + Ho(z) is the “desired” Hamil-
tonian, being ,(z) a functional to be determined later on.
Here, %% denotes the variational derivative of the functional
H(zx), see [15, Definition 4.1].

Proposition 3.1: Let us consider the BCS of Proposition 2.1,

and introduce the matrix W(z) = (¢1(2),...,¥n(2)), in
which the functions ¢; € C*®(a,b;R™), i = 1,...,n, are
independent solutions of
dyps
Py e (2) + (Po — Go)¥i(2) = Onx1. )

The feedback law (6) maps (1) into the target system (7) in
which Hy(z) = L|lz]|% + Ha(z), if He(z) is in the form
Hao(x) = Hy(E(x)) being H,(€) a real-valued function with

b
&(x(t, ) :/ U (2)x(t, 2) dz, 9)
and if TN OH
8 = -Wr (yio) Geean. ao

In (6), v’ is an auxiliary input, to be defined later.
Proof: This result is an equivalent reformulation of [11,
Proposition 4.1 and Lemma 4.2]. ]
Assumption 3.1: The following matrix is invertible:

GI = WR (‘I’(b)> .

¥(a) an

The functions v;(z) are instrumental for shaping the closed-
loop energy function H4(z) to have a minimum at the equi-
librium configuration z,(z) € X, solution of

P (£2)() + (Po = Go) (L) () = O,

More details on this point can be found in [11, Lemma 4.2].
Here, without loss of generality, it is assumed that x,(z) = 0.
Moreover, to have again a linear system in closed-loop, H, ()
is selected to be quadratic:

1
so that, from (10), the energy-shaping control action becomes
U (b
Balt. ) = -WE (0] Qeela(t, ),

Note that, by acting on @, different responses can be ob-
tained: Q)¢ can be interpreted as the gain in a proportional

12)

13)



regulator. Furthermore, from (9), we see that (13) is a state-
feedback action since £(-) depends explicitly on z(t, z).

Under the conditions of Proposition 3.1, when u' = 0,
energy is not increasing along the trajectories of (7) since
Ha < 0. If H, is selected as H,(z) = H,(E(x)), with H,(€)
as in (12), this implies that with (6) only simple Lyapunov
stability is guaranteed. On the other hand, convergence to the
equilibrium can be obtained by damping injection, provided
that a dual output to v’ is defined. With (4)-(7) in mind, the
“natural” choice is

(14)

It turns out that 7-Zd < y'Tu’ and, to force the energy to
decrease, we impose that

u'(t) = —Kpy'(¢), 5)

In [11, Theorem 5.3], it has been proved that the closed-
loop system is asymptotically stable (or strongly stable) [3,
Definition 3.1] if Kp > 0. This latter contribution is similar
to a derivative action in a PD regulator.

Example 3.1: Let us consider the system introduced in
Example 2.1. The idea is to design a feedback law u =
B(x1,z2)+u based on energy-shaping plus damping injection
that asymptotically stabilises the equilibrium (z7(z),z3(2)).
Without loss of generality, it is assumed that 27 (z) = a3(z) =
0. We start with the lossless case, i.e. with g = 0 in (5).
From Proposition 3.1, the functions H,(z1,z2) that can be
employed in the energy-shaping procedure are in the form

Ha(w1,22) = Ho(€1 (21, 72), §2(21, 72)) (16)
with

C(&@)) _ (1 0\ (z1(2)
e = (6) = [ (o 1) () =
as in (9), and where H,(&1,&2) can be freely chosen. If

1 1
Ho(61:62) = 5068 + 5008, Qa:Qe >0 (7

then Hy(z1,22) = H(z1,22) + Ha(&1(21),&2(22)) has a
minimum in (0,0). From (13) and (14), the energy-shaping
and the damping injection contributions are

dtonsea) =~ (Ge60)

) _ (Kb, (yo + Q¢ & (1))
wlan,@2) = <KD2 (e — Q&&(ﬂﬁz)))

respectively, where Kp, and Kp, are two positive gains. On
the other hand, when g > 0 the energy function H,(x1,x2)
takes again the form (16), with

tCorma) = (i) = /oz (o D) () =

and H, (&) that can be selected as in (17). The energy-shaping
control 3(z1,x2) and the damping injection term u'(z1,x2)
are the same as in (18). For all ¢ > 0, the control action

Kp=K}5>0.

(18)

w(z1,x2) = B(x1,22) + v/ (21, 22) leads to an asymptotically
stable closed-loop system.

To conclude, as illustrated in the next section, it is possible
to define linear control systems to be interconnected at the
input/output port (u,y) of (1) that assures exponential sta-
bility. This property is exploited in Section IV to compute a
different expression for u’ so that the closed-loop system is
exponentially stable when the control action is given as in (6),
with () obtained thanks to the energy-shaping procedure of
Proposition 3.1 in which H,(x) = H,({(x)) and H,(§) is
selected as in (12), i.e. equal to (13).

B. Exponential stabilisation of BCS in port-Hamiltonian form

Let us consider the linear control system in the port-Hamil-
tonian form, [16, Definition 6.1.2]:

{ic(t) = Aczc(t) + Beuc(t) (19)
yc(t) = Cozc(t) + Douc(t)
with
Ac =(Jc—Rc)Qc  Be=Gc - Pe
Cc=(Ge+Pc)'Qe Dc=Mc+Sc 20
that is interconnected to the BCS of Proposition 2.1 as
li
()= (o) Get) = (a7)- e

In (20), we have that xc € R™¢ and uc,yc € R™, while
Jo = —J&, Mo =-ME, Ro = RE, Sc = SE, and

(];C% gg ) >0, with Qc = QF > 0. (22)
As illustrated in the next proposition, under certain conditions
this controller guarantees the exponential stability [3, Defini-
tion 3.1] of the closed-loop system.

Proposition 3.2: Let us consider the power-conserving in-
terconnection (21), with u’ = 0, of the BCS of Proposition 2.1
and of the control system (19). Then, if the pair (A¢, Be) is
controllable, R > 0 is such that Ac = (Jo — R¢o)Qc is
Hurwitz, and if there exists g, ds > 0 such that

(1-96r)Rc Pc >0
PCT Sc—(ssLL =n

then the closed-loop system is exponentially stable.

Proof: Since (19) is passive with storage function
s28EQcxe, in [12, Example 5.1] it is shown that the closed-
loop system is exponentially stable if the pair (A¢, Be) is
controllable, Ac = (Jo — R¢)Qc¢ is Hurwitz, and if there
exist d,,d,, > 0 such that

(23)

((1 —26,)(QcAc + ALQc) QcBe —CL ) <0
BEQc — Cc 28,1, — Do — Dg ) = 2™
(24)
Then, (23) easily follows from (20) and (24) by defining 6 =
28, and 05 = 0,,. [ |

When (1) is lossless, i.e. Go = 0, the energy-shaping plus
damping injection control law, i.e. (6) with u/ given as in
(15), can be generated by a linear dynamical system in the
form (19). This is not surprising since in the lossless case
the Hamiltonian of (1) can be shaped with a finite amount



—Kp |«

T=Jx

F -
Bla(t,)) y) AW/ \eo

x(t, z)

Y

-G Qb () > G (e + Re)

Fig. 1. The two loops that implement the energy-shaping plus damping
injection control strategy. Here, Jz = P; %(L:v) + (Po — Go)(Lx) is the
differential operator in (1), and (z) = —GgQ§§ (z) is the energy-shaping
term; y’ is computed as in (14), since (54) has been taken into account. Note
the similarities with the scheme describing the control of port-Hamiltonian
systems via canonical transformations, [18].

of energy, i.e. via energy-balancing. This fact is exploited
in the so-called energy-Casimir method that shows that all
the energy-balancing control laws can be generated by a
properly initialised port-Hamiltonian system with a lower-
bounded Hamiltonian, [13], [17]. However, the requirements
for having exponential stability in closed-loop stated in Propo-
sition 3.2 and, in particular, condition (23), are not met. This is
coherent with [11, Theorem 5.3], where it has been shown that
the control action (6) based on energy-shaping and damping
injection (15) is only able to asymptotically stabilise the
system, provided that K p > 0. Finally, note that the existence
of such linear control system, is not guaranteed when G # 0
in (1) because of the so-called “dissipation obstacle”, [13].

IV. EXPONENTIAL STABILITY FOR ENERGY-SHAPING
CONTROL LAWS

The energy-shaping plus damping injection control law (6)
consists of two main loops. The first one is a feedback action
B(-) that is responsible for shaping the Hamiltonian function
and can be regarded as the proportional action in a PD-like
controller. The second one is designed to dissipate energy
and let the trajectories to converge to the equilibrium as the
derivative action in a PD regulator. In (15), v’ implements the
standard damping injection strategy, and this assures that the
closed-loop system is asymptotically stable if Kp = K} > 0.
The complete control scheme is represented in Fig. 1. The
idea is to compute a different expression for v’ that assures
exponential convergence. To achieve this, we determine a dy-
namical system that meets the requirements of Proposition 3.2
and that is also able to generate the control action (6).

Proposition 4.1: Let us consider the BCS of Proposition 2.1,
and the control action (6) where u/ € C?(0,00;R") is
arbitrary, and S(z(t,-)) is obtained as in Proposition 3.1, with
Ho(z) = Hy(€(2)) and H, (&) defined in (12). Then, (6) can
be equivalently generated by

e(t) = (Je — Re) [sts(t) - GETU'(t)} + Geug(t)
b
- 2/ T (2)GoL(2)x(t,2)dz

ye(t) = G¢ Qewe(t) — ' (t)
(25)

with initial condition

b
2e(0) = [ W (:)a(0,2)d 6)
being 2(0,z) € L2(a,b;R™) such that (Lx)(0,z) €
H'(a,b;R™), and where x¢, ug, ye € R", Je = —JF and
Re = RE > 0 are n x n matrices, and G¢ has been defined
in (11). System (25) is interconnected to (1) in feedback, i.e.:

(1) = (%) ().

Proof: The starting point is Proposition A.1 reported in
the Appendix, and in particular relation (47), in which J; and
R¢ are defined in (48) and (49), respectively. From (11) and
(13), we have that (6) is given by

27)

u=—G{Qel(x) +u/, (28)
which implies that (47) can be re-written as
§ = (Je — Re)Qe&(w) + Gey — (Je — Re)G "o/
(29)

b
- 2/ T (2)Go(Lx)(2) dz.

The result then follows once (28) and (29) are compared
with (25) and the interconnection constraint (27) is taken into
account. In fact, for all «/(¢) we have that x¢(t) = £(z(¢,-))
for all ¢ > 0 if and only if the initial condition for (25) is
selected as in (26). [ |

The case in which (1) is lossless, i.e. when Gy = 0 is treated
in the next corollary.

Corollary 4.1: Let us consider the BCS of Proposition 2.1
with Gy = 0, and the control action (6) where u' €
C?(0,00;R™) is arbitrary, and B(z(t,-)) is obtained as in
Proposition 3.1, with H,(x) = H,(&(z)) and H,(&) defined
as in (12). Then, (6) can be equivalently generated by

{i‘g(f) = JEngg(t) + G£U§(t) - JngTu/(t)
ye (1) = Gg Qewe(t) — /' (1)

with initial condition (26), being x(0, 2) € L?(a, b; R™) such
that (£z)(0,z) € H'(a,b;R™), and where x¢, ue, ye € R",
Je = fJg is a n X n matrix, and G¢ has been defined in (11).
System (30) is interconnected to (1) in feedback as in (27)
Proof: From Proposition A.1 reported in the Appendix,

we have that since Gy = 0, also B¢ = 0. Then, the result
immediately follows from (25). [ |

In the general case, i.e. when G # 0 in (1), the system that
corresponds to the case in which u’ is designed to introduce
damping as in (15) is obtained in the next proposition.

Proposition 4.2: Under the conditions of Proposition 4.1, if
u'(t) = —Kpy'(t), with Kp = K} > 0 as in (15), then the
control action can be generated by

de(t) = (Je — Re — Re)Qewe(t) + (Ge — Pe)ug(t)
b
— 2/ VT (2)GoL(2)x(t,2)dz

ye(t) = (Ge + Pe) ' Qewe(t) + Kpue(t)

(30)

€2y



with initial condition (26), and where

T
Pe=|G;' (Je + Re)| Kbp,
& [5(5 5)} D 32
Re = RE = Pc |7 (Je + Re)| = 0.

Such system is interconnected to (1) as in (27).
Proof: From (14) and (54), we have that

Y =y + G (Je + Re)Qeé(),
which combined with (28) leads to
—u = G§ Qe&(x) + Kpy + P Qcl(x),

because from (15) v/ = —Kpy’, and where (32) is taken into
account. From (29) we have that

€ = (Je — Re)Qel(x) + (Ge — Pe)y — ReQcé(x)
b
— 2/ T (2)GoL(2)x(-, 2) dz,

and the result follows as in the proof of Proposition 4.1. H

Corollary 4.2: Under the conditions of Corollary 4.1, let us
consider the BCS of Proposition 2.1 with Gy = 0. If v/(t) =
—Kpy'(t), with Kp = K} > 0, the control action can be
generated by the following system with initial condition (26)

{ié(t) = (Je — Re)Qewe(t) + (Ge — Pe)ue(t) 33)
ye(t) = (Ge + Pe) " Qere(t) + Kpug(t)
that is interconnected to (1) as in (27), and where

Pe = —JgGgTKD Rg = RE = PgGgljg > 0. (34)

Proof: This result is immediate from Proposition 4.2 since
Go = 0 implies that B¢ = 0. [ |

Remark 4.1: As discussed in Proposition 2.1, (1) is a BCS
in the sense of [2, Definition 3.3.2] if u € C2(0,00;R™).
Since u(t) is given by (6), with S(z(t,-)) equal to (13)
and u/(t) to (15), we see that u(¢) results from the sum of
a state-feedback term that depends on &(x), defined in (9),
and an output-feedback contribution that depends on y(t).
Since we have assumed that £ € C2(a,b;R"*") and that
in Proposition 2.1 z(0) € C?%(a,b;R"™), we know that u(t)
evolves in the prescribed space. Less restrictive conditions are
also possible, but this problem is not investigated here.

With Corollary 4.2 in mind, it is immediate to check that
(33) is in the port-Hamiltonian form (19)-(20). In fact, if P =
G7'Je, then from (34) we have that Re = PTKpP, P =
P%K b, and condition (22) holds true since

Re P\ _ (P 0,\"
PgT Kp)  \0, I,
Kp Kp P 0,

(Ko 5Y (2 050, a
for all Kp > 0. However, the requirements for having an
exponentially stable closed-loop system stated in Proposi-
tion 3.2 and, in particular, condition (23), are not met. This is

coherent with [11, Theorem 5.3], where it has been shown that
the control action (6) based on energy-shaping plus damping

injection is only able to asymptotically stabilise the system,
provided that Kp > 0.

By slightly modifying (31), a linear control system in
port-Hamiltonian form that meets the hypotheses of Propo-
sition 3.2, thus assuring exponential stability in closed-loop,
is defined. This property is instrumental to compute a dif-
ferent expression for v’ in (6) that guarantees exponential
convergence to the equilibrium, under the condition that 3(-)
is still obtained thanks to the energy-shaping procedure of
Proposition 3.1. This result is presented in the next proposition.

Proposition 4.3: Let us consider the BCS of Proposition 2.1
and the stabilising law (6) with 3(z(t,-)) obtained thanks to
the energy-shaping methodology discussed in Proposition 3.1.
Given Q¢ = Qg >0 and Kp = K}, > 0 such that the pair

([Jg - (14 K)(R,g + Rg)] Qg,GE — Pg)

is controllable, the matrix [Je — (1 + &)(Re + Re)] Qe is
Hurwitz for some x > 0, where P = Ggl(Jg + Re¢), with
Je = —Jg and Pﬁg = RgT > 0 a couple of n x n matrices,
and G¢, P¢, and R, have been defined in (11), and (32), and
for any K = K;F > 0, if

(36)

u'(t) = —Kpy'(t) — Kry(t) — Kg /Ot e~ Kr(t=7)
b
x {/ 20T (2)GoL(z) — KV (2)]2(r, 2) dz

+ PK Iy(T)} dr (37)

with Kg = (GST'FKDP)Qg and Kp = H(Rg +pTKDP)Q§,
then the closed-loop system is exponentially stable.

Proof: With an eye on (31), let us consider the port-
Hamiltonian control system

{505 = [Je = (14 K)(Re + Re)] Qe + (Ge — Pe)ug
Ye = (Gg + Pg)TQgi'g + (Kp+ K[)’LLg 38)
with Z; € R, and P; defined in (32). Since P = G '(Je +
Re¢), we can compactly write that Pc = PTKp and that ]:25 =
PTKpP. Now, we can check that (23) holds true under the
condition that x > 0 and K; = K} > 0. As a consequence,
by following Proposition 3.2, we can say that the closed-loop
system resulting from the power-conserving interconnection
(27) of the BCS of Proposition 2.1 and of the linear system
(38) is exponentially stable if Kp and « are selected in such a
way that the pair (36) is controllable, and the matrix [JE —(1+
K)(Re¢+ Re)| Q¢ is Hurwitz. With Proposition 4.1 in mind, the
idea is to determine u’ such that (25) is “equivalent” to (38),
i.e. both generate the same control action. To achieve this, at
first note that since from (27) u¢ = y and y¢ = —u, the output
equation in (38) gives that

Kp [PQ¢Te +y] = —u— GgTngg - Kry,
since Py = PT K. Moreover, the Z¢ dynamic is
,’%5 = [Jg — (1 + K)Rg - IiRg} Qgig + Ggy
— PTKp [PQe¢ze +y]



which combined with the previous relation leads to
565 = [Jg -1+ K)Rg — H]‘:L’f:| QeTe + Gey

+ ]5T (u + G;FQ&%E + K[y)
=— KpZe + Gey + PTu+ PTKy

(39)

since pTGE = —J¢ + Re. For all v/ € C?(0,00; R™), we can
also verify that the dynamic of x¢ presented in (25) can be
written in terms of the input and output » and y of (1) as

b

fe = Gey + PTu — 2/ T (2)Go(Lx)(2)dz

a

which, if combined with (39), leads to
b
Te = —KpTe + ¢ + 2/ UT(2)Go(Lx)(2)dz + PT K y.

By integrating this differential equation in time, and under the
condition that Z¢(0) = z¢(0) = f[f UT2(0,2)dz, we get that

t
.fg(ﬁ) = l‘g(t) - / B_KR(t_T)KR.’ES(T) dr
0
t
+/ e Kr=) PT K 1y (7) dr
0

t b
+2/ e_KR(t_T)/ U (2)Go (L) (T, 2) dzdT.
0

a

After taking into account the output equation of (38) and the
expression of T¢, since y¢ = —u and ug = y, the control
action that such system generates is

—u(t) = Kgue(t) + (Kp + K1)y(t)
t
+ K(;/ e KR PT K 1y(7) dr
0
¢
+ KG/ e~ Kr(t=7) [_ Kprae(r) (40
0
b
+ 2/ UT(2)Go(Lx) (T, 2) dz} dr.

As discussed in Proposition 4.1, the condition on z¢(0) assures
that x¢(t) = £(z(t,-)) for t > 0. Consequently, since Kg =
(GéF + KpP)Qe, (40) is in fact equal to

—u(t) = GEQeL(t) + Kp [y(t) + PQe&(t)] + Kry(t)

t
+KG/ efKR(th)pTKIy(T) dr
0
t
+KG/ e Knlt=m). [—KRf(T)
0

2 /ab T (2)Go(Lx)(T, 2) dz} dr

where, to keep the expression compact, £(t) = £(z(t, -)). From
(13), the energy-shaping contribution is 3(x) = fG;FQgg(a:),
while from (14) and (54) we have that the dual output to u’
is ¥ = y + PQ¢&(). Then, from a comparison between the
latter expression for u and (6), we get that the exponentially
stabilising feedback law u' in (6) is equal to (37), because
&(x(t,-)) is given by (9). [ |

When (1) is lossless, i.e. when Gy = 0, the expression for
u’ to be used in (6) takes a simpler form than (37). The result
is reported in the next corollary.

Corollary 4.3: Let us consider the BCS of Proposition 2.1
with Gy = 0, and the control law (6), with 5(z(t,-)) obtained
in Proposition 3.1. Given Q¢ = Qf >0 and Kp = K}, >0
such that the pair

(Ve = (14 m)Re] Qc, Ge — Pe)

is controllable, the matrix [Je — (1+ n)Rf] Q¢ is Hurwitz for
some x > 0, with R¢ and P defined in (34), and for any
K; =KL >0, if

(41)

t
W(t) = —Kpy'(t) — Kry(t) + Kc/ o—Kn(t=7)
0

b
X {KR/ T (2)x(r,2)dz — PK[y(T)} dr
’ (42)
in which P = G;'Je, Ko = (Gf + KpP)Q¢ and Kp =
kPTKpPQ¢, then the closed-loop system is exponentially
stable.

Proof: The result is a trivial consequence of Proposi-
tion 4.3, in which we impose that Gy = 0 in (37). Differently,
we can start from Corollary 4.2 and system (33) that realises
the energy-shaping plus damping injection control action and
leads to an asymptotically stable closed-loop system. As
pointed out at the end of Section III-B, such system does
not meets the requirements of exponential stability stated in
Proposition 3.2, but it is easy to check that the following
system does:

.”fg = [Jg — (1 + K?)Rf] Qgig + (Gg — PE)UE
ve = (Ge + Pe) Qe + (Kp + Kp)ug

if K > 0, K; = Kf > 0, the pair (41) is controllable, and
[Je — (1 + k)R¢| Q¢ is Hurwitz. Then, the result is proved in
the same way as Proposition 4.3. [ |

Example 4.1: For the BCS (5) introduced in Example 2.1,
a different design for v’ is obtained so that, if combined
with the energy-shaping control action 8(x1,x2) obtained in
Example 3.1, exponential stability is achieved. As before, we
start with the lossless case, i.e. by assuming that g = 0 in (5).
The first step consists in determining the dynamical system
(33). From a direct computation we obtain that

= (1 %) 6=(1 ) @

Note that G¢ is invertible, as required in Assumption 3.1.
As discussed in Corollary 4.2, (33) is able to generate the
energy-shaping plus damping injection control action once
properly initialised. In particular, if ¢ = (z¢,,2¢,) denotes
the state variable of (33), we have that (z¢, (0),z¢,(0)) =
f;z(xl(o,z),xg(o,z)) dz. Moreover, it is easy to obtain that
RE = diag(KD17KD2), and that P§ = diag(KDl R —KDQ). To
have exponential stability, it is necessary to modify the dissi-
pation and feedthrough terms of (33) by adding —/-@Rgngg
and Kjug to the state and output equations, respectively, to
obtain (43). Here, x > 0 and K; = diag(Ky,,K,) > 0.

(43)

Re =0



Moreover, at least one constant among Kp, and Kp, has to
be strictly positive so that [J¢ — (1 + k)Re|Q¢ is Hurwitz,
and it is possible to check that the controllability condition
(41) holds true. If all these conditions are met, then the
control action u’ that leads to an exponentially stable closed-
loop system is given by (42), where P = diag(1l,—1),
Kpr = rkdiag(Kp, Q¢,, Kp,Qy¢, ), and

Kp, Qs Qe >
K — 1 1 2
“ < _KDZ Q$2
The result is that

Qe
/ _ ((Kp, + K1,)y0 + Kp, Q¢, &1 (1)
Wler,z2) = ((KD2 + Kr1,)ye — KD2Q§2§2(x2))

fot e KD Qe (1) [k K Qe, &1 (21) — Kpyyo) dT
f(;t eiﬁKD2Q52 (t=7) [HKD2Q§2£2(1'2) + K[zyl] dr

A comparison with v’ in (18) shows that exponential stability
is obtained with the addition of a “small” integral action. As
expected, the energy-shaping control action 8(x1, x2) remains
the same as in (18).

When g > 0, to determine «’ so that exponential stability
in closed-loop is assured, the same steps of the lossless case
have to be followed: it is necessary to compute the terms Jg,
R¢ and G¢ that appear in (47). In this respect, J; and G¢
are the same as in (44), but now R, = diag(0, g¢). Then,
given x > 0 and with the same choices for Kp and K7, the
expression for ' that assures exponential convergence of the
trajectories follows from (37) in Proposition 4.3, in which

+K¢g

A < Kbp, DLKp, >
¢ gEKDl (gK)Zth + KD2
P — 1 g( KD1 0 _ .K'D1 gEKD2
¢t~ o -1 0 Kp, 0 —Kp,
——

=P

and where P appears in Proposition 4.3. Note that also the con-
trollability condition (36) holds true. Note that, as requested
in Proposition 4.3, the matrix [Je — (1 + #)(Re + Re)|Qe is
Hurwitz for all Kp > 0. Then, it is possible to select Kp = 0,
and this implies that Pr = 0. With this choice, the gains that
appear in (37) take the simpler expression

(0 Qe /0 o0
KG_(Q£1 0> KR_K(‘) 95@52)'

Such simplification is a consequence of the fact that internal
dissipation makes the damping injection term based on the
“new” output y’(¢) not strictly necessary for exponential
stability. In this case, we obtain that v’ = (ug, uj), where

t
ug(x1,2) = —Kp,y0 — Qg / (K190 + 90K 1,ye] dT
0
t
U%(xhxg) = _KIQyZ — Q§2 / e—KgZQ52 (t—7)
0

¢
X 2/ gradz — kglQe,&2(w1, 22) — Ky, | dT.
0

Remark 4.2: This design methodology can be applied to all
the distributed parameter systems in the form (1) and for which

the energy-shaping loop is obtained as in Proposition 3.1. In
this respect, the unique requirement is to have actuation at
both sides of the spatial domain, as stated in Proposition 2.1.
With minor modifications, it is possible to treat the case in
which actuation is only at one side of the domain, provided
that the other one is interconnected to a passive system: as a
matter of fact, the whole system is passive.

V. CONCLUSIONS AND FUTURE WORK

In this paper, a control synthesis methodology for linear
port-Hamiltonian BCS has been presented. The state-feedback
action consists of two main loops. The first one is responsible
for shaping the Hamiltonian function, while the second one
for adding dissipative effects and assuring convergence to the
equilibrium. In [11], it has been shown that, if such second
control action is based on damping injection, only asymptotic
stability can be obtained. In this paper, instead, exponential
stability is guaranteed by properly modifying this latter loop
with the addition of two novel terms, one proportional to the
integral of the natural output of the system, while the other one
to the total dissipated power in the BCS. Differently from [11],
exponential stability after energy-shaping is now obtained for
a large class of linear BCS in port-Hamiltonian form. Future
work deals with the extension of the design methodology to the
case in which the open-loop system is passive but nonlinear,
or it is unstable. For this latter case, some preliminary results
can be found in [19], where a linear wave equation, i.e. (5)
with g = 0, subject to anti-damping at its free end and with
control at the opposite one is studied.
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APPENDIX

To get to the main contribution of this note, it is necessary to
determine how &(xz(t,-)) defined in (9) varies as a function of
the state variable z(¢, ) of (1), and of the input and output u(t)
and y(t) introduced in Proposition 2.1. This result is illustrated
in the next proposition. Before, a preliminary lemma which is
instrumental for its proof is stated.

Lemma A.1: The matrices W and W introduced in Propo-
sition 2.1 are such that:

-1
(%) =x(w" whx (45)
WTw = %2 —Je (46)

for some 2n x 2n skew-symmetric matrix J} = —jg .
Proof: From the hypotheses of Proposition 2.1, we have
that WEWT = 0,,, and WEWT = I,,, which means that

<W> S(wTt o wT) =x.

w
Then, (45) is immediate since 33 = I5,. As far as (46) is
concerned, see [11, proof of Proposition 3.2]. [ |

Proposition A.1: Under the same conditions of Proposi-
tions 2.1 and 3.1, given &(x(t,-)) defined in (9), for all
u € C%(0,00; R™) we have that

. b
E(x(t, ) =— 2/ T (2)GoL(2)x(t,2)dz

(47)
| +Gey(t) — (Jg — Re)Gg Tult)
" Je = <:IIJ/((2))>TRTJ5R <$EZ))> (48)
and
GG

where G¢ has been defined in (11), and J; = —jg follows
from (46). Note that J; and ¢ are n X n matrices, and that
Je = —Jg and R¢ = Rg > 0.

Proof: With (1) in mind and by using integration by parts,
the time derivative of (9) is

~f]

(Mm% ) (G,

d dZ‘I’ (2)P1 + UT(2)(Py — GO)} (La)(2) dz

(50)
Relation (8) implies that
0p = —d;q’ Py + 3T (Py — Go) 4+ 207Gy,
which combined with (50) leads to
§—— Q/b UT(2)Go(L)(2) d
“ 51)

() (o) ()

Since we have to prove that (47) holds true, it is necessary to
focus on the second term in (51) only. From the definition of
R reported in (2), it is possible to check that

Tvwp (P11 On
R ER—(On P1>.

Moreover, from (2), (3), (4) and (45) we have that

R(E90) = (W) () = s ima).

Then, because of (52), the second term in (51) is equal to
T
U(®)\ priiT
Ggy—F <\Il(a)> R W u,
where (11) has been taken into account, and XX = I5,. To

conclude the proof, it is now necessary to manipulate the last
term in (53). At first, with (11) in mind, note that

() e - () (-2
= —Je + Re,

where (46), (48), the first equality in (49), and (52) have been
considered. Since G¢ is invertible, we have that

<‘I’(b))TRTWT = —(Je — Ro)G: .

(52)

(53)

¥(a) (54)

The final step consists in proving the second equality in
(49). From (8), we get the matrix differential equation 0,, =
4 (29TPW) + UT(Py — Go)¥, which after integration on
[a, b] implies that

b b
Re = —/ \IIT(z)Po\I'(z)dz—i—/ BT (2)GoW(2) d

a a

=0,
and proves the second equality in (49), since Fy is
skew-symmetric, and so fab \IJTPO\I/ dz is, while R; and
f; UTGWdz are both symmetric because Gy = GOT > 0.
|



