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Abstract

In this paper, some new results concerning the modeling and control of distributed parameter
systems in port Hamiltonian form are presented. The classical finite dimensional port Hamiltonian
formulation of a dynamical system is generalized in order to cope with the distributed parameter
and multi-variable case. The resulting class of infinite dimensional systems is quite general, thus
allowing the description of several physical phenomena, such as heat conduction, piezoelectricity and
elasticity. Furthermore, classical PDEs can be rewritten within this framework. The key point is
the generalization of the notion of finite dimensional Dirac structure in order to deal with an infinite
dimensional space of power variables. In this way, also in the distributed parameter case, the variation
of total energy within the spatial domain of the system can be related to the power flow through the
boundary. Since this relation deeply relies on the Stokes theorem, these structures are called Stokes—
Dirac structures. As far as concerns the control problem, it seems natural that also finite dimensional
control methodologies developed for finite dimensional port Hamiltonian systems can be extended
in order to cope with infinite dimensional systems. In this paper, the control by interconnection
and energy shaping methodology is applied to the stabilization problem of a distributed parameter
system by means of a finite dimensional controller interconnected to its boundary. The key point
is the generalization of the definition of Casimir function to the hybrid case, that is the dynamical
system to be considered results from the power conserving interconnection of an infinite and a finite
dimensional part. A simple application concerning the stabilization of the one-dimensional heat
equation is presented.

1 Introduction

Following the same ideas behind the bond graph formalism [17], a finite dimensional physical system
can be modeled as the result of the interconnection of a small set of atomic elements, each of them
characterized by a particular energetic behavior (e.g. energy storing, dissipation or conversion). Each
element can interact with the environment by means of a port, that is a couple of input and output
signals whose combination gives the power flow. The network structure allows a power exchange between
these components and describes the power flows within the system and between the system and the
environment. This network can be mathematically described by means of a Dirac structure [1, 2, 11, 22],
generalization of the well-known Kirchoff laws of circuit theory, [12].

Once the Dirac structure is defined, the dynamics of the system is specified when the space of energy
(state) variables and the energy (Hamiltonian) function are given. The port Hamiltonian formalism
[11, 22] is based on these ideas and allows the description of a wide class of finite dimensional non-linear
systems, such as mechanical, electro-mechanical, hydraulic and chemical ones.



The port Hamiltonian representation of a finite dimensional system has been recently extended in order
to cope with the infinite dimensional case, [23], thus generalizing the classical Hamiltonian formulation
of a distributed parameter system which is a well-established mathematical result, [14, 21]. From the
network modeling perspective, the dynamics of an infinite dimensional system with spatial domain Z
and boundary 0Z is the result of the interaction among (at least) two energy domains within Z and/or
between the system and its environment through 0Z. This interaction is mathematically described by
a generalization of the Dirac structure to the distributed parameter case. Since this new class of power
conserving interconnection deeply relies on the Stokes theorem, we speak about Stokes—Dirac structure.

In [23], a simple Stokes—Dirac structure has been introduced and it has been shown that it is can be
the starting point for the description in port Hamiltonian form of the telegrapher equation, of Maxwell’s
equations and of the vibrating string equation. Moreover, in [13], this Stokes-Dirac structure has been
modified in order to model fluid dynamical systems and in [3, 9] to model the Timoshenko beam equation.
In any case, it is not completely clear how a general formulation of a multi-variable distributed parameter
system within the port Hamiltonian formalism could be obtained.

In this paper, some new results in this direction are presented. In particular, a novel class of Dirac
structures over an infinite dimensional space of power variables are introduced. The interconnection,
damping and input/output matrices are replaced by matrix differential operators which are assumed to
be constant, that is no explicit dependence on the state (energy) wvariables is considered. As in finite
dimensions, given the Stokes—Dirac structure, the model of the system easily follows once the Hamiltonian
function is specified. The resulting class of infinite dimensional systems in port Hamiltonian form is quite
general, thus allowing the interpretation of classical PDEs within this framework and the description of
several physical phenomena, as the heat conduction, piezo electricity and elasticity.

From the control perspective, one of the main advantages in adopting the port Hamiltonian approach
in both the finite either the infinite dimensional case is that the energy (Hamiltonian) function, which
is usually a good Lyapunov function, explicitly appears in the dynamics of the system. Given a desired
state of equilibrium, if the Hamiltonian of the system assumes its minimum at this configuration, then
asymptotic stability can be assured by introducing a dissipative effect with the controller. In this way,
energy decreases until the minimum of energy or, equivalently, the desired equilibrium configuration is
reached. This control methodology is called control by damping injection, [20, 22].

On the other hand, if the Hamiltonian function of the system does not assume its minimum in the
desired equilibrium state, it is necessary to shape the open-loop energy function and to introduce a new
minimum in the desired configuration. The idea is to interconnect a controller to the plant and to choose
the Hamiltonian of the regulator in order to properly shape the total (closed-loop) energy function. It is
important to note that, in general, there is no a priori relation between the state of the plant and the
state of the controller, so it is not immediate how the controller Hamiltonian function can be chosen in
order to correctly shape the total energy. This problem can be solved by choosing the structure of the
controller, i.e. its interconnection, damping and input/output matrices, in such a way that the state of
the closed-loop system is constrained on certain subspace independently of the energy function of both
the plant either the controller. Equivalently, this can be done by introducing a set of Casimir functions
in the system, [2, 10]. Under some technical hypothesis, then, it is possible to introduce an intrinsic
non-linear state feedback law that will be used in order to choose the energy function of the controller
so that the closed-loop Hamiltonian can be properly shaped. Note that, under these hypothesis, this
energy function depends on the state variables of the plant. This control methodology is called invariant
function method or, within the framework of port Hamiltonian systems, control by interconnection and
energy shaping and it is deeply discussed in [2, 10] and also in [15, 16] for the stabilization of non-linear
port Hamiltonian systems.

In this paper, the control by interconnection and energy shaping is extended and applied to the
regulation problem of an infinite dimensional system by means of a finite dimensional controller that
can act on the system by exchanging power through the boundary. Some preliminary results in this
direction have already been presented in [8, 19] where the infinite dimensional system is given by a set
of transmission lines, while an application to stabilization of the Timoshenko beam has been discussed
in [7, 9]. The main result concerns the necessary and sufficient conditions for a real-valued function
defined over the closed-loop state space to be a structural invariant (Casimir function) for the controlled
system which is an hybrid system since it results from the power conserving interconnection of an infinite



and of a finite dimensional system. Once these conditions are deduced, by choosing a proper family of
Casimir functions, the control by interconnection and energy shaping methodology can be applied as in
the finite dimensional case. In this way, the open-loop energy function can be shaped by introducing a
new minimum at the desired equilibrium configuration.

This work is organized as follows. After a short background concerning finite dimensional Dirac
structures and port Hamiltonian system in Sect. 2, the infinite dimensional Stokes—Dirac structures are
introduced in Sect. 3 and the corresponding port Hamiltonian formulation of multi-variable infinite di-
mensional system (mdpH systems) is discussed in Sect. 4. In Sect. 5, some simple examples are presented,
the Harry—Dym equation, a classical nonlinear PDE, the heat equation and the general elasticity equa-
tion. Then, in Sect. 6, a short introduction on the control by interconnection and energy shaping for
finite dimensional port Hamiltonian systems is given and, then, the boundary control by interconnection
for infinite dimensional systems is discussed in Sect. 7. Necessary and sufficient conditions for the ex-
istence of Casimir functions in the closed loop system are deduced and their applications in the energy
shaping procedure is described. Finally, a simple example concerning the boundary stabilization of the
heat equation is discussed in Sect. 8, while conclusions are presented in Sect. 9.

2 Dirac structures and finite dimensional port Hamiltonian sys-
tems

2.1 Background on Dirac structures

The interconnection of physical system basically is power exchange. In order to mathematically model
these phenomena, it is necessary to give a definition of power and to introduce a proper set of tools that
will be useful to treat and describe the network structure behind a physical system.

Consider an n-dimensional linear space F and denote by £ = F* its dual, that is the space of linear
operator e : F — R. The elements belonging to F are called flows (e.g. velocities and currents), while
the elements in £ are called efforts (i.e. forces and voltages). Flows and efforts are the port variables,
that is the input/output signals, whose combination gives the power flowing inside the physical system.
The space F x & is called space of power variables.

Given an effort e € £ and a flow f € F, define the associated power P as

Pi=(e.f) =e(f) (€R)

where (-, ) is the dual product between f and e. Based on the dual product, the following linear operator
is well-defined.

Definition 2.1 (+pairing operator). Consider the space of power variables F x £. The following
symmetric bilinear form is well-defined:

< (f1,e1), (f2,e2) > = (e, f2) + (e2, f1) (1)
with (f;,e;) € FxE,i=1,2; < -,- > is called +pairing operator.

Consider a linear subspace S C F x £ of dimension m and denote by S* its orthogonal complement
with respect to the +pairing operator (1), which is again a linear subspace of F x £ with dimension
2n — m since (1) is a non-degenerate form. Based on the +pairing operator (1), it is possible to give the
fundamental definition of Dirac structure, that is the basic mathematical tool that is used to describe
the interconnection structure between physical systems.

Definition 2.2 (Dirac structure). Consider the space of power variables F x £ and the symmetric
bilinear form (1). A (constant) Dirac structure on F is a linear subspace D C F x & such that

D =Dt

Note 2.1. Tt is possible to prove that the dimension of a Dirac structure D on an n-dimensional space F
is equal to n. This result is related to an interesting property of physical systems. Consider, for example,



the interconnection of electrical networks: it is well known that it is not possible to impose both currents
and voltages. By generalization, a physical interconnection cannot determine both the flow either the
effort.

Moreover, suppose that (f,e) € D; from (1), we have that

0=<(f,e),(f,e) >=2{e, f)

Then, it can be deduced that, for every (f,e) € D,

{e,f) =0

or, equivalently, that every Dirac structure D on F defines a power-conserving relation between power
variables (f,e) € F x &.

With the following proposition, a quite general class of Dirac structures is introduced, [22].

Proposition 2.1. Consider the space of power variables F x £ and denote by X an n-dimensional space,
the space of energy variables. Suppose that F:=(Fs,Fr, Fe) and that € :=(Es, &, Ee), with dim Fy =
dim&s; = n, dimF, = dimé&, = n, and dimF, = dim&. = m. Moreover, denote by J(x) a skew-
symmetric matriz of dimension n and by G,(x) and G(z) two matrices of dimension n, x n and m x n
respectively. Then, the set

Di={ (fo.friferesieriee) € F X E | fo=—J(@)es — Cr(@)fr — G(z) e
=G, (n)es (2)
ee =G (x)es }
1s a Dirac structure on F

Note 2.2. In Def. 2.2, the pairs (fs,es) and (f.,e,) represent the port variables of the storage and
dissipative elements respectively, while (fe, e.) are the port variables through which the environment can
exchange power with the system. Given the interconnection structure (2), the dynamics of the system can
be specified once the port behavior of the energy storage elements is specified and when the dissipative
ports are terminated.

2.2 Finite dimensional port Hamiltonian systems

The Dirac structure introduced in Def. 2.2 is quite general. Based on that, a general formulation of non-
linear system in port Hamiltonian form can be easily given. As discussed in Note 2.2, a dynamical system
can be interpreted as the result of the combination of the Dirac structure (2) with the port behavior of
the energy storing and of the dissipative elements.

Under the same hypothesis of Prop. 2.1, denote by H : X — R a real valued function bounded from
below defined over the space of energy variables X'. Then, define the port behavior of the energy storing
elements as:

OH
- )

where the minus sign is necessary in order to have a consistency in the power flow. If restricted to
the linear case, dissipative effects can be taken into account by imposing the following relation on the
variables (f,,e,) of the Dirac structure (2):

fs=—1 €s

fr =Y, (4)

where Y, = Y, > 0. By substitution of (3) and (4) in (2), the representation of a port Hamiltonian
system with dissipation can be deduced [11, 22] and the following definition makes sense.

Definition 2.3 (port Hamiltonian systems). Denote by X an n-dimensional space of state (energy)
variables and by H : X — R a scalar energy function (Hamiltonian) bounded from below. Denote by



U = F. an m-dimensional (linear) space of input variables and by its dual ) = £, the space of output
variables. Then,

z = [J(x)— R(a:)]aa—H + G(z)u
om " (5)
y = GT(Q«")G—I

with J(z) = J¥(z), R(z) = R¥(z) > 0 and G(z) matrices of proper dimensions, is a port Hamiltonian
system with dissipation. The n x n matrices J and R are called interconnection and damping matrix
respectively.

Note 2.3. Given a dynamical system in port Hamiltonian from (5), the variation of internal energy equals
the dissipated power plus the power provided to the system by the environment, that is:

dH OTH OH

— = —R(x)— +y"u<yTu

dt or ( )ax yu=y
This relation expresses a fundamental property of port Hamiltonian systems, their passivity. Roughly
speaking, the internal energy of the unforced system (u = 0) is non-increasing along system trajectories
or, if the port variable are closed on a dissipative element, that is a relation similar to (4) is imposed
between v and y, then the energy function is always a decreasing function. If the definition of Lyapunov
stability is recalled, together with the sufficient condition for the stability of an equilibrium point, then
it can be deduced that the Hamiltonian is a good candidate for being a Lyapunov function.

3 Power conserving interconnections in infinite dimensions

3.1 Constant matrix differential operators

In the finite dimensional formulation (5) of a port Hamiltonian system, an important role is played by
the interconnection, damping and input matrices. These operators are strictly related to the properties
of the Dirac structure defining the power flows within the dynamical system and between the system
and its environment. In infinite dimensions, these objects are generalized and they are mathematically
described by matrix differential operators. In this paper, only the constant case is taken into account. In
the finite dimensional framework, this means that the dependence on the x variable of the elements of
the Dirac structure (2) is neglected.

Denote by Z a compact subset of R? representing the spatial domain of the distributed parameter
system. Then, denote by U and V two sets of smooth functions from Z to R% and R% respectively.

Definition 3.1 (constant matrix differential operator). A constant matrix differential operator of
order N is a map L from U to V such that, given u = (u!,...,u%) €U and v = (vi,... v%) €V

N
v=ILu <= = Z Py Du® (6)
#a=0
where a:={a1,...,aq} is a multi-index of order #a:= Z?zl a;, PY are a set of constant ¢, X ¢, matrices

and D% :=0g! --- 03¢ is an operator resulting from a combination of spatial derivatives. Note that, in
(6), the sum is intended over all the possible multi-indexes o with order 0 to N and, implicitly, on a from
1 togq.

Definition 3.2 (formal adjoint). Consider the constant matrix differential operator (6). Its formal
adjoint is the map L* from V to U such that

u=L%v <= u’:= Z (—1)#°‘P,faDo‘va (7)



Definition 3.3 (skew-adjoint differential operator). Denote by J a constant matrix differential
operator. Then, J is skew-adjoint if and only if

J=-J*
Note 3.1. It is easy to prove that, L is a skew-adjoint matrix differential operator if and only if
o = (—1)FeTPR,

for every multi-index « from order 0 to N.

An important relation between a differential operator and its adjoint is expressed by the following
lemma, which generalizes an analogous result presented in [18] to the multi variable case. As it will be
discussed in Sect. 3.2, this result is fundamental in the definition of Stokes—Dirac structure and, basically,
it generalizes the well-known integration by parts formula.

Lemma 3.1. Consider a matrix differential operator L and denote by L* its formal adjoint. Then, for
every functions u € U and v € V, we have that

/ [0TLu —uTL*v] AV = Br(u,v) - dA (8)
z oZ

where By is a differential operator induced on 0Z by L.

Note 3.2. Given u € U and v € V, from the Stokes’ theorem, it is well known that relation (8) can be

equivalently written as
vTLu — uT L*v = div B (u, v)

that is T Lu — uT L*v can be expressed in divergence form. From (6) and (7), we have that

N
v Lu —uL*v = Z P2y [(Du®) v’ — (=1)#* (D*v") u?] 9)
#a=0

whose divergence form is

N
YUY N ()PP, (D) (D) (10)

#p=1 azfBy<a—p
in which the first sum is extended to all the multi index (3 of order 1.

Note 3.3. Tt is important to note that By, is a constant differential operator. The quantity Bp (u,v) is
a constant linear combination of the functions v and v together with their spatial derivatives up to a
certain order and depending on L. Consequently, denote by Bz an operator providing a vector with all
the spatial derivatives in (10) and by B%, i =1,...,d, a set of constant square matrices of a certain order
given by a proper combinations of all the P® matrices. Then, (8) can be equivalently written as

/ [v'Lu—u"L*v] dV = [ BI(u)[ByBz(v) --- B{Bz(v)] -dA
z oz
or, with some abuse in notation, as
/ [vTLu—uTL*v] dV :/ Br(Bz(u),Bz(v)) - dA
z oz

The last representation is the one that will be more often used in the remaining part of this paper.

Corollary 3.2. Consider a skew-adjoint matriz differential operator J. Then, for every functions u € U
and v € V with q, = q,, we have that

/Z[UTJu—i-uTJU] dv = aZBJ(U,U)'dA (11)

where By is a symmetric operator on 0Z depending on the differential operator J.



Proof. Tt is immediate from Def. 3.3 and the previous lemma. |

Note 3.4. From Note 3.3, relation (11) can be alternatively written as

/ [T Ju+ uT Jv] dV:/ Bi(u)[BjBz(v) -+ B{Bz(v)]-dA
z o2

- / By(Bz(u), Bz(v)) - dA
0Z

3.2 Constant Stokes—Dirac structures

As in finite dimensions, the definition of a power conserving interconnection structure is possible once
the notion of power is properly introduced. Denote by F the space of flows and assume that F is the
space of smooth functions from the compact set Z C R% to R?. As far as concerns the space of efforts &,
assume for simplicity that & = F. Then, given f = (f,...,f?) € F and e = (e,...,e7) € &, define the

dual product as follows:
q
(e, f) == / > elftav :/ et fav
z- Z

From Def. 2.1, the +pairing operator on F x & is given by

< (f1,e1), (f2,2) > = /z el fa+es5 f1] AV

where (fl,el), (fg,eg) e Fx¢&.
Denote by J a skew-adjoint differential operator and consider the following subset of the space of
power variables:

D:={(f,e) e FxE | f=—Je} (12)
Then, for every (fi,e;) € D, i = 1,2, we have that

< (f1,e1), (f2,e2) >>:/

€] fa+e5 f1] AV = —/ (el Jes + €3 Jeq| AV
Z

; (13)
:—AZBJ(61762) -dA

If only the elements of D with compact support on Z are considered, then the resulting subset of F x &
is a Stokes—Dirac structure on F, as it can be directly deduced from Def. 2.2 since the integral over
0Z is equal to 0. In general, when an exchange of power between system and environment through the
boundary of the spatial domain is present, (12) is not a Stokes—Dirac structure because also the boundary
terms have to be taken into account. These boundary terms are the restriction of the efforts and their
spatial derivatives on 0Z.

Denote by w:= Bz(e) the boundary terms, where Bz the operator providing the restriction on 02
of the effort e and of its spatial derivatives of proper order as discussed in Note 3.3 and Note 3.4. In this
way, it is possible to write (with some abuse in notation):

BJ(61,€2)~dA: BJ(’LUl,wg)-dA
0Z 0Z

with w; = Bz(e;), i = 1,2 and where, in the last integral, B is the operator based on the square
constant matrices B introduced in Note 3.4, ¢ = 1,...,d. Furthermore, based on Bz, the following set
representing the space of boundary conditions can be introduced:

W:={w | w= Bz(e), Vee} (14)

Then, the following proposition can be proved.



Proposition 3.3. Consider the extended space of power variables F x € x W and denote by J a skew-
adjoint differential operator. Then, the following subset

Dy:={ (fie,w) e FxEXW | f=—Je, w=Bz(e) } (15)

is a Stokes—Dirac structure on F with respect to the pairing

< (f1,e1,w1), (f2, €2, w2) >; = / [el f2+e3 fi] AV + Bj(wy,wz) - dA (16)
z 0z

where By is a symmetric operator on 0Z.
Proof. The proof is immediate from (13) and (14). The symmetry of B follows from Corollary 3.2. W

Note 3.5. From the properties of a Stokes—Dirac structure, summarized in Note 2.1 for the finite dimen-
sional case, if (f,e,w) € D, then < (f,e,w), (f,e,w) > ;= 0, that is

—/wazl/_&mwyﬂ
z 2 Joz

This relation, beside expressing the power conservation property of the Stokes—Dirac structure, is able
to relate the variation of internal energy (the integral on the spatial domain Z) with the power flowing
inside the domain through the boundary (the integral on 02).

The Stokes—Dirac structure introduced in Prop. 3.3 is developed around a skew-adjoint differential
operator which induces a non-degenerate differential operator on the boundary. In finite dimensions, this
situation can be obtained by assuming GG,, = G = 0 in the Dirac structure of Prop. 2.1, that is by assuming
that the power conserving network interconnects only a set of energy storing elements. It is interesting
to completely generalize the result of Prop. 2.1 to the distributed parameter case or, equivalently, to
properly modify the Stokes-Dirac structure (15) of Prop. 3.3 in order to take into account dissipative
effects and an interaction between system and environment along the spatial domain Z and not only
through the boundary 0Z. The last situation can be encountered, for example, in the case of Maxwell’s
equations when a current density different from 0 is present, [5, 23].

Theorem 3.4 (constant Stokes—Dirac structure). Denote by Z C R? a compact set and by F =
(Fs, Fry Fa) a space of vector values smooth functions on Z, the space of flows. For simplicity, suppose
that € = (&s,Er,Eq) = F is the space of efforts. Moreover, assume that J, G, and G4 are constant matriz
differential operator such that J : Es — Fs and J = —=J*, G, : F,. — Fs and Gq : Fqg — Fs. Then,

DI:{(f7e,w)€fX(€XW | fS:_JeS_GTfT‘_Gdfd

o= G (17)
eq = Ghes

w = BZ(emf’l"afd) }

is a Stokes—Dirac structure with respect to the pairing

< (f1,e1,w1), (fa, e2,w2) > ¢, Ga) ;:/ X fo+ el fi] AV
z
(18)
+/ By G, cap(wi,w2) - dA
oz

where Bz is the analogous of the boundary operator of Prop. 3.3 and By jq, .y i the boundary differential
operator induced by J, G, and Gq on 0Z.



Proof. Consider (f;,e;) € F x £, i=1,2. Then,
/ [ f2+62f1] dv = / [6 1f52+652fsl+er1fr2+er2frl+ed1fd2+ed2fdl]
z
S1 (Jes2 + Gy fr2+Gdfd2)+€52(Jesl+G fr1+Gdfd1)] dv

TQG*eS 1+ fr 1Gres 2 + fd 2Ghes1 + fd 1Gaes, 2] dv

_|_

m\m\m\m\m\

es1Jes2+esqdes ] AV
s1Grfra — [raGrest) + (€52Gr fra — f[11Gres2)] AV
[(€51Gafa2 — fi2Giesa) + (ed2Gafar — f11Ghes2)] AV

From Lemma 3.1 and its Corollary 3.2, all the quantities under integration can be expressed in divergence
form, that is as the divergence of some differential form which is non-degenerate. In particular, denote
by By, Bg,, B_g:, Bg, and B_g= the differential operators induced on 0Z by J, G, and G4 and their
adjoint. Then,

/ el f2 + €3 1] AV = _/ esTJ [Bjesz -+ Bjesa] - dA
= oz
_/6 {63,1 [B&, fra -+ BE fro] + f5 [BiG;es,g Bd_GﬁeS,g]}.dA
z
_ /az {621 [B%;dfd,Z Bg;dfd,2] +de,1 |:B£G§€s,2 Bicses,Z}} -dA

If w; = (es,ivfr,ivfd,i)a 1= ]-727 and

, By Bg,  Bg,
BEJ, G,,Ga} — B,—Gi 0 0
B! . 0 0
d

with ¢ = 1,...,d, then it is possible to write that
/z el fo+ ey fi] AV + /az wi [B%J,G,,.,Gd}uu B?J7G,,,7Gd}w2] -dA =0
or, in a more compact way (see Note 3.3), that

/2’7[61[‘]02 -‘reg‘fl] dV—l—/aZB{J’GmGd}(wl,wg) -dA =0

which, beside providing the expression (18) of the pairing < -,- > @, @,}, proves that the set defined
in (17) is Stokes-Dirac structure on F with respect to the bilinear form (18). |

Note 3.6. The previous theorem is the generalization of the result presented in Prop. 2.1 to the constant
infinite dimensional case. It is possible, eventually, to introduce the dependence on the energy wvariables
and their spatial derivatives in the differential operators J, G, and G4. The result is the definition
of nonlinear and state modulated Dirac structure in infinite dimensions. The way in which this result
can be obtained relies on the generalization to the nonlinear case of matrix differential operator and, in
particular, of the result expressed by Lemma 3.1.

Note 3.7. Suppose that (f,e,w) € D. From (18), we have that

1
~[en= [ ernave [ ednaves [ Bue.catuu -da (19)
Z zZ zZ 0Z



This relation, which is a direct consequence of the definition of Dirac structure, expresses the property
that the variation of internal energy is equal to the sum of the dissipated power with the power provided
to the system through the domain Z and the boundary 0Z.

Note 3.8. The boundary differential operator By ¢, ¢, introduced in (29) is symmetric. In fact, from

Corollary 3.2 and relation (28), but see also Prop. 3.3, it is induced on the boundary by the operator J
on Z defined in the Dirac structure (28) as follows:

fs J G'r Gd €s

e == -G o o ||

€q —GZ 0 0 fd
J

which is skew-adjoint in the sense of Def. 3.3.

4 Multi-variable infinite dimensional port Hamiltonian systems

4.1 General definition

As in finite dimensions, the dynamics of a distributed parameter system can be obtained from its Stokes—
Dirac structure once the power ports are terminated on the corresponding elements, that is the in-
put/output behavior of the components are specified.

Denote by X the space of smooth real valued functions on [0, +00) X Z representing the space of
energy configuration. The total energy is a functional H : X — R such that

H(m):/ZH(z,x)dV

where H is the energy density. As proposed in [23], the port behavior of the energy storing element is

given by
ox
fs= 7@ es =0, H (20)
where 6,H is the variational derivative of the Hamiltonian with respect to the energy configuration.

Linear dissipation can be introduced by imposing that
fr = —Yre,, with / erY,e, dV >0 (21)
z

where Y, : £ — F, is a linear operator. If Bz is the boundary operator introduced in (17), from (20)
we have that

BZ(es, fr7 fd) = BZ(637 7YT’G:63’ fd) = Bg(es, fd) (22)
and then the boundary terms can be computed as w = Bz(es, fq). Consequently, taking into account
(17), (20), (21) and (22), the following definition makes sense.

Definition 4.1 (mdpH system). Denote by X the space of vector value smooth functions on [0, +00) X
Z (energy configurations), by Fy the space of vector value smooth functions on Z (distributed flows) and
assume that £; = F; is its dual (distributed efforts) and by W the space of vector value smooth functions
on OZ representing the boundary terms. Moreover, denote by J a skew-adjoint differential operator,
by G4 a differential operator and by Bz the boundary operator defined in (22). If H : X — R is the
Hamiltonian function, the general formulation of a multi-variable distributed port Hamiltonian system
with constant Stokes—Dirac structure is

P
8—”; — (J—R) 6, H+ Gafa
ea = G50.M (23)

w = BZ((stafd)

where R:= G, Y, G is a differential operator taking into account energy dissipation and (f4,eq) € FaXxEq.

10



Note 4.1. Tt is important to note that there is no a priori distinction between flows and efforts in the
boundary terms w. These variables result from the restriction on 9Z of the variational derivative of H and
of its spatial derivatives and, consequently, they are not characterized by an explicit physical meaning. In
other words, given a generic multi-variable distributed port Hamiltonian system, the classical structure
of power port, i.e. a couple of signals (flow and effort) whose combination gives the power flow, has been
lost on the boundary. Ounly if the boundary operator By q, a,} has a particular structure, it is possible
to split the boundary variable w into two components, that is into a flow and an effort.

Note 4.2. Consider the operator By g, ¢,} introduced in Theorem 3.4, which is symmetric, as discussed
in Note 3.8. As in (22) for the boundary operator Bz, it is possible to define a new operator By gy
on 0Z based on By a,, ¢, and taking into account relation (21), which introduces and describes the
dissipative effects in the system. Since f,; = =Y, G} es;, i = 1,2, it is possible to define this new operator
as follows:

By ry(wi,w2) =By a, .y (Bz(esy, —YrGresn, fa1), Bz(es 2, Yo Gres 2, fa2))

where w; = Bz (e, fai), i = 1,2, as introduced in (22). From the symmetry property of By a,, ¢,}, we
deduce that also By gy is symmetric.

Proposition 4.1. Consider the mdpH system (23). Then, the following energy balance inequality holds:

d 1
—H:f/ (5mH)TR5szV+/ 6EfddV+f/ By, ry(w,w) - dA
dt z z 2Joz 7
1 (24)
S/ erdffddV+*/ By py(w,w) - dA
z 2 Joz
Proof. From (20), we have that
Ox dH
— [ elfid :/ §H) AV = =
|etrav= [ eargiav =
Then, (24) is immediate from (19), (21) and Note 4.2. |

Note 4.3. Relation (24) expresses an obvious property of physical systems, that is the variation of internal
energy is less or equal (if no dissipation is present) to the power provided to the system. In the case of
distributed parameter system, the power can flow inside the system either through the boundary and/or
the spatial domain.

5 Simple examples

5.1 Harry-Dym equation
The Harry—Dym equation is

ox  0? 1

= (a7 25

ot~ 02 (”“" (25)
Denote by Z = [0, 1] the spatial domain and by X = L2([0, +o0) x Z) the space of energy configurations.
The differential operator J = g—; is skew-adjoint and, then, it is possible to define a Stokes—Dirac

structure based on J as discussed in Prop. 3.3. We give the following proposition.

Proposition 5.1. Denote by Z = [0,1] the spatial domain and by F = L*(Z) the space of flows and
assume that € = F is the space of efforts. Then

Dyp:={ (f,e,w) EFxEXxW | f=0%, w=DBz(e) = (e|oz,0.€ |pz, 0% |pz) }

is a Stokes—Dirac structure with respect to the pairing

1

1

< (fr,er,w1), (f2,€2,w2) >up = / [e1fo + e2f1] dz+ wi Byws|,
0

11



with

0 0 1
By=1 0 -1 0
1 0 0

and W = R3.

Proof. Since 02 is a skew-adjoint differential operator, from Prop. Prop. 3.3 we deduce that it can define
a Stokes—Dirac structure. Then, it is necessary only to compute Bz and Bj;. Given (f;,e;) € F x &,
i = 1,2, we have that
8362 8361
eifat+ef1 =— (elw tegy
0 8262 861 862 8261
= —_—— 6 i —
9z \ ' 922

0z 0z te 022
which gives Bz and B thus concluding the proof. ]

The mdpH formulation of the Harry—Dym equation is completed once the Hamiltonian function is
specified. In this case, we have that

H(x) :=2/0 2Y2(2) dz

then (25) can be obtained if, as in (20), we assume that f = —i and e = §,H = /2. Clearly, the
following energy balance relation holds:

2 21"
. _ [%Ha M1 <a(5m> ]

dt 072 2 0z

Note that, in this case, it is not possible to define a pair of flow and effort variables on the boundary of
the spatial domain (see Note 4.1) and that the model is nonlinear.

5.2 Heat equation

The one-dimensional heat equation is ,
o _ it -
ot 022
This system is not Hamiltonian in the classical sense [4], but it can be written in mdpH form.
Denote by Z = [0, 1] the spatial domain and by X = L?([0, +00) x Z) the space of energy configura-
tions. The differential operator R = E?—; is mot skew-adjoint and, then, it is not possible to refer to the
result of Prop. 3.3 in order to define a Stokes—Dirac structure.

Define the energy H of the system as

1
H(z) = 1/ 22(2) dz (27)
2 Jo
and then
2 2
d_H: i dz = JCQdZZ/2 :Ua—x dz—/ % dz
dt =z z 62«'2 =z 0z 0z z 0z
L (28)
< I@_:c
- 0z,

This relation can be interpreted as an energy balance equation: the variation of internal energy is less or
equal to the power provided to the system through the boundary. In this way, the diffusion phenomenum
modeled by (26) can be described as pure dissipation. Clearly, a mdpH formulation of (26) is possible
only once a proper Stokes—Dirac structure is determined.

We give the following proposition:

12



Proposition 5.2. Denote by Z = [0, 1] the spatial domain and by F = (L?(Z))? the space of flows and
suppose that € = F is the space of efforts. Then, the set
D :={ (fs, fr.esier,w) EF XEXW | fo=—0.f-
er = — 0ye4 (29)

w=(es oz, fr loz) }

is a Stokes—Dirac structure on F with respect to the pairing

1

< (f1,e1,w1), (f2, €2, w2) >>H:/ el fo + €3 f1] dz+ w] [ (1) (1) }IUQ (30)
z

0
where W = R2.

Proof. The proof can be found in [23] since (29) is the same Stokes—Dirac structure of the telegrapher
equation or, equivalently, it can be deduced from Theorem 3.4 if J =0, G, = 9, and G4 = 0. |

The heat equation (26) can be obtained from the Stokes—Dirac structure by imposing that f, = —&
and e; = 0, H = x, where the Hamiltonian function is given in (27). Moreover, it is necessary to properly
terminate the resistive port (f,,e;) in (29) by supposing that

fr=—er
Finally, the energy balance relation (28) can be obtained from (30) since given
00, H 06, H 06, H
ssJrs €sy Er; =\|-2,—F—,0H,——F—;0:Hlpz, —— D
(fs, fry€s,€r;w) ( &~ H 9 Hlsz 9 82)6 H

then < (fs7fraesver§w)a (fsaf’me&er;w) >p=0.

5.3 General elasticity equation

Denote by Z a spatial domain of dimension p and by u € Z — RY a vector valued smooth function. The
general elasticity equation [14] is

Pu 9 [ OW du®
a—; :Z (—> ,  with a=1,...,¢ and uy, = 5‘1;-’ (31)
=1 T 1

where W (z, Vul,...,Vu9) is a potential. The energy (Hamiltonian) of the system is given by
1
H(u; Vul,. .., Vul) = / [5 il + W(z, Vul,...,Vu?)| dV (32)
z

thus suggesting that the energy variables are given by ug, and 4%, with @ = 1,...,qand ¢ = 1,...,p.
The flow and effort variables are assumed to be

F=1fn - fip- far - Japs F* oo 9]

T

T
e:[e ...e ..-e ...e 'el...eq]
1,1 1,p q,1 P>

and, then, the corresponding spaces of flows and effort are F = (LQ(Z))q(pH) = £. Since no dissipative
effect is present, the Stokes—Dirac structure corresponding to (31) should have the structure (15) of
Prop. 3.3. In particular, only the skew-adjoint matrix differential operator J has to be computed, since
both the operators Bz and B}, together with the space of boundary variables W, follow automatically
once J is specified. Furthermore, (16) is given by

[e’ff2+€gf1] dV+/ BJ(wl,wg) -dA

< (f17617w1)7 <f2a627w2) >>G’E:/
0Z

Z

13



More precisely, once the correct differential operator J is determined, the bilinear form B results from
(e, f) if expressed in terms of the boundary variables. In this simpler way, also Bz is computed.
Assume that J is characterized by the following structure:

0, 0
; Oz, 0
0 . .
J{_j* 0}, with J :
0 O,

i 0 awp |

Clearly, J is skew-adjoint and then, from Prop. 3.3, it is possible to define the corresponding Stokes—Dirac
structure Dgg. Given (f,e) € F x &, the associated power is equal to

q p
e [ (S E o) o

i=1 j=1 i=1
q i q P e,
/ ZZ% LYy %) gy
i=1 j=1 Zj i=1 j=1 (33)
L aei ;0ei .0
/ZZ(% az.) dV=/2237<eue>dv
=1 j=1 J 2 j=1j=1 """

where the last quantity under integration is expressed in divergence form. Consequently, in (15) it makes
sense to assume

w=Bz(e)=elpz, with W={w | w=Bz(e), Ve E} C (L*(0D))?, (34)
and

1 a )
§BJ w,w) lz eine’ - ;eipell (35)

From (33) and (35), if (f,e,w) € F x & x W, the following relation expressing the power conservation
property holds:

1
/edeV+—/ By(w,w)-dA =0 (36)
z 2 Joz
where
1 4 . El .
= Bjy(w,w) - dA =/ ejre’ - eipe’
In (34), write the boundary terms w as (€p1,...,€b.q, fo.1,- -, fo,q), Where
foi=¢"loz
| v, i=1,...,q (37)
€b,i = [611‘ |az T €pi |6z]
Then,

q
—BJ w, w) E €p.ifbi
=1

14



that is, the boundary power flow can be expressed as a combination of boundary variables that are
suitable of a physical interpretation.
Since (32) is the Hamiltonian function, the dynamics of the system can be obtained by defining

oul
x, ow
fii=— J 5 _ .
’ ot and ¢ = Ouy, oul.
g 0w , o
f:_(?t e =0:H (:u)

The boundary terms defined in (37) become
foi = ui|az

ow

oul,

ow

T .
, 1=1,...,q
€b,i
0Z

i
0Z auxp

and the power balance relation (36)

ow
-dA
/32;”‘82[81” a;p oz

F;

where v; represent the i-th component of the speed of a point on Z and F; the i-th component of
the force acting on 0Z along the normal to the boundary surface. Note that forces and velocities are
quantities in duality, whose dual product gives power: this is the physical interpretation of the boundary
variables introduced in (37).

Note that the general elasticity equation can be also written in Hamiltonian form as follows:

slal=1% ollon] )

H(u,u):/z B u||2+W(z,Vu)] av

depending on u and 4, as in classic mechanics, and where (see [14])

T
Lo ow Lo ow
Outt == |J:1 Ox; oul Z ox; auz (39)

The resulting Hamiltonian formulation is quite similar to the classical Hamiltonian description of a finite
dimensional mechanical system. From (38), the differential operator defining the Stokes—Dirac structure
of this formulation of the general elasticity equation is given by

— 0 _Iq
2]
that is a skew-symmetric matrix and then a skew-adjoint differential operator of order 0. Consequently,
the power conservation property of a Dirac structure is satisfied without taking into account the boundary
terms, thus implying that in (38) the boundary conditions are not clearly specified by the (differential)
operators involved in the definition of the Stokes—Dirac structure.

In conclusion, it is important to understand what are the differences between the proposed mdpH
formulation of (31) and the classical one presented in (38). Formally, both the Hamiltonian descriptions
are equivalent to (31), but relation (39) is valid only under the assumption of zero boundary conditions
and, then, zero boundary conditions are implicitly assumed in (38). As discussed in Sect. 1, this is the
strongest limitation in the classical Hamiltonian description of a distributed parameter systems. This
limitation can be removed within the mdpH systems framework: basically, in this case, it is enough to

choose the right state variables, that is to express the Hamiltonian of the system as a function of physical
energy variables.

with Hamiltonian
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6 Control by interconnection in finite dimensions

Consider the finite dimensional port Hamiltonian system (5) that has to be asymptotically stabilized
around the configuration z* € X by means of the following dynamical controller in port Hamiltonian
form:

. OH,
t. = [Je(xe) — Re(ze)] or + Ge(xc)ue
G* OH. ’ (40)
Ye = e (zc) oz,
Denote by X, the controller state space, with dim X, = n., and by H, : X; — R the Hamiltonian
function, bounded from below. Moreover, suppose that J.(z.) = —JI(z.) and R.(z.) = RF(z.) and

that dimi, = dim ), = m.
If systems (5) and (40) are interconnected in power conserving way, that is if

{u - (41)
Yy = Uc

the resulting dynamics is given by the following autonomous port Hamiltonian systems, with state space
X x X, and Hamiltonian H + H.:

R s v | P (12)

Given a generic port Hamiltonian system, it is possible to give the following fundamental definition
of structural invariant or, equivalently, of Casimir function, [2, 10, 22].

Definition 6.1 (Casimir function). Consider the port Hamiltonian system (5) with state space X and
Hamiltonian function H : X — R. A function C : X — R is a Casimir function for (5) if and only if
dc
— =0
dt

for every possible choice of Hamiltonian H.

From Def. 6.1, a scalar function C : X x X, — R is a Casimir function for (42) if and only if the
following relations are satisfied:

are are
B (J—-R)+ o GGT = 0 (43a)
are aTC ¢

These conditions are direct consequence of the interconnection law (41).

The existence of Casimir functions for the closed-loop system (42) plays an important role in the
control by interconnection and energy shaping methodology. If z* € X is the desired equilibrium config-
uration for (5), asymptotic stability in z* can be achieved by properly choosing the Hamiltonian function
of (40) in order to shape the closed-loop energy H + H. so that a (possibly) global minimum in the desired
equilibrium configuration can be introduced. It is important to note that there is no relation between
the state of the controller and the state of the system to be controlled. Then, it is not clear how the
controller energy, which is freely assignable, has to be chosen in order to solve the regulation problem.

A possible solution can be to constrain the state of the closed-loop system (42) on a certain subspace
of X x X, for example given by:

Q= {(z,2.) € X x X.|z. = S(z) +c}

where ¢ € R™ and S : X — X, is a function to be computed. In other words, we are looking for a set of
Casimir functions C; : X x X, — R, i =1,...,n. for the closed-loop system (42) such that

Ci(z,x.):=5:i(x) — ¢y (44)
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where [S)(z),...,S,.(x)]" = S(x). Due to the nature of a Casimir function, it is possible to introduce
an intrinsic non-linear state feedback law that will be used in order to choose the energy function of the
controller so that the closed-loop Hamiltonian can be properly shaped. Note that, under these hypothesis,
this energy function depends on the state variables of system (5). This control methodology is called
invariant function method, [2, 10].

From (43), the set of functions (44) are Casimir functions for (42) if and only if

T
—%—fGGE = J.—R.
T
%—xS(J—R) = G.G"

Then, the following proposition can be proved, [16, 22].

Proposition 6.1. The functions C;, i = 1,...,n., defined in (44) are Casimir functions for the system
(42) if and only if the following conditions are satisfied:

ars as
R(x)% =0 (45b)
Rc(zc) = 0 (45C)
T
8875](1) = Ge(z:.)G"(2) (45d)

Suppose that (45) are satisfied. Then, from (44), the state variables of the controller are robustly
related to the state variable of the system to be stabilized since

Ic,i:Si(l’)+Ci, 1= 1,...,716 (46)

with ¢; € R depending on the initial conditions. Moreover, the closed-loop dynamics (42) evolves on the
foliation induced by the level sets

L3 ={(z,2.) € X X Xe|wei = Six) + i} (47)
with ¢ = 1,...,n., which can be expressed as a function of the = coordinate. If conditions (45b) and
(45d) are taken into account, the reduced dynamics of (42) on these level sets is given by

, 0H T, OH,.

Po= V@) - R@) G - @G )

: (49)
) - Bl (5 + 5o 5 )

From (46), we have that H.(z.) = H.(S(x) 4 ¢): the controller energy function is finally dependent from
xp, through the non-linear feedback action S(-). If

Hy(z):=H(x)+ H.(S(z) +¢) (49)
then (48) can be written as
. OH 0SOH.\ _, . . 0Hg

In conclusion, the following proposition has been proved, [16, 22].

Proposition 6.2. Consider the closed-loop port Hamiltonian system (42) and suppose that the vector
function S(z) = [S1(x),..., Sn, (2)]" satisfies conditions (45). Then, the reduced dynamics on the level
sets (47) is given by (50), where the closed-loop energy function Hy is given by (49).

By properly choosing the controller energy function H., it is possible to shape the closed-loop energy
function Hy defined in (49) so that a new minimum in z* is introduced. Then, the desired configuration
can be reached with the dynamics given by (50).
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7 Boundary control by interconnection of mdpH systems

7.1 Introduction

In this section, the control by interconnection and energy shaping, discussed in Sect. 6 for the finite
dimensional case, is generalized to distributed parameter systems in port Hamiltonian form. In particular,
it is shown how it is possible to shape the open loop energy function of a distributed parameter system
by interconnecting a finite dimensional controller to its boundary. The structure of the controller has to
be chosen so that a proper set of structural invariants (Casimir functions) are introduced in the closed
loop system. In this way, the energy wariables of the distributed parameter system can be robustly
related to the state variables of the controller, thus introducing an implicit state feedback law. Then,
the energy (Hamiltonian) function of the controller, which is freely assignable, can be chosen in order to
introduce a new (possibly global) minimum at the desired configuration and, by damping injection, this
new configuration can be reached.

7.2 Existence of Casimir functions

Consider the following multi-variable distributed port Hamiltonian system with spatial domain Z C R?
(closed and compact):

ox
o (J—R) 6. 'H

w = Bz((SzH)

(51)

where x € X is the configuration variable, w € W are the boundary terms defined by the boundary
operator Bz, H : X — R is the Hamiltonian function, J is a skew adjoint differential operator and R is a
self-adjoint differential operator taking into account the dissipative effects. Both X" either W are spaces of
vector value smooth functions of proper dimension. From Prop. 4.1, the following energy balance relation
holds:

dH

1 1
= —/ ((SmH)TR(Sg;H dVv + —/ B{J’ R}(w,w) -dA < —/ B{J’ R} (w,w) -dA (52)
dt z 2 Joz 2 Joz

Suppose that (51) has to be stabilized in the configuration 2* € X’ by means of the finite dimensional
controller (40) that has to be interconnected to the system (51) in power conserving way. Then, relation
(41) has to be generalized in order to deal with a situation in which the power port of the system to be
stabilized is not a finite dimensional vector space. A possible solution can be the following. Denote by
VU, (z) and ¥, (z) a couple of matrices depending eventually on z € 9Z and suppose that it is possible to
write the boundary terms in (51) as follows:

w=Yu. — ¥y, (53)

The interconnection law expressed in (53) is power conserving if and only if

1
yguc—l-—/ By ry(w,w) -dA =0
2 Joz

where, from (53), we have that

/ By ry(w,w) - dA =
PE

= /6 [B{J, R} (\I/uum \I/uuc) + B{J, R}(\Ilyyca \Ilyyc) - 2B{J, R}(\Iluuc; \ijyc)] -dA
Z

= Z |:/a B{J, R}(qju,ia \Iju,]) . dA:| Uc,iuC,j + Z |:/6 B{J, R}(\Ily,iy \I}y,j) . dA yc,iyc,j
2 Z

i,j=1 i,j=1

-2 Z [/82 B{J, R}(\I}u,iv ‘I’y,j) 'dA} Ue,iYe,j

,j=1
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and, then, relation (53) can be satisfied if and only if

/ B{J7 R} (\Ilu,ia \Ilu,j) -dA = / B{J7 R}(\Py iy \I/ ) dA = 0 (54&)
oz oZ
/ B{J7 R} (\Ilu,ia \Ily,j) . dA = 5ij (54b)
oz
for every i, j = 1,...,m and where ¢ is the Kronecker symbol. Note that, given w € W
e = /az By my(w,Wy0)-dA = u, = BY, o (w) (55)
and
Yeji = — \/82 B{J7 R} (U}, \I/uﬂ) -dA < Ye = 78?‘]7 R} (U)) (55b)
where the linear operators Bg{",’ R} W — U, and Bff]’ R} W — ). are defined as:
T
Bl oy (w) = Ua Biy (Vo w)-dA - /82 By, iy (W, ) -dA]
T
Bi; m(w [/ By ry(Yy,w) - dA - AZB{J,R}(\I/y,maw)'dA]

Consider a function C : X x X, — R defined over the state space of the closed loop system resulting
from the power conserving interconnection (53) of (51) and (40). From Def. 6.1, we can say that C is a
Casimir function if and only if:

T
if (?)xcchr / (0,C)" & dV
c zZ
are OH, aTc ” T
=5 (Jo — Re) == .+ Fa ——GeBY; oy (w) + /2(593(?) (J — R)6,HdV
=0

for every Hamiltonian functions H and H., where u, is expressed as a function of the boundary terms as
n (55). Since J and R are a skew adjoint and a self adjoint differential operator respectively, we have
that:

(5.0)" (J — R)6,H = —(8,H)" (J + R) 6,C + div By, gy (Bz(6,C), w)

and then
ac 8TH oc T
- O 0,CdV
= et R /Z( H)T (J + R) 6.C
B{JR} Bz(6,C)+ T, Gca -dA
that has to be 0 for every Hamiltonian function of the closed loop system. This is true if
oc
(J+R)J.C = 0 (onZ2) (56b)
Bz(6,C) +¥,GT 8@0 = 0 (ondZ2) (56¢)
where, from (55), (56¢) can be written as:
Bf{{L R}(Bg(égCC)) =0 (57a)
and
ar X _ g (Bo(.C 57b
L = By (Bz(6:0) (57b)

In conclusion, the following proposition has been proved.
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Proposition 7.1. Consider the closed loop system resulting from the power conserving interconnection
(53) of the infinite dimensional system (51) with the finite dimensional controller (40). Denote by X
and X, the state space of the distributed parameter system and of the controller respectively. Then, a
real value function C : X x X, — R is a Casimir function for the closed loop system with respect to the
interconnection law (53) if and only the set of conditions (56) are satisfied, where (56¢) can be written
in integral form as in (57).

Note 7.1. The set of necessary and sufficient conditions (56) concerning the existence of structural in-
variants in the closed loop system are the generalization of the analogous conditions (43) in the finite
dimensional case. In the hybrid case described in Prop. 7.1, the structural invariants have to satisfy
the PDE (56a) in the controller variables and the PDE (56b) in the spatial variable of the distributed
parameter system providing the variational derivative of the candidate Casimir function with respect
to the configuration variable. The connection between these PDEs is given by (56¢) that relates the
boundary conditions required for the solution of (56a) and (56b) and that deeply depends on the (power
conserving) interconnection law (53).

7.3 Energy shaping via structural invariants

As discussed in finite dimensions, the existence of a particular class of Casimir functions in the controlled
system can be of great interest in the energy shaping procedure. In this situation, it is the energy
function H. of the controller that plays an important role since the closed loop Hamiltonian function
is Hyq = H + H.. On the other hand, there is no relation between the state of the controller and the
configuration of the distributed parameter system and then it is not clear how the controller energy has
to be chosen in order to introduce a minimum at the desired configuration x* € X.

A possible solution can be to choose the structure of the controller (40) in order to introduce a set of
n < n, structural invariants in the closed loop system in the form

Ci(z,z.) = Si(x) — x¢ i, where S;(z) = / Si(z,x)dV (58)
z
and ¢ = 1,...,7n. These functions are Casimir function for the closed loop system if and only if the

set of conditions (56) are satisfied. In particular, denote by J., R. and G, the sub-matrices of the
interconnection, damping and input matrices of (40) corresponding to the first 7 state variables and
define S: X x X, >R as S = [S; --- Sn]". Then, from (56a), (56b) and (57), we obtain the following
set of conditions:

Je+R. = 0 (59a)

(J+R)6,S = 0  (i=1,...,a) (59b)

B, oy (Bz(0:8)) = 0 (i=1,...,n) (59¢)

[BY) 5y (B2(6:81) -+ BYy iy (Bz(6.:50) | = GT (594)

Note that, from (59a), it is necessary that J. = R. = 0, while (59d) gives the expression of the input
sub-matrix G.. Clearly, G. depends on S that can be deduced from the solution of the PDE (59b) whose
boundary conditions have to be chosen in such a way that (59c¢) is satisfied. If the set of conditions (59)
can be satisfied, then the closed loop Hamiltonian function becomes

Hcl(xa xc) :H(z) + HC(IC,la s 7xc,nc)

=H(z) + He(S1(x), ..., Sa(x), ..., Tem,) (60)

thus depending explicitly on the configuration variable of the distributed parameter system.
If n = n,, then (58) are Casimir functions of the closed loop system if and only if the controller
structure is chosen as follows:

J.=R, = 0 (61a)
GI = [ Bl ) (Bz(0:81) -+ B, oy (Bz(5:50.)) (61b)
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where the functionals S;, ¢ = 1,...,n,, results from the solution of the PDEs (59b) with boundary
conditions satisfying (59¢). Note that, from (61a), the controller reduces to a set of nonlinear integrators,
since, in this case, (40) becomes:

. = Goue
0H
c = GT =
Y Bz,

with v, = Bf{b 7, R} (w) and H, freely assignable. In this case, the closed loop Hamiltonian becomes
He(z,2:) = H(x) + H(S1(2), ..., Sn, (x))

and then it is only a function of the configuration variable of the distributed parameter system. By
properly choosing the controller energy function, it is possible to introduce a minimum at the desired
equilibrium configuration that can be reached is some dissipative effect is present in the system. In par-
ticular, if in (51) R = 0, that is no dissipative/diffusion phenomena are present in the infinite dimensional
plant, it is convenient to chose the controller structure in order to have n < n. Casimir function in the
form (58) and then to introduce energy dissipation by acting on the remaining energy variables.

It is interesting to investigate what are the configuration in which the mdpH system can be stabilized
by means of the proposed control technique. Suppose that a set of 7 < n. Casimir functions in the form
(58) have been introduced in the closed loop system, that is the interconnection, damping and input
matrices of the controller (40) are chosen as follows:

0 0 0 0 G.
=l i) om-lo Rl e-[E] .
where G, is given in (59d) and J. = _j;r and R, = RE > 0 are freely assignable. Denote by z, the
first 7 controller state variables and by Z. the remaining ones, that is z. = [Z,, ic}T. Since z* € X is

the desired equilibrium configuration for (51), from (58) define z} as z7,:=8;(z*), i = 1,...,7. The
existence of a set of Casimir functions in the form (58) allows to shape the open loop energy function
H of (40) in such a way that z* becomes a minimum of the closed loop Hamiltonian function (60). In
particular, it is necessary that (z*,Z}) becomes a critical point of H.;, that is

8. H + E OH, 8:Si
0T ;
i=1 T =0 (63a)
0H.,

0%,

VHy =

for z = z* and some Z. = Z;. Note that, if * satisfies the first condition in (63a), then it is an equilibrium
configuration of & = (J — R) §,H. In fact, from condition (59b), we have that:

0=(J—R) <5$H(x*) + zn: OH,

- 8xc,i

K2

Furthermore, the same condition assures that input and output signals of the controller are compatible
with the boundary conditions w* := Bz (d,H(z")) at the desired equilibrium. In particular, from (59c)
and (63a), it is possible to deduce that u. = 0 when x = xz*. In order to have a minimum in the desired
configuration, it is also necessary that:

V2Hy(2*,35) >0 (63b)

It can be deduced that the Hamiltonian function of the controller (40) has to be chosen in such a way that
the couple of relations (63) is satisfied. Moreover, it is easy to prove that the following energy balance

relation holds:
dHcl

dt

T
0 Hcf? 8HC<

o

_ /Z (6.H) RS, HAV — 0 (64)

21



If the hypothesis of the La Salle’s theorem in infinite dimensions hold (see [6]), from (64) we deduce
that the trajectories of the system approach the maximal invariant contained in the set defined by the
following equations:

R6,H = 0 (65a)
. OH,
R. % 0 (65b)

Consequently, (z*,Z%) is asymptotically stable if it is the only invariant solution compatible with (65).
Note that a desired equilibrium configuration for the mdpH system has to necessarily satisfy the couple of
relations (65), which is a system of integro—differential equations in the  and Z. variables. In particular,
relation (65b) defines the boundary conditions that the set of PDEs (65a) have to satisfy. It is important
to note that the fundamental problem of the existence of solution for the closed loop system, which is an
hybrid system, has not been approached in the previous discussion.

8 Example: stabilization of the heat equation

Consider the heat equation (26) that can be written in mdpH form as:

2
ox _ O
ot 072
w = o
@‘SIH {0,1}

where Z = [0, 1] is the spatial domain, X = L?(Z) is the space of energy variables,

1
/ 22 dz
0

0 1
o=V 4]
is the constant matrix representing the operator which gives the power through the boundary as in (52).

Denote by z* € X a desired equilibrium configuration of (66) that the following one dimensional controller
should render asymptotically stable.

H(z) =

N | =

is the Hamiltonian function and

. = Goue
OH, (67)
_ T c
e = Ge Oz,

Suppose that . € R and that u.,y. € R% From (28), (66) and (67) are interconnected in a power

conserving way if
92 (0 0
= [ gz( ) and y. = 2(0) (68)

. £6.H(0)
’ a: (1) —(1)

25, H(1)

since, in this way,
1 T Ox Oz T
= Bw-dA =x(1)—(1) —2(0)=—(0) = — c
5 B dA = ()10 = 2(0)5E0) =~

The first step in the control by interconnection and energy shaping is to choose the controller structure
in order to have a set of structural invariants in the form (58). In this case, since the controller is a
dynamical system of order 1, it is necessary to determine G, such that the function

Clz,z.) =2, —S(x) =2, — /0 S(z,x)dz (69)
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is a Casimir function for the closed loop system, that is C =0 for every H and H.. We have that

€ g, [ 3501 [0
a e { 0.2(1) } | (0:5) 55 &

= (ot [6:5(0) — 6,5(1))) [ 5,8)de

- [325558(0) 325368(1) ] GT ch

¢ Ox,

d.2(0) ] s

rrl

Consequently, (69) is a Casimir function for the controlled system if and only if

62
and
Ge+[6,8(0) —8,S(1)] = 0
{ [0.6,8(0) 9.6,S(1)]GT = 0 (70b)

Condition (70a) provides the admissible functionals S, while (70b) the input matrix G, of the controller.
From (70a), 6,8 = az + b, with a,b € R, while, in order to satisfy (70b), it is necessary that a = 0 and it
is possible to choose b = 1. Consequently,

G.= [ -1 1 ] (71)
and

Clz,z.) =z — /0 x(z)dz (72)

is a Casimir function for the closed loop system. From (71), the controller (67) becomes

. Oox ox
_ -0, H.
Ye = O, H.
and then, from (68),
0H,
2(0) = a(1) = -2 (73)

that is the controller acts on the system by imposing the same temperature on both the extremities of
the infinite dimensional system. Moreover, the controller internal energy changes, that is @. # 0, only if
there is a difference in the gradient of temperature at the extremities of the domain. As a consequence,
the controller can stabilize the distributed parameter system only in the configurations for which the
temperature is constant along the domain, that is z*(z) = z* for every z € Z. Under the hypothesis
that the initial configuration of the system is known, from (72) and from the properties of the Casimir
functions, we have that

e =xzc(x) = /01 x(z)dz

for the closed loop system. Define 2* = x.(z*) = 2*. The configuration z* is asymptotically stable if the
controller Hamiltonian is H.(z.) = —z.zf — z.2*. In fact, if Hy(z,z.) = H(z) + He(z.) is the energy
function of the closed loop system, taking into account (73), we have that

% _ / <%>2dz+x(l)%(1) —x<o>§—j<o> — (%m - %«D)
/01 (g)zdzgo
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Then, Hy = 0 if .2 = 0 on Z, that is if z(z) is constant on Z. Since z(0) = z(1) = z*, the only
admissible configuration is x* that results to be asymptotically stable. The asymptotic stability of z*
can be alternatively proved by looking at the expression of the closed loop Hamiltonian. We have that

1t 1 1 1
Hcl(x,xc)zi/ 22 dz — zoa* = 5/ x2dz—x*/ zdz
0 0 0

1

1
:f/ (x — 2*)? dz + cons.
2.Jo

which has a global minimum in z*.

9 Conclusions

In this paper, the classical finite dimensional port Hamiltonian formulation of a dynamical system is
generalized in order to cope with the distributed parameter and multi-variable case and some new results
concerning modeling and control of distributed parameter systems in port Hamiltonian form have been
presented. In this way, the description of several physical phenomena, such as heat conduction, is now
possible within this new port-based framework. The central result is the generalization of the notion
of finite dimensional Dirac structure to the distributed parameter case in order to deal with an infinite
dimensional space of power variables. Moreover, a novel technique for the boundary control of distributed
parameter systems in port Hamiltonian form has been developed by extending the well known control by
interconnection and energy shaping methodology. The basic result is the generalization of the conditions
for obtaining a particular set of Casimir function to the hybrid case, that is the dynamical system to
be considered results from the power conserving interconnection of an infinite dimensional system (the
plant) and of a finite dimensional one (the controller). A simple application concerning the stabilization
of the one-dimensional heat equation has been presented.
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